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Preface

Engineering Application of Shear Waves in Advanced Soil Mechanics and Testing Method
with Emphasis on the Bender Element Technique is a comprehensive reference that
explores the fundamental and applied aspects of shear wave propagation in geomaterials.
This book is written for graduate students, as well as researchers and professionals in
geology, geophysics, civil engineering, and related disciplines. This volume provides an
up-to-date synthesis of recent developments in shear wave propagation. It serves as an
indispensable resource for those seeking to deepen their understanding of this critical area
of geotechnical and geophysical engineering.

The book begins with a clear exposition of the fundamental principles of shear wave
propagation, addressing the classification of shear waves and their underlying physical
properties. It then advances to methods of characterization and measufement, including
laboratory testing, field investigations, and mathematical modeling\, Each technique is
presented in detail, with practical guidance on selecting the most/suitable approach for
specific applications.

A distinctive feature of this work is its emphasis on(the applied dimensions of shear
wave propagation in geomaterials for ground improvement. Particular attention is devoted
to the role of shear waves in the non-destructive @valuation of soils and treated soils.
Applications across multiple domains—geotechnigal engineering, environmental geology,
civil engineering, and geophysics—are comprehensively reviewed. The discussion includes
the Bender Element Testing (BET) method}. @ widely adopted approach for determining
shear wave velocity and initial shear modulus.

In addition to its practical oriéntation, the book examines state-of-the-art research
advances in shear wave propagation. Topics include innovations in instrumentation and
measurement, as well as emérging techniques for signal interpretation and analysis. By
integrating both experimentdl and theoretical perspectives, the authors highlight the
evolving methodologies.that continue to expand the frontiers of this field.

The closing(chapters address future research directions, exploring the potential of
shear wave applications in developing novel geotechnical engineering practices and
advancing the fundamental understanding of wave—material interactions in geomaterials.

Owerall, this book offers a rigorous and accessible treatment of the subject. Its
combination of theoretical depth, practical application, and coverage of cutting-edge
research makes it an essential resource for graduate students, researchers, and practitioners
engaged in the study of shear wave behavior in soils and geomaterials.

I am grateful to following reviewers who offered many valuable suggestions for
improving this book:

e Prof. Wim Haegeman, Ghent University and VIVES University College, Belgium.
e Prof. Dennes T. Bergado, Professor Emeritus of Civil (Geotechnical) Engineering,
Asian Institute of Technology, Thailand.

Keeratikan Piriyakul
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Chapter 1: Introduction to Shear Wave Propagation in
Geomaterials

1.1 Overview of Elastic Waves

The study of elastic wave propagation in geomaterials constitutes a foundational area in
geotechnical engineering and earthquake seismology, as it provides essential insights into
the mechanical behavior of earth materials under dynamic loading conditions. Elastic waves
are generally categorized into two principal groups: body waves, which penetrate through
the interior of a medium, and surface waves, which are constrained to the outer boundary
of a medium and decay in amplitude with depth as described in Piriyakul (2009).

Body waves are further divided into primary waves (P-waves) and seeondary waves
(S-waves). P-waves are longitudinal in nature, and the particle motion oCelirs in the same
direction as the wave propagation. This characteristic, illustrated in-Figure 1-1, explains
why P-waves are the fastest seismic waves, traveling at higher velOeities than other wave
types. Because of their longitudinal motion, P-waves are capablé¢ of propagating through
solids, liquids, and gases. They are, therefore, the first waves detected during seismic
events, making them of great importance in seismology\ for the rapid identification of
earthquake occurrence as described in Heisey et al. (1982).

S-waves, by contrast, are transverse ,waves in which particle motion occurs
perpendicular to the direction of wave propagatien, as illustrated in Figure 1-2. These waves
travel more slowly than P-waves and, crueially, can only propagate through solids, since
fluids do not support shear stresses. The,distinction between the propagation properties of
P-waves and S-waves has made themvaluable diagnostic tools for identifying subsurface
conditions, particularly the stiffness\and density of geomaterials as described in Nazarian
et al. (1983).

Surface waves, unlike’body waves, are confined near the Earth’s free surface and
decrease in amplitude. Wwith depth. Two main types of surface waves are commonly
recognized. Rayleighywaves, shown in Figure 1-3, induce elliptical particle motion in a
retrograde fashion‘within a vertical plane. Their combined vertical and horizontal motion
often results insevere shaking of structures at the surface. Love waves, illustrated in Figure
1-4, involve-hotizontally polarized shear motion perpendicular to the propagation direction
and require.a’layered medium for their existence. Although surface waves typically travel
more slowly than body waves, they possess greater amplitudes and longer durations. This
makes them responsible for most of the observed damage during earthquakes, particularly
because of their prolonged ground-shaking effects as described in Nazarian & Stokoe
(1985).

While all types of seismic waves contribute to understanding the behavior of
geomaterials, this book focuses specifically on shear wave propagation because of its
fundamental relevance to soil and rock characterization in geotechnical engineering.

Introduction to Shear Wave Propagation in Geomaterials
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Figure 1-1 P-wave illustration.

Figure 1-2 S-wave illustration.

Introduction to Shear Wave Propagation in Geomaterials

1-2



Engineering Application of Shear Waves in Advanced Soil Mechanics and Testing Method

with Emphasis on the Bender Element Technique

O

(o
>

o&

Figure 1-3 Rayleigh wave illustration.

Figure 1-4 Love wave illustration.

Introduction to Shear Wave Propagation in Geomaterials
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1.2 Introduction to Shear Wave Propagation

Shear waves (commonly referred to as S-waves or secondary waves) are of critical
significance in both seismology and geotechnical engineering. They are generated during
seismic events and propagate exclusively through solid materials, transmitting vital
information about subsurface conditions as described in Tokimatsu et al. (1992). As they
pass through geomaterials, shear waves cause particles to move perpendicular to the
direction of wave travel, producing shear stresses within the material. These stresses result
in shearing deformations that provide information about the stiffness, density, and overall
dynamic behavior of the subsurface.

The velocity of shear waves (V;) is directly associated with the initial shear modulus
(Gy) and the density of the medium. Therefore, by measuring I, engineers can determine
the stiffness of soils and rocks in situ without disturbing their natural state. This makes V
an important parameter for site characterization, seismic response @nalysis, and the
evaluation of liquefaction potential as described in Gucunski & Woods (1992). Typical
ranges of I; for various geomaterials are presented in Table 1-1./Kot example, very soft
soils generally have V; values between 85—-105 m/s, soft soils range between 106—135 m/s,
and stiff soils exhibit values between 186-275 m/s. In confrast, rocks typically range
between 761-1500 m/s, and hard rocks exceed 1500 m/S:\Engineered materials such as
concrete exhibit even higher velocities, with typical values in the range of 2286-2438 m/s
as described in Ganyji et al. (1998).

The variation of stiffness with respect\to’ strain is an important concept in soil
dynamics. As illustrated in Figure 1-5, conVentional triaxial testing measures stiffness at
strain levels near 1%, while advanced triaxial methods such as resonant column testing
extend this range down to approximately.102%. However, the most reliable insight into the
very small strain domain—Iess -than-10-3% —is provided by geophysical methods and
bender element testing.

This domain is particularly important because it corresponds to the initial shear
modulus, Gy, which governs the initial response of soils during seismic loading as described
in Piriyakul (2009)-and Karray (1999). Understanding and quantifying G, through V
measurements aré/indispensable for seismic design and modeling ground response as
described in Lefebvre & Karray (1998).

Table 1-1~Fypical Values of V; for Various Materials.

Materials Shear wave velocity, V; (m/s)

Very soft clay/ Very soft soil 85-105

Soft clay/ Soft soil 106-135

Medium clay/ Medium soil 136-185

Stiff clay/ Stiff soil 186-275

Very stiff clay/ Very stiff soil 276-365

Soft rock 366-760

Typical rock 761-1500

Hard rock >1500

Concrete/ Cementitious material 2286-2438
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Figure 1-5 Variation of stiffne$s with strain measured with different laboratory tests after
Piriyakul (2009).
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1.3 Historical Development of Shear Wave Testing
1.3.1 Spectral Analysis of Surface Waves (SASW)

The Spectral Analysis of Surface Waves (SASW) method was pioneered in the early 1980s
and has since become one of the most widely adopted techniques for in situ shear wave
velocity measurement as explained in Heisey et al. (1982), Nazarian et al. (1983) and
Nazarian & Stokoe (1985). The method involves generating waves at the ground surface
using an impact source and recording their propagation with two receivers. The resulting
signals are analyzed in the frequency domain to construct dispersion curves, which are then
inverted to obtain shear wave velocity profiles. A schematic of this testing arrangement is
provided in Figure 1-6.

Initially, it was assumed that only the fundamental Rayleigh mode contributed
significantly to the dispersion curve. However, later investigations reyealed that higher
Rayleigh modes could also influence dispersion characteristics, leadifig-to inaccuracies if
not properly accounted for Tokimatsu et al. (1992), Gucunski & W.0ods (1992) and Ganji
et al. (1998). To overcome these limitations, refinements in SASW methodology were
introduced, including procedures to isolate or eliminate higher mode contributions during
data processing. Such advances have improved the accuracy and reliability of SASW
testing, making it a valuable tool in geotechnical site inyestigations as described in Karray
(1999), Lefebvre & Karray (1998), Karray & Lefebyre\(2000), Karray et al. (2010), Park et
al. (1999) and Foti (2000).
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Figure 1-6 Spectral Analysis of Surface Wave (SASW) test configuration.
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1.3.2 Seismic Cone Penetration Test (SCPT)

The Seismic Cone Penetration Test (SCPT) integrates traditional cone penetration testing
with seismic wave velocity measurement, thereby offering both stratigraphic and stiffness
information in a single test as described in ConeTec. (2025). In this method, the cone
penetrometer is advanced into the soil while seismic waves are generated at the ground
surface using an impact source. The waves are detected by a geophone embedded within
the cone, as illustrated in Figure 1-7.

The SCPT provides real-time information about soil stratigraphy, stiffness, and
strength, and is especially useful for site classification and liquefaction potential
assessment. Its non-destructive nature ensures minimal disturbance to soil structure, and its
ability to deliver immediate results enhances its cost-effectiveness compared to traditional
geotechnical methods. Consequently, SCPT is now widely regarded as a standard tool in
site investigations for seismic design and foundation engineering.
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Figure 1-7 Seismic Cone Penetration Test (SCPT) configuration after ConeTec. (2025).
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1.3.3 Bender Element Testing (BET)

The Bender Element Testing (BET) is a laboratory method designed to determine small-
strain shear modulus (G,) and damping properties of soils and rocks. The test employs
piezoelectric bender elements, one functioning as a transmitter and the other as a receiver,
which are embedded in a specimen to generate and capture shear waves. Figure 1-8a shows
the laboratory configuration of the test, while Figure 1-8b illustrates the schematic
arrangement.

By measuring the travel time of shear waves across the specimen, V; can be
calculated under controlled laboratory conditions, including varying confining pressures
and saturation states. BET is valued for its non-destructive nature, repeatability, and ability
to replicate in situ conditions. Furthermore, it has been increasingly used in the study of
modified geomaterials such as fly ash and cement admixed Bangkok clay, demonstrating
its versatility and relevance in contemporary soil mechanical research, as described in
Petcherdchoo et al. (2023).

Personal Computer

From soundcard
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Bender elements

Piiiiie
L Analyzer
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- s ._IIJLPI" Oscilloscope
\ .
el - T
g _—
E— Amplifier hi ch2
Computer
l Soil sample
— -— -
Sending Receiving Instrument
sensor sensor amplifier
(b)

Figure 1-8 a) Bender Element Testing (BET) configuration and
b) Schematic diagram after Piriyakul (2010).
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1.4 Importance of Shear Waves in Geomaterials

Shear wave testing plays a critical role in geotechnical engineering, as V; provides a direct
measure of the stiffness of soils and rocks at small strains. The determination of G, from Vs
forms the basis of seismic site classification, site response analysis, and liquefaction
assessment. Liquefaction, in particular, poses a severe risk in sandy and silty soils during
strong seismic shaking. V;-based correlations with cyclic resistance ratio (CRR) are widely
used to evaluate liquefaction potential without requiring invasive testing as described in
Ganji et al. (1998).

In addition, shear wave velocity profiling offers insight into subsurface stratigraphy
and material contrasts, which are crucial for seismic hazard assessment and international
seismic design standards such as National Earthquake Hazards Reduction Program
(NEHRP) and Eurocode 8. Beyond geotechnical applications, shear wave techniques are
also central to geophysical exploration, where they aid in imaging subsurfage\features such
as aquifers, bedrock depth, and fault zones. Applications in rock mechanicsy slope stability
analysis, and underground construction further emphasize the multidiseiplinary importance
of I as described in Karray (1999), Lefebvre & Karray (1998), Karfay & Lefebvre (2000),
Karray et al. (2010), Park et al. (1999) and Foti (2000).
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1.5 Objectives of this Book

The primary goal of this book is to provide a comprehensive understanding of shear
wave propagation into geomaterials. It offers an extensive exploration of shear wave
fundamentals and behaviors. The book covers the measurement and determination of shear
wave velocity, followed by the characterization of the site.

Additionally, the book delves into the enhancement of geomaterials’ strength and
other engineering properties through the incorporation of binders, such as ordinary Portland
cement, bio-cement, and geopolymer. The overall outline of this book can be summarized
as follows:

Chapter 1 provides a comprehensive overview of shear wave propagation in
geomaterials. The historical development of shear wave testing in both field and laboratory
settings is explained, highlighting the evolution of modern shear wave testing techniques.
This chapter emphasizes the significance of shear wave propagation in‘geomaterials and its
importance in geotechnical engineering applications.

In Chapter 2, the fundamentals of shear wave theory‘and behavior are thoroughly
explored. This chapter provides a clear and detailed explanation of all the basic theories of
shear wave propagation. Shear wave behavior in both\homogeneous and heterogeneous
media is carefully studied. Moreover, the relationship between shear wave velocity,
stiffness, and material damping is discussed in depth-

Chapter 3 presents a comprehensive-and clear explanation of the methods of shear
wave measurement and testing. The chapten delves deep into both field and laboratory tests
for shear wave velocity, providing a detailed understanding of the measurement techniques.
Additionally, the chapter covers advanged topics in shear wave measurement and testing,
offering insights into cutting-edge'developments in the field.

Chapter 4 is dedicated'to the analysis and interpretation of shear wave data. It begins
with an introduction to\shear wave data analysis and interpretation. Signal processing
techniques for shear Wave data are thoroughly discussed, along with the consideration of
near field effects enshear waves. This chapter covers various methods for the analysis of
shear wave data, “shedding light on the integration of shear wave data with other
geotechnical,'data. Site characterization of Bangkok clay formation at the KMUTNB
campus by using shear wave data is also elaborated in detail. Moreover, it explores the
interpretation of shear wave data for engineering applications and integration of shear wave
data with other geotechnical data.

Chapters 5 to 8 showcase the cutting-edge research on shear wave propagation
conducted at KMUTNB. The latest advances in the field are presented, with a specific focus
on characterizing various geomaterials, including clayey soils, sandy soils, geopolymeric
materials, composite materials and fibers. These advancements are made possible by
employing bender element testing, a highly accurate and sophisticated technique for shear
wave characterization.
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Summary

The book commences with a comprehensive introduction to the fundamental principles of
shear wave propagation, encompassing various shear wave types and their physical
characteristics. The authors then delve into a thorough exploration of methods used for
characterizing and measuring shear waves, including laboratory testing, field
measurements, and mathematical modeling. The book offers valuable insights into selecting
the most suitable method for specific applications.

A prominent strength of the book lies in its emphasis on practical applications of
shear wave propagation in geomaterials, notably in non-destructive evaluations. Readers
gain a comprehensive understanding of the diverse domains where shear waves find use,
such as geotechnical engineering, environmental geology, mining engineering, and
geophysics. Additionally, the authors shed light on the widely adopted Bender Element
Testing (BET) method, an essential technique for assessing shear modulus and shear wave
velocity in soil and geomaterials non-destructively.

This book offers a rigorous and accessible treatment of the subject. Its combination
of theoretical depth, practical application, and coverage of cutting-edge research makes it
an essential resource for graduate students, researchers, civilsand earthquake engineers
engaged in the study of shear wave behavior in soils and geomaterials.
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Questions and Problems

Provide a general explanation of shear wave propagation in geomaterials.

Explore the historical background of shear wave propagation in geomaterials.
Describe the process of conducting SCPT testing to obtain shear wave velocity.
Explain the procedure for using the Bender Element Test (BET) method to
determine shear wave velocity.

5. Discuss the significance and relevance of shear wave propagation in geomaterials.

bl ol e
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Chapter 2: Fundamentals of Shear Wave Theory and
Behavior

2.1 Introduction to Shear Waves

Shear or S-waves, with their unique transverse motion as seen in Figure 2-1 and ability to
propagate through various media, hold a significant place in the realm of wave phenomena.
As they traverse through solid domains, their distinct characteristics open a world of
possibilities for scientific exploration and practical applications. In solid materials, such as
rocks, soils, and geomaterials, shear waves showcase their prowess in revealing the
structural integrity and mechanical properties of substances. Achenbach (2012) explained
clearly the basic wave propagation in elastic solids. When an external force is applied to
the medium in a manner that induces shearing motion, these waves come into existence,
propagating through the material like ripples in a pond. This fascinating behavior sets them
apart from their longitudinal counterparts, the compressional waves~(P-waves), where
particles oscillate in the same direction as the wave’s motion showninFigure 2-2.

One of the most intriguing aspects of shear waves lies.in their velocity, a property
intricately tied to the mechanical and elastic attributes of‘the medium they traverse.
Materials with higher shear moduli display sturdiness against shear deformation, leading to
swifter shear wave propagation compared to materials“with lower shear moduli. As these
waves encounter boundaries or interfaces betweefy’ different materials, their journey is
marked by reflections, refractions, and scattering, offering valuable insights into the
subsurface geology and material composition:

rarefactions

1 I

Ll Direction of compressional wave

Figure 2-2 Motion of compressional wave (P-wave).
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The seismic exploration and engineering communities have harnessed the potential
of shear waves to an impressive degree. Employed extensively in geophysics, they play a
pivotal role in mapping the subterranean structures, deciphering the Earth’s crust, and even
detecting subsurface hydrocarbon reserves. In geotechnical engineering, shear wave
measurements serve as a potent tool for evaluating soil and rock properties, essential for
constructing stable foundations and assessing potential geological hazards.

The realm of earthquake seismology finds shear waves indispensable, as they
contribute significantly to the understanding of seismic activity and earthquake
mechanisms. Materials testing and characterization also heavily rely on the discerning
nature of shear waves, facilitating the analysis of material strength, homogeneity, and
response to mechanical stresses.

In essence, shear waves occupy a central position in our comprehension of the
behavior and properties of materials, contributing indispensably to the scientific
understanding and engineering applications across diverse disciplinegyFrom peering into
the heart of the Earth to engineering safer structures, these waves-unravel the mysteries
hidden beneath the surface, forging a profound link between theéretical exploration and
practical advancements in the world of science and technology

2.2 Basic Theory of Shear Wave Propagation

The basic theory of shear wave propagation forms_the foundation for understanding the
behavior of shear waves as they travel through’different mediums, particularly in solid
materials like rocks, soils, and geomaterials\as described in Blake (1961). This theory
involves the principles of wave mechanics; elastic properties of materials, and the unique
characteristics of shear waves. Shear wave propagation in an elastic continuum is a function
of:

1) Transverse motion: Shearwaves, also known as S-waves, exhibit transverse motion,
which means the particles in the medium move perpendicular to the direction of
shear wave propagation. As the wave advances forward, the particles oscillate
sideways or ifi‘a transverse direction. This is in contrast to compressional waves
(P-waves)where particles move in the same direction as the wave’s motion.

2) Elastie_properties: The propagation of shear waves is intimately related to the
mechanical and elastic properties of the medium they traverse. The shear modulus
(also called the rigidity modulus) is an essential material property that measures the
fesistance of a material to shear deformation. Materials with higher shear moduli
transmit shear waves faster than those with lower shear moduli.

3) Shear wave velocity: The shear wave velocity is determined by the elastic properties
and density of the medium. In general, shear waves travel at a slower pace than
compressional waves, with their velocity being a significant fraction of the
compressional wave velocity. This difference in velocity allows for the separation
of shear and compressional waves during seismic measurements.

4) Propagation in solid media: Shear waves are particularly prevalent in solid
materials, where the intermolecular forces allow for shear deformation to occur.
When an external force is applied to the medium in a manner that induces shearing
motion, shear waves are generated and propagate through the material, transmitting
energy.

Fundamentals of Shear Wave Theory and Behavior
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5) Boundaries and reflection: As shear waves encounter boundaries or interfaces
between different materials, they undergo reflection, refraction, and scattering.
These interactions provide valuable information about the subsurface structures,
material boundaries, and variations in geological formations.

6) Seismic applications: Shear waves play an important role in seismic exploration and
engineering. Seismologists use the distinct velocity and behavior of shear waves to
detect and analyze subsurface geological features, identify geological layers, and
study earthquake mechanisms. Engineers employ shear wave measurements to
assess the mechanical properties of materials for construction and stability
evaluations.

The basic theory of shear wave propagation is essential for various scientific,
engineering, and geophysical studies. By understanding the unique behavior and
characteristics of shear waves, researchers and professionals can unravel the mysteries
hidden beneath the Earth’s surface and make informed decisions in~fields such as
geophysics, geotechnical engineering, earthquake seismology, and materials testing.

2.3 Shear Wave Behavior in Isotropic Media

Shear waves, or S-waves, represent a captivating facet of wave propagation, particularly
when they traverse isotropic continuum media. These.media, characterized by uniform
properties in all directions, offer a fertile ground for delving into the intricate behavior of
shear waves. By delving deeper into the mathematical equations that govern their motion
and interaction with material properties, we cafigain a profound understanding of their
behavior and applications in various scientificand engineering domains.

Shear waves, much like other foris)of elastic waves, propagate through solid media
by generating sinusoidal oscillationss of particles. In this mode of propagation, the
displacement of particles occurs id a-direction perpendicular to the path of the wave, while
compressional or longitudinalswaves produce displacements that are aligned with the
direction of travel. As the, waves move through the medium, particle motion varies
simultaneously with time and spatial position. Therefore, any theoretical representation of
wave motion must account for frequency dependence in both temporal and spatial domains.
The concept of angular frequency, o, as defined in Equation 2.1, describes the oscillatory
behavior of the wave with respect to time.

w=2xf 2.1

The wave number, k, as defined in Equation 2.2, represents the spatial frequency of the
propagating wave.

@
k= > (2.2)
Here, f denotes the frequency of the wave expressed in Hertz, and v represents the wave
velocity [m/s].

The analysis of a simplified one-dimensional wave provides a clearer foundation
for understanding the fundamental nature of wave propagation within a three-dimensional
medium. For the basic case of a one-dimensional wave moving along an arbitrary axis, x,
the ultrasonic wave model is expressed in Equation 2.3.
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u(x, t) = ugcos(wt — kx) (2.3)

In this expression, u, represents the maximum amplitude of displacement u. The
displacement may be considered either parallel to the x-axis or perpendicular to it, which
ensures that the model is applicable to both shear and longitudinal waves. By differentiating
u(x, t) twice with respect to the spatial coordinate, the relation presented in Equation 2.4
is obtained.

62u 2
-z = Yo (—k)?cos(awt — kx) (2.4)

Similarly, when the function u(x, t) is differentiated twice with respect to time, the
resulting expression corresponds to that given in Equation 2.5.

u _ —uy(w)?cos(wt — kx) (2.5)

dx2

Equations 2.4 and 2.5 may be reformulated in relation to-the original expression
presented in Equation 2.3, yielding the following form as shown in"Equation 2.6.

0%u
o = —a*u(x, t) (2.6)
T = —kPu(x, t) 2.7)

By rearranging Equation 2.4 and(equating the resulting expressions, the one-
dimensional wave equation is obtained, as presented in Equation 2.8.

2 2
N2t g 2.8)

Jx2  c? ot?

Next, a small differential element subjected to an uniaxial normal stress, oy, as
illustrated in Figure 243, 1S’ examined. The corresponding representation of differential
elements under simple'shear stress is shown in Figure 2-4.

Oxx )

dx

Figure 2-3 Differential stress elements for simple longitudinal stress.
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Figure 2-4 Differential stress elements for simple shear stress.

Applying Newton’s First Law, a force balance may be established for this
differential element under the assumption of a uniform cross-sectional area Ay which leads
to the expression shown in Equation 2.9.

A [(ax + %"dx) - ax] =2 [mf;—’t‘ (2.9)

By assuming that the mass, m, is constant, it can be’expressed in terms of the
density, p, and taken outside of the derivative, resulting in'the form given in Equation 2.10.

00y 0%u

A
at?

dx =\pdxA (2.10)

ox
Lastly, the preceding expression carhbe reduced to the simplified form presented
in Equation 2.11.

00y _ 0%
ax  Pac (2.11)

Since the material\undergoes elastic deformation in a single dimension, the
longitudinal stress and strain are linked through the elastic modulus of isotropic materials,
as expressed in Equation2.12.

oy =Ec=E=" (2.12)

Here, E represents the elastic modulus and & denotes the strain. Differentiating the
above relation with respect to x produces the expression presented in Equation 2.13.

O _ po%u
5 = Eom (2.13)

Equations 2.11 and 2.13 can be combined and reformulated to obtain a
representation consistent with the one-dimensional wave equation.

u_1om_ g 2.14)

dx2 V2 9t2

By comparing Equations 2.13 and 2.14, the velocity of sound in the longitudinal
case can be expressed in terms of the elastic properties of the material, as shown in Equation
2.15.
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v.= [E 2.15)

Here, V}, denotes the longitudinal wave velocity. A similar procedure can be applied
to shear waves, as illustrated in Figure 3-1b. For shear wave propagation, the relationship
between stress and strain is governed by the shear modulus G, which leads to the expression
for wave velocity given in Equation 2.16.

G E
v, = \E: /zp(m) 2.16)

In this equation, v designates the Poisson’s ratio, which is dimensionless.

When a three-dimensional differential element is analyzed in a comparable way,
deflections arising from Poisson’s effects are also observed. Thus, when a longitudinal
stress is applied along the x-axis, the resulting displacements include, & along the x-axis, v
along the y-axis, and w along the z-axis. By incorporating thesesadditional deformations
together with the assumption of isotropy, the relationship between stress and strain for a
three-dimensional body is established as expressed in Equations 2.17 and 2.18.

1
= Oy _ﬁ(ajj + Okk) (2.17)

i =
(13 E

&j = §{&5- 0y (2.18)

In this context, the dummy variables i, j, and k are employed to denote the x, y, and
z directions. Expanding Equations 2.15 and 2.16 yields six distinct expressions, in which
each of the six strain components s written as a function of the corresponding six stress
components. For the present analysis, it is more convenient to formulate stress in terms of
strain. Accordingly, the preecding equations can be rearranged into the form shown in

Equation 2.19, while the shiear stress is represented in Equation 2.20 as follows:

_ E(1-v) g VE g
Oti = () (1-2v) &i t+ 1+v)(1-2v) (&j+ k) (2.19)
E E

(2.20)

O'.- =_g:~ =_g..
U aww)U o arn)

At this stage, retaining the previously introduced coefficients becomes increasingly
complex and raises the likelihood of mathematical errors. To simplify the formulation, the
Lamé coefficients are introduced, which allow the stress—strain relationships to be
expressed in a more concise form, as presented in Equations 2.21 and 2.22.

VvE
T @+v)(1-2v) (2.21)
E
= 2am (2.22)

By employing the Lamé coefficients, the relationship between stresses and strains
can be expressed in a simplified manner, as demonstrated in Equation 2.23.
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X

Figure 2-5 Stress along the x-axis acting upoa 3-D differential element.

Figure 2-3 illustrates a differential elenientisubjected to stresses in the x-direction
as a result of an ultrasonic wave. By applying\Newton’s Second Law, the corresponding
force balance leads to the expression given in-Equation 2.24.

2

d°u 0 Oy
ez pdxdydz = (o-xx + aax dx) dy dz — oy, dy dz +
(o-xy + a—;ydy) dx dz — oyydx dy +
(ze + %dz) dx dy — o,dx dz (2.24)

The same approach can also be extended to deflections in the remaining two
directions. Upon‘simplification, this process yields the relations presented in Equations 2.25
through 2.27;

0%u _ doyx , O0xy | 0oy,

'067_ ox + oy 0z (2.25)
ﬂ __Ooxy | 0oy | 00y,
a2~ ox dy 9z (2.26)
9?w _ 8oy, , 00y | 00z,

Po = T ay t% (2:27)

The stress terms in the preceding equation can be reformulated in terms of the
internal strains by substituting the appropriate expressions from Equation 2.23 into
Equation 2.24. After regrouping and combining like terms, the three-dimensional wave
equations are obtained, as expressed in Equations 2.28 through 2.30.
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po = DG+ S+ S+l + 5 5] 29
p5= G D[S G+ S+ S+l + S+ 5 229

e e el S S

At this point, it is essential to consider the fundamental nature of the wave under
study. Both longitudinal and shear waves exhibit oscillatory motion as they propagate
through a material, with these oscillations dependent on both spatial position and time. The
principal distinction between the two types lies in the orientation of their oscillatory
displacements, w . If the wave is propagating in the longitudinal mode so that all of its
energy is traveling in the x-direction, then any of the cross derivatives will go to zero

. 92 . .
leaving only the ﬁ terms. Therefore, Equation 2.24 shows that_the wave velocity
traveling in this function will have a shear wave velocity.

_|2p+A E(1-v)
= \/ p \/p(1+v)(1—2v) (231

In a similar manner, Equations 2.31 and 2.32-indicate that a shear wave propagating
along the x-direction possesses a corresponding wave velocity.

— [F_8 E
= \L J; T (2.32)

With the velocities of both~R-waves and S-waves expressed as functions of the
elastic properties, the inverse~telationship can be obtained through straightforward
algebraic manipulation. By solving for Young’s modulus and Poisson’s ratio, the final
expressions are derived as follows Equations 2.33 and 2.34:

E=p-V2 (3"” ffz) (2.33)
AN

v = iﬁ?)z (2.34)
2-2(73)
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2.4 Shear Wave Behavior in Anisotropic Media

Shear wave behavior in heterogeneous media introduces complexities due to variations in
material properties, composition, and structure throughout the medium. Heterogeneous
media are materials with non-uniform properties, such as varying shear modulus, density,
and structural characteristics. In such environments, shear waves encounter a range of
behaviors and interactions, leading to interesting phenomena not observed in homogeneous
media. Pickering (1970) proposed the relationship stress and strain for a material with a
single vertical axis of symmetry which is called the cross-anisotropy in Figure 2-6 is
described in Equation 2.35. Piriyakul (2006) studied the anisotropic behavior of Belgian
Boom clay and well defined all elastic properties of this clay.

y

Figure 2-6 A cross-anisotropy model.
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In, this formulation, the stress and strain increments are expressed with respect to
rectangular Cartesian axes, where the z-axis is oriented vertically. This representation
makes it possible to distinguish between the horizontal directions, while still assuming that
the material properties are identical in both of them. The seven elastic parameters appearing
in Equation 2.35 are defined as follows:

Gny, = Shear modulus in vertical plane

Gprp = Shear modulus in horizontal plane

E, = Young’s modulus in the vertical direction

Ey, = Young’s modulus in the horizontal direction

Vyn = Poisson’s ratio for horizontal strain due to vertical stress

Vyy = Poisson’s ratio for vertical strain due to horizontal stress

Vun = Poisson’s ratio for horizontal strain due to horizontal stress
at right angles
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2.5 Shear Wave Velocity and Stiffness

Shear wave velocity and stiffness are closely related properties that play a significant role
in understanding the behavior of materials, particularly in the context of seismic wave
propagation and geotechnical engineering.

2.5.1 Shear Wave Velocity (Vy)

Shear wave velocity refers to the speed at which shear waves propagate through a
medium, such as rocks, soils, or other geomaterials. It is a measure of how quickly the
transverse motion is transmitted through the material. Shear wave velocity is denoted by
the symbol “V;”. The shear wave velocity of a material is influenced primarily by its shear
modulus (also known as the shear modulus or G), which represents the material’s resistance
to shear deformation. For isotropic (uniform in all directions) homogeneous materials, the
relationship between shear wave velocity and shear modulus is given by-Equation 2.36:

G=p-V2 (2.36)

where:

Vs = Shear wave velocity
G = Shear modulus

p = Density of the material

In general, materials with higher shear,moduli have higher shear wave velocities,
indicating that they transmit shear waves morérapidly. Consequently, materials with higher
shear wave velocities are often considered stiffer, as they resist deformation caused by shear
forces more effectively.

2.5.2 Stiffness and Young’s Modulus (E)

Stiffness is a broader term used to describe the resistance of a material to
deformation under applied forces. It is a measure of how much a material resists being
stretched or compres§ed. Young’s modulus (E), also known as the elastic modulus or the
modulus of elastieity, is a fundamental material property that represents the stiffness of a
material. Young’s'modulus measures the ratio of stress to strain in a material under tensile
or compressive loads and is given by Equation 2.37:

E — Stress — 2‘ (237)

Strain &

where:

E = Young’s modulus

Stress = Applied force per unit area

Strain = Deformation or change in length relative to the original length

For isotropic (uniform in all directions) homogeneous materials, the relationship
between compression wave velocity and Young’s modulus is given by Equation 2.38:

E=p- V2 (2.38)
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Young’s modulus is related to the shear modulus (G) for isotropic materials through
the Poisson’s ratio (v), which represents the lateral contraction of a material when subjected
to axial strain. The relationship between Young’s modulus, shear modulus, and Poisson’s
ratio is given by Equation 2.39:

G=-=L (2.39)

T 201+v)

In geotechnical engineering and seismic studies, both shear wave velocity and
stiffness (represented by Young’s modulus) are essential parameters for assessing the
mechanical behavior and integrity of geomaterials. By understanding these properties,
engineers and geophysicists can make informed decisions for various applications,
including foundation design, earthquake hazard assessment, and subsurface exploration.

2.6 Damping and Attenuation of Shear Waves

Damping and attenuation are essential concepts in understanding the_behavior of shear
waves as they propagate through materials as described by Ishibashi & Zhang (1993). These
phenomena are crucial in seismic studies, engineering applications, and material
characterization, as they determine how shear wave energy digsipates as the waves travel
through a medium. Figure 2-7 depicts damping ratio, D, in function of shear strain, showing
that the damping ratio, D, increases with increasing the shear strain, . Damping is a very
important factor in shear wave behavior, especially inthe context of seismic signals, as it
affects the wave’s amplitude and ability to transmit infermation. In seismic exploration and
earthquake seismology, understanding damping-i§ Crucial for accurate interpretation of
seismic data and assessing the geological pfoperties of subsurface formations. Many
researchers such as Schaeffer et al. (2013), Amaral et al. (2013), Chan (2012) and Patel et
al. (2012) studied the dynamic parameters,and damping of geomaterials by triaxial test and
bender element test as described in Le€ ‘& -Santamarina (2005).

Ishibashi & Zhang (1993),developed a closed expression for damping ratio based

on the shear modulus reductiony ci’ and the plasticity index, I,.
0

D

1.3
_0.333(1+e”00145p ){

G2 G
0.586 (E) — 15472+ 1} (2.40)

Damping ratio, D

Shear strain,y

Figure 2-7 Damping ratio in function of shear strain.
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In soil dynamics, vibration theory, and earthquake geotechnics, damping is properly

defined as follows:

1)

2)

3)

4)

Damping: Damping refers to the gradual loss of energy in a propagating wave,
leading to a decrease in its amplitude over distance. In the context of shear waves,
damping occurs due to various internal and external factors that convert mechanical
energy into other forms of energy, such as heat.

Internal Damping: Internal damping in a material arises from the interactions
between its constituent particles or internal structural elements. These interactions
may involve friction, viscoelastic behavior, material microstructure, and other
dissipative processes. Materials with higher internal damping tend to absorb more
shear wave energy, leading to greater attenuation.

External Damping: External damping is influenced by the medium in which the
shear waves propagate. For example, if the shear wave travels through a viscoelastic
material or encounters fluids or other dissipative elements,” external damping
contributes to energy dissipation and attenuation.

Attenuation: Attenuation refers to the decrease in amplitude or energy of a wave as
it propagates through a medium. In the case of shearwaves, attenuation results from
damping, scattering, and other energy dissipationymechanisms. The attenuation rate
quantifies the loss of wave energy over a given distance. The rate of attenuation of
shear waves is influenced by various fagctors, including the material properties of
the medium, frequency of the wave, and-the distance traveled. High-frequency shear
waves tend to attenuate more rapidly than low-frequency ones, and materials with
higher damping properties show~ higher attenuation rates. In seismic studies,
attenuation is a fundamental ‘parameter for characterizing the properties of the
subsurface, such as the quality of hydrocarbon reservoirs, the presence of fractures,
and other geological features. It also plays a significant role in assessing the seismic
hazard potential of régions prone to earthquakes.

So, damping and attenuation are fundamental aspects of shear wave behavior that

govern the loss of €nergy as the waves propagate through materials. Understanding these
phenomena is esséntial for various scientific, engineering, and geophysical applications, as
they provide“valuable insights into material properties, seismic exploration, and the
integrity of geological formations.
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Exercise 2.1 From Figure 2-8 calculate the angular wave number.

Spatial Wave Profileatt =0
a0

QrFa
Q.50
025

Q.00

yix, Bl = Asinikx = wx]

Cisplacement

0.25

=050

-0.75

=M

x (rreeters]

Figure 2-8 Example of wave form.

Solution
The angular wave number k represents the spatial frequency of the wave (radians per unit
distance). It is calculated using the wavelength, A~

Given A =1.8 m:
k=2£=7349  m'
18

The result is correctly roundedtg-3.49 m!.
Ans.

Exercise 2.2 From Figure 2-8 calculate the wave velocity.

Solution

The wave veldcity v can be determined from the relationship between its angular frequency
o and its angular wave number k:

Given @ <'110 rad/s and k=3.49 m!

v =222-31.5m/s
3.49

The wave velocity, v, is correctly rounded to 31.5 m/s.

Ans.
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Exercise 2.3 A wave has frequency of 50 Hz and a wavelength of 10 m. What is the
velocity of the wave?

Solution
f=50Hz
A=10m
v=fxA=50x10=500 m/s
Ans.
Exercise 2.4 A wave has frequency of 5 Hz and a velocity of 25 m/s. What is the
wavelength?
Solution
f=5Hz
v=25m/s
A=v/f=25/5=5m
Ans.

Exercise 2.5 A wave has a wavelength of 10 m and a velocity,0f 340 m/s. What is the
frequency of the wave?

Solution
A=10m
v =340 m/s

f=v/A=340/10=34 Hz

Ans.
Exercise 2.6 A ground has a shear wave velocity,V;, of 50 m/s and a P-wave velocity,V,,, of
122 m/s. What is the poison’s ratio?

Solution
V.=50 m/s
V, =122 m/s

From Equation 234y v =

Ans.

Exercise 2.7 A ground has a Young’s modulus, E, of 1100 MPa and a Poison’s ratio of 0.4.
What is the shear modulus, G?

Solution
E =1100 MPa
v=04
. E 1100
From Equation 2.39, G = 20y 200D
G =380 MPa

Ans.
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Exercise 2.8 A ground has a shear wave velocity, V;, of 100 m/s and a Poison’s ratio of 0.4.
What is the P-wave velocity, 1,?

Solution
V=100 m/s
v=04
vs)?
. 1'4ﬂﬁ
From Equation 2.34, v = PRY:
z—z(ﬁ)
2
1—2(%)
0.4 = 1002
z—z(ﬁ)
V, =245 m/s

Ans.

Exercise 2.9 A ground has a P-wave velocity, V, of 980 m/s and a.Pgison’s ratio of 0.4.
What is the shear wave velocity, V;?

Solution
V=980 m/s
v=04

5y

2
N
0.4 = 2wl

2—2(;%0 :

[S

From Equation 2.34, v =

Vs £400 m/s
Ans.

Exercise 2.10 A ground has a shear wave velocity,V;, of 50 m/s and a mass density of 2373
kg/m?. What is the shéar modulus, G?

Solution
V=50 m/s
p = 2373.kg/m’
From Equation 2.16, V; = %
50 = G
~ 42373
G =59 MPa

Ans.
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Exercise 2.11 A ground has a p-wave velocity, V,, of 490 m/s and a mass density of 2373
kg/m>. What is the Young’s modulus, E?

Solution
V=490 m/s
p=2373 kg/m’

From Equation 2.15, V, = \/Ep

490 = E
~ 2373
E =270 MPa

Ans.

Exercise 2.12 A ground has a p-wave velocity, 1},, of 1960 m/s, a massydensity of 2373
kg/m® and a shear wave velocity,V;, of 800 m/s. What is the Young’s\modulus, E?

Solution
V= 1960 m/s
Vs = 800 m/s

p=2373 kg/m’
From Equation 2.33, E = p-V;? <

302 —4V52)
V-V

E = 2373 - [(800)°] (
E = 4300°MPa

3(1960)2—4(800)2)
(1960)2—(800)2

Ans.
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Summary

1.

Shear waves are important for expanding our knowledge of the behavior and
characteristics of materials and provide a fundamental basis for scientific research and
innovative engineering in a variety of domains. These waves reveal hidden mysteries,
bridging the gap between theoretical discovery and practical problems advancement
in science and technology, from exploring the Earth’s inner depths to creating safer
structures.

Numerous scientific, engineering, and geophysical applications depend on an
understanding of the basic theory of shear wave propagation. Researchers and
professionals can discover the hidden complexities beneath the Earth’s surface and
make well-informed decisions in fields like geophysics, geotechnical engineering,
earthquake seismology, and materials testing by looking at the unique behavior and
characteristics of shear waves.

The P-wave and S-wave velocities are expressed as functions of the-elastic properties,
it is easy to use algebraic manipulation to ascertain how these\elastic properties relate
to the wave velocity. We can solve for important elastic constants like Poisson’s ratio
and Young’s modulus by rearranging the established relationships. These
computations not only offer a more profound comprehension of the material’s
mechanical behavior, but they also directly link the.nfrinsic properties of the material
with the characteristics of wave propagation. In¢he end, this procedure will produce
explicit expressions for Poisson’s ratio and Young’s modulus, providing insightful
information for a range of material science.and geophysics applications.

The non-uniform nature of the material properties, composition, and structural
variations within the medium intrddnces significant complexity into the behavior of
shear waves in heterogencous.imedia. Analysis of wave propagation is made more
difficult by heterogeneous| ‘media, which are defined by spatially varying
characteristics like density, Shear modulus, and microstructural features. Shear waves
in these conditions interact with areas of contrasting properties, causing scattering,
diffraction, and mode,conversion. This can lead to phenomena that are not present in
homogencous media, like energy redistribution, wave attenuation, and the creation of
secondary wavés. Seismology, non-destructive material testing, and biomedical
imaging aré€ just a few of the many fields that depend on the study of shear wave
behavior ifvheterogeneous materials because of these intricate interactions. Improved
interpretations and applications in a variety of scientific and engineering fields are
madepossible by these analyses, which offer important insights into the mechanical
and structural properties of materials.

Damping and attenuation are important variables that control energy loss as shear
waves travel through materials. In contrast to attenuation, which includes energy
absorption and scattering brought on by medium heterogeneities, damping results
from internal friction and material breakdown. These mechanisms affect the
frequency, amplitude, and travel distance of shear waves.
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Questions and Problems

1. Explain the difference between the motion of shear wave (S-wave) and the motion
of compressional wave (P-wave).

Explain the shear wave propagation in the isotropic domain.

Explain the shear wave propagation in the cross-anisotropic domain.

Explain the relationship between the shear wave velocity and the Elastic properties.
What are the Lame’s coefficients and the use of them in the stress-strain
relationship.

Nk
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Chapter 3: Methods to determine Shear Wave Velocity
and Shear Modulus

3.1 Introduction to Shear Wave Velocity and Shear Modulus

This chapter provides a comprehensive overview of the standard soil tests used to determine
shear wave velocity and dynamic parameters, with particular emphasis on both laboratory
and field-testing methods as described in Airey & Wood (1987). It explores the fundamental
principles underlying these tests, their relevance in geotechnical engineering, and their
application in evaluating the dynamic behavior of soils. The discussion covers a variety of
commonly used techniques, highlighting their procedures, advantages, and limitations.
Figure 3-1 presents the overview of possible shear strain amplitudes as described by Studer
et al. (2008).

Laboratory tests such as shaking table, resonant column tests, cy¢lic triaxial tests,
cyclic torsional shear tests, and bender element tests are described, in_detail, providing an
understanding of their operational mechanisms and specific applications. For instance, the
shaking table test offers insight into how soil samples respond to dynamic loading in a
controlled environment, whereas the resonant column test)is particularly useful in
evaluating soil stiffness and damping properties under cyelie‘conditions. The cyclic triaxial
test allows for the examination of soil behavior undet-sepetitive loading, and the cyclic
torsional shear test provides valuable data on shear modulus and damping ratios. The bender
element test, on the other hand, is a non-destructive method used to measure shear wave
velocity at very small strain levels.

Similarly, field methods such as seismic refraction and reflection tests, multichannel
analysis of surface waves (MASW);.dyhamically loaded plates, and cross-hole or down-
hole seismic testing are examined to provide insights into in-situ measurements. Seismic
refraction and reflection tests, ffor instance, are critical for evaluating the subsurface
stratigraphy and shear wave.veloéity profiles, while MASW techniques offer a non-invasive
way to measure the sheap.wave velocity profile across larger areas. Dynamically loaded
plates provide useful data‘on soil stiffness under actual loading conditions, and cross-hole
or down-hole seismic testing allows for the measurement of shear wave velocity at different
depths, providing-a.more detailed understanding of the soil’s dynamic properties.

The.chapter also addresses the importance of these advanced topics in shear wave
measurement and testing, such as the limitations and challenges that practitioners may
encounter in field and laboratory settings. These include issues related to soil heterogeneity,
the accuracy of measurement techniques, the impact of environmental factors on testing
conditions, and the calibration of equipment. Moreover, the chapter explores emerging
technologies and innovative approaches to overcoming these challenges, offering insights
into future directions in the field of soil dynamics. Additionally, the potential for integrating
multiple testing methods for more comprehensive evaluations of soil behavior is discussed,
emphasizing the need for a multidisciplinary approach in assessing the dynamic properties
of soils and geomaterials.

Finally, this chapter outlines the key limitations in applying shear wave velocity
within geotechnical engineering, emphasizing three main challenges: site-specific
influences on testing accuracy, technical constraints of measurement equipment, and
interpretational uncertainties in data analysis.
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Figure 3-1 Overview of possible shear strainamplitudes after Studer et al. (2008).
3.2 Laboratory-Based Methods of Shear Wave Measurement and Testing

3.2.1 Bender Element Testing

The principle of bender eleménts is derived from the electromechanical properties of
piezoelectric materials. When an electrical voltage is applied across two bonded
piezoelectric components,\one expands while the other contracts, which produces a bending
motion of the entireselement, as illustrated in Figure 3-2. Conversely, when the bender
element is subjected o a lateral disturbance, a voltage is generated. This bidirectional
property enables’bender elements to operate both as transmitters and receivers of shear
waves. The measurement of the travel time between the transmission and reception of a
shear wave provides a means of determining shear wave velocity, a concept that has been
demonstrated and validated in several studies as described in Dyvik & Madshus (1985) and
Iamchaturapatr et al. (2022a).

. . . . .

.
T T T L a— Direction of polarization

Series type Parallel type
(a) (b)

Figure 3-2 (a) Series and (b) Parallel connected bender elements after
Tamchaturapatr et al. (2022a).
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Figure 3-3 Piezoelectric sensors: (a) Series and (b) Parallel types.

Piezoelectric bender elements are generally classified into two types: the series-
connected configuration and the parallel-connected configuration. The\$eries-connected
bender element, illustrated in Figure 3-2a, is constructed with plates polatized in opposite
directions, and electrical leads are attached to each of the outer“electrode surfaces. The
parallel-connected bender element, shown in Figure 3-2bj is* arranged so that the
polarization of both plates is aligned in the same directidn) In this arrangement, the
electrical connections are made such that the two outer glectrode surfaces form one pole,
while the center electrode functions as the opposite pele» To connect a wire to the center
electrode, a portion of the element must be remeved through grinding. In practical
applications, the series-connected bender element-is more effective as a receiver, whereas
the parallel-connected configuration is typically‘preferred as a transmitter. In the present
study, however, only the series type is employed for both transmitting and receiving
functions, owing to its superior performanee in capturing the received signal. Figure 3-3
depicts the piezoelectric sensors, used ‘at-the KMUTNB soil mechanics laboratory. The
series one is shown in Figure 3-3awhile the parallel type is expressed in Figure 3-3b. Both
piezoelectric sensors were supplied by Fuji ceramic cooperation from Japan. The series type
is the BM13*10*0.5(C-6)0.05P.and the parallel sensor is the PM13*10*0.5(C-6)18*0.05P.

Transmitter bender element

Function generator

f\‘ Soil sample

Receiver bender element
: M
-4

»

Oscilloscope

Channel 1 Channel 2

Figure 3-4 Schematic of bender element test after lamchaturapatr et al. (2022).
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Following the procedure outlined in ASTM D8295-19, which is the standard
method for determining shear wave velocity and the initial shear modulus in soil specimens
using bender elements, the shear wave is generated by a function generator producing a
sinusoidal signal with a frequency range of 4 to 10 kHz and an amplitude of 20 V,.,. The
generated signal is delivered to the transmitting bender element, while the transmitted
waveform is simultaneously monitored through channel 1 of the oscilloscope, as illustrated
in Figure 3-4. For the transmitting element, the parallel connection is adopted because of
its capability to produce large deformations and strong output signals. Once emitted, the
shear wave propagates through the soil specimen, as depicted in Figure 3-5. On the
receiving side, a series-connected bender element is employed owing to its higher
sensitivity. The received signal is then recorded through channel 2 of the oscilloscope. More
details about the development of bender element test is clearly explained by Piriyakul
(2010). Figure 3-6 shows the bender element test setup at the KMUTNB soil mechanics
laboratory.

Transmitter bender element

jLd

' g ‘X/ F nction ene{or'
- uncti
Soil samplé o O\ ¢

Receiver bender element

Figure 3-6 Bender element test setup at the KMUTNB campus.
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3.2.2 Cyclic Triaxial Test

The testing apparatus is based on conventional triaxial equipment that is modified with an
additional cyclic axial loading unit. In certain applications, the cell pressure may also be
varied cyclically. Both isotropic and anisotropic initial stress states can be accommodated.
The configuration of the cyclic triaxial testing device available at the KMUTNB soil
mechanics laboratory is illustrated in Figure 3-7. Limitations caused by bedding errors and
system compliance generally restrict measurements to shear strains greater than 102 %,
although the use of local strain measurement devices allows accurate results to be obtained
at strain levels as low as 10 %, as reported in previous investigations by Kramer (1996).

Figure 3-7 Cyclic triaxial test at the KMUTNB campus.

Cyclic Triaxial Test is a laboratory test used in geotechnical engineering to evaluate
the behavior of soils under cyclic loading conditions, such as those caused by earthquakes,
ocean waves, or repeated traffic loads. It is a variation of the standard triaxial test, where a
soil sample is subjected to cyclic axial stresses while maintaining a constant confining
pressure. This test is particularly useful in assessing the dynamic properties of soil,
including its ability to withstand repeated loading without excessive deformation or failure.
By simulating real-world cyclic forces, the test provides crucial insights into soil behavior
under conditions that can lead to liquefaction, progressive deformation, or structural
instability.
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During the test, a cylindrical soil specimen—typically encased in a rubber
membrane—is placed within a triaxial chamber and subjected to controlled cyclic axial
loads while being confined under a predetermined pressure. The test can be performed
under either stress-controlled or strain-controlled conditions, depending on the research
objective. In stress-controlled tests, the cyclic stress amplitude remains constant, simulating
real-world loads such as seismic vibrations or vehicle-induced stress variations. In strain-
controlled tests, the strain amplitude is regulated to examine soil deformation characteristics
under cyclic conditions. Figure 3-8 shows the cyclic triaxial test setup and the part details
of this apparatus respectively. Fundamental parameters measured in the cyclic triaxial test
include shear modulus, damping ratio, pore water pressure buildup, and the number of
loading cycles required to induce liquefaction. These measurements are essential in
evaluating the soil’s resilience and susceptibility to failure under repeated loading. The test
is widely used in geotechnical earthquake engineering, pavement design, and offshore
engineering, where understanding soil behavior under cyclic forces is necessary for
designing stable foundations and infrastructure.

Robust and tlectromechanical
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Compact Dynamic AUTOMATIC
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Figure 3-8 Parts of cyclic triaxial apparatus after Controls Group (2025).
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3.2.3 Cyclic simple shear test

The cyclic simple shear apparatus is widely employed for the investigation of soil
liquefaction. The configuration of this device is presented in Figure 3-9 after VJ Tech
(2025). In this method, a short cylindrical specimen is laterally confined to prevent outward
expansion. Cyclic horizontal shear stresses are then applied to either the top or bottom of
the specimen, producing deformations that closely resemble those experienced by soil
elements during the vertical propagation of shear waves. Advanced simple shear systems,
which enable independent control of vertical and horizontal stresses, are capable of
applying stress conditions beyond those corresponding to Ko states, as reported in earlier
studies by Airey & Wood (1987). The specimen during the consolidation stage of the cyclic
simple shear test is illustrated in Figure 3-10a, while the shearing phase is shown in Figure
3-10b.

‘ Vieetical load "

maasaed am B
sarTgic o shoered

Confining mngs alde
avel sach oher &
e sargle “
whaared

The height of e
SO 1 e L gn]
Asing the shew

Horirontsd  Saplacemwst
ansdocer measares e -
hoclroots dagiacermend

The ey L]
14 showed o a2
o WAl e

FRON'S ~ Shaaring in DSS System

Figure 3-9 Schematic of ¢yclic simple shear apparatus after VJ Tech (2025).
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Figure 3-10 (a) Consolidation phase and (b) Shearing phase.
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3.2.4 Resonant column test

The resonant column test is a widely recognized method for determining the dynamic shear
modulus, the dynamic modulus of elasticity, and the damping ratio of soils. In this
procedure, a specimen is mounted within a triaxial cell and subjected to either torsional or
axial excitation at its upper end. The excitation is typically harmonic within a frequency
range of 30 to 300 Hz, although alternative excitation forms such as random white noise as
seen in Cascante & Santamarina (1997) or pulse signals as explained by Nakagawa et al.
(1996) have also been employed. Equipment exists for both solid cylindrical and hollow
cylindrical specimens, with the latter configuration reducing variations in shear strain
amplitude across the sample during torsional excitation. An integrated accelerometer
permits direct measurement of acceleration at the specimen’s top, as illustrated in Figure
3-11.

Cyclic torsional excitation

. . I
Top cap and moving parts of the oscillator

Sample

Figure 3-11 Schematic of resonant column test.
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Once the resonant column specimen has been prepared and consolidated, cyclic
loading is initiated. The excitation frequency begins at a low level and is gradually increased
until the response of the specimen reaches a local maximum and the phase shift between
the input signal and the measured acceleration signal attains a value of m. The lowest
frequency at which a local maximum occurs in the response function is identified as the
fundamental frequency of the specimen. This fundamental frequency is determined by the
stiffness of the soil, the geometry of the specimen, and the properties of the testing
apparatus. The analysis is based on the assumption of a single-degree-of-freedom system,
as illustrated in Figure 3-11. The relevant formulas and for torsional and axial loading,
taking into account the additional mass of the top cap and the moving parts of the driving
unit, are given in Equations 3.1 and 3.2. They can be found for instance in Studer et al.
(2008).

nh nh
LR tan = 3.1
Jo Vs Vs

nh nh
2= "l ian? (3.2)
my Vp Vp

where

J , Jo are the mass polar moments of inertia of respectively the sample and the top cap.
m, m, are the mass of respectively the sample and the top eap.

h is the sample height.

w,, is the circular frequency of the system at the, resonance.

The initial shear modulus G, can be_determined from the shear wave velocity 1
using Equation 2.36, while Young’s modulus E can be obtained from the compressional
wave velocity ¥, through Equation, 2:38:"When the specimen is subjected to harmonic
excitation, the response curve can(b¢ evaluated using either the half-power bandwidth
method or the circle-fit method.Both techniques serve as system identification procedures
for deriving the damping rafio, which may also be assessed through bender element
measurements. Furthermerenif the dynamic loading applied to the specimen is precisely
known through careful\calibration of the testing apparatus, the amplification factor
observed at resonancécan provide an additional means of determining the damping ratio.
The resonant column device employed in this study is of the Drnevich design as described
in Mok et al. ($988), incorporating a Hardin oscillator to apply torque to the top of the
specimen. This configuration does not allow for the application of dynamic axial loading.
Nevertheless; both isotropic and anisotropic stress conditions can be applied within this
system.
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3.2.5 Free torsion pendulum test

The free torsion pendulum test, also known as the Zeevaert test, was first introduced by
Zeevaert-Wiechers (2000) and subsequently applied to soil specimens obtained from sites
in Waremmew and Sint-Katelijne-Waver in Belgium. A schematic representation of the
apparatus used at the Soil Mechanics Laboratory of Ghent University is shown in Figure
3-12. This device has been widely employed in experimental studies for the evaluation of
the dynamic properties of geomaterials, with several notable applications reported in the
literature by Storrer et al. (1986), Van Impe (1977) and Karl (2005).

Displacement sensor

»

Hammer

Horizontal beam

Counterweights

Air

Cell Water

Figure 3-12 Schematic of the free torsion pendulum test after Karl (2005).
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A cylindrical soil specimen with a diameter of 10 centimeters and a height of 20
centimeters is placed within the testing cell and enclosed in a rubber membrane under
drained conditions, following the procedure of a conventional triaxial test. Inside the cell,
the specimen is secured between an upper cap and a lower cap fitted with lamellas, and it
is subjected to isotropic confining pressure. The soil is then allowed to fully consolidate
under hydrostatic loading. The lamella caps ensure that no slippage occurs between the
specimen and the caps. Once consolidation is complete, a torsional moment is applied to
the specimen through the upper cap.

After consolidation, a horizontal beam is mounted directly along the axis of the soil
specimen without slippage. To prevent initial distortion and to maintain balance, the beam
is suspended with a thin steel wire so that no additional load is imparted on the specimen.
For testing, the horizontal beam is struck with a hammer, producing an impulse that allows
the system to vibrate freely. The resulting damped oscillations are measured using a non-
contact displacement sensor, commonly referred to as a proximity transducer, positioned at
one end of the beam. The amplitude of vibration is typically less than 2-millimeters. An
example of a recorded time history is presented in Figure 3-13.

0.4

0.2 S

Beam displacement [mm]
o

Time [s]

Figure 3-13 Displacement record of free torsion pendulum test.

Under the assumption of elastic deformation of the soil specimen during damped
free oscillatory motidnjthe dynamic shear modulus G is determined using Equation 3.3,
expressed as follows:

G=w?-Z% (3.3)

4

In this formulation, wg represents the undamped circular frequency of the system, which
includes both the soil specimen and the testing apparatus. The parameter h denotes the
specimen height, a is the specimen radius, and J is the polar moment of inertia consisting
of two parts: J,, corresponding to all oscillating components of the apparatus, and Jp,,
corresponding to the soil specimen. Karl (2005) reported a value of J, equal to 3.26158
kg-m? for the apparatus at Ghent University. The undamped natural circular frequency wg
can be derived from the damped frequency wy, which is obtained from the measured
vibration period together with the critical damping ratio & as expressed in Equation 3.4.
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wg = 3.4)
1-&
& is calculated by Equation 3.5 as follows:
-1 on
¢ = log " (3.5)

Where 6, and 9,4 are amplitudes of the oscillation.

The parameter £ of the viscous system must be correlated with the damping ratio D
of the hysteretic system. The value of D is determined using Equation 3.6, given as follows:

D=J=¢ for  fel (3.6)
The magnitude of shear strain is estimated using Equation 3.7, expressed as follows:

_ 20pn41a
=3 3.7

In this context, &,,4+; denotes the average oscillation~amplitude obtained from two
successive amplitudes, 0, and o,,41, which are usedin.the calculation of the damping ratio.
The variable r represents the distance between the measurement point on the beam and the
axis of rotation. The factor of two-thirds indieates that the strain is evaluated along a
cylindrical surface corresponding to two-thjrds of the specimen radius.
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3.2.6 Stress path triaxial test

Figure 3-14 Stress path triaxial test at the KMUTNB campus.

For over five decades, a specialized apparatus known as the stress path cell has been
developed and was first thoroughly described by Bishop & Wesley (1975). Figure 3-14
depicts the stress path triaxial test at the KMUTNB campus.

One of the key advantages of this stress path cell is its ability to decouple vertical
and radial stress changes. This unique feature enables researchers to conduct anisotropic
triaxial tests under both Ko and K conditions, as well as to apply various stress paths in
either stress-controlled or strain-controlled modes as seen in Figure 3-15. Piriyakul &
Haegeman (2005) described Ko and K conditions flowcharts as shown in Figures 3-16a and
3-16b respectively.
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Schematic of Stress Path and KO possible tests and their relative main applications
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Figure 3-17 Part of the stress path triaxial test after Controls Group (2025).

As illustrated in Figure 3417, the upper portion of the cell resembles a conventional
triaxial system. However, instedd of applying the vertical load from the top, the load in
compression tests is delivered by raising the sample pedestal from below, thereby pushing
the top cap against a fiXed rod. The pedestal is integrated into the top of a loading ram,
which features a piston/at its bottom end and is connected to a pressure chamber. To ensure
fluid containment;~Bellofram rolling seals are employed, while a linear motion bearing
guides the vertical movement of the ram. The axial load exerted on the specimen is
generated-by increasing the pressure in the bottom chamber. A built-in internal load cell
directly measures the axial force acting on the sample. The ram is equipped with a cross-
arm that moves within wide vertical slots in a spacer, which links the bearing housing to
the lower pressure chamber.
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This cross-arm interacts with an LVDT (Linear Variable Differential Transformer)
mounted on the cell’s base, thereby measuring the vertical displacement of the ram. The
Load Frame TRITECH load frame is used to perform high quality tests at high level of
productivity on samples with diameters from 38 up to 150 mm. Soil testing laboratories can
conduct triaxial UU, CU, CD and stress path (compression/extension) tests. Maximum
compression capacity is 50 kN and shearing speed range from 0.00001 to 99.99999
mm/min. Hall effect on-sample transducers are used for measuring local deformation on
soil samples in triaxial test as seen in Figure 3-18. The measured displacement is used to
calculate the axial strain in the specimen. This design greatly facilitates specimen setup.
The apparatus is self-contained, does not require an external loading frame, and is portable.
It is equally suitable for conducting both axial compression and extension tests using a
broad range of stress paths, under either stress-controlled or strain-controlled conditions.

O
o
>

Figure 3-18 Hall effect on sample transducers after Controls Group (2025).
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3.3 Field-Based Methods of Shear Wave Measurement and Testing
3.3.1 Cross-, Up- and Down-hole Testing

The seismic cross-hole test is designed to measure P-wave and S-wave velocities between
boreholes. A minimum of two boreholes is required—one to house the seismic source and
the other (S) to contain the receiver (R). The seismic source can be either mechanical or
explosive in nature. When the primary objective is to determine S-wave velocity, a
mechanical source is generally preferred. This is because it allows for the generation of
shear wave impulses with reversible polarity, which enhances the reliability and accuracy
of S-wave detection. In a cross-hole test, a receiver is installed in a second borehole at the
same depth as the seismic source located in the first borehole. The test is initiated by
triggering the source, and the arrival times of the S-wave and P-wave are determined
through visual interpretation of the signals recorded at the receiver. By repeating the test at
different depths, a subsurface velocity profile can be developed. The, overall test
configuration is illustrated in Figure 3.19a. Due to the potential inaccuraci€s,in trigger time
measurements, it is often advantageous to use more than two boreholes;thereby enabling
multiple receiver points. In such cases, wave velocities are calculated based on the
differences in arrival times at the various receivers. This appreach not only improves
measurement accuracy but also allows for the application of cress-correlation techniques,
which offer greater precision compared to simple visual interpretation. Typical spacing
between boreholes ranges from 5 to 12 meters in layeted _spils and may extend up to 30
meters in nearly homogeneous ground conditions; “Additionally, Mok et al. (1988)
demonstrated the use of the attenuation coefficient method in cross-hole testing to
determine the damping ratio of soils, providing further insight into their dynamic behavior.

In a down-hole test, the seismic source is positioned at the ground surface near a
borehole, while the receiver is installéd)at a specified depth within the borehole. The
generated seismic waves travel neatlyvertically from the source (S) to the receiver (R). In
contrast, the up-hole test involvesplacing the source within the borehole and recording the
seismic waves at the surface. Fhé/Configuration of both test setups is illustrated in Figures
3-19b and 3-19c. Among the two, the down-hole test is more widely employed due to the
relative ease of positionifig and adjusting the seismic source at the surface compared to
within a borehole environment. The interpretation of wave arrival times in both tests
follows a similar apptroach to that used in cross-hole testing. It typically involves visual
analysis, though €ross-correlation techniques may also be utilized when multiple receivers
are positioned at varying distances from the seismic source.

R 5

sl R Rz sl R P

(@) (b) (©

Figure 3-19 (a) Seismic cross-hole test, (b) seismic up-hole test and (c) seismic downhole
test after Mok et al. (1988).
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3.3.2 Seismic Refraction Methods

The seismic refraction test involves measuring the travel times of P-waves or ~ S-waves
generated by an impulse source to a linear array of surface-mounted receivers positioned at
varying distances from the source. Compared to seismic reflection testing, the spacing
between receivers in refraction surveys is significantly larger. Importantly, the seismic
refraction method focuses solely on the arrival time of the first detected wave component,
regardless of the specific travel path. As a result, complications arising from distinguishing
between overlapping wave components are effectively avoided. The typical ray paths
utilized in seismic refraction are illustrated in Figure 3-20.
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Figure 3-20 Ray paths for the seismic refraction test after Kramer (1996).
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Figure 3-21 Time arrival diagram as result of a seismic réfraction test after
Kramer (1996).

Assuming the subsurface consists of a two-layere¢dielastic half-space, part of the
wave energy propagates directly from the source to the@eceivers. This direct arrival is used
to compute the wave velocity in the upper (superficial) layer. Simultaneously, other
wavefronts travel downward, encountering the'beundary between Layer 1 and Layer 2,
where they are subject to reflection and refraction. The path and behavior of the refracted
waves are governed by Snell’s Law, as expressed in Equation 3.8.

(3.8)

Vi V2

At the critical angle of ingidence i.—the angle just before total reflection—a portion
of the wave energy becemes/refracted and propagates horizontally along the boundary
within Layer 2. This horizontal wave, known as the head wave, continuously radiates
energy back into Layer 1. As it re-enters Layer 1, it refracts once more and travels upward
to the surface. Notably, the refraction angle in Layer 1 equals the critical incidence angle,

i

Because the wave velocity in Layer 2 (v,) is higher than that in Layer 1 (v;), the
head wave will eventually overtake the direct wave from a certain critical distance x,
onwards. Beyond this distance, the head wave arrives earlier than the direct wave despite
the longer travel path. The velocity v, can be determined based on v, and the arrival times
of the head wave at a minimum of two receiver distances from the source. Alternatively, it
can be derived graphically from the slope of the travel-time curve, as depicted in Figure 3-
21. Once both v, and v, are known, the geometry of the refracted wave path becomes fully
defined, allowing for the calculation of the thickness H of the upper (superficial) layer.
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3.3.3 Seismic Reflection Methods

The seismic reflection test is used to measure wave propagation velocities and to determine
the thickness of superficial (near-surface) geological layers. This method operates on
principles similar to echo-sounding and radar technology. During the test, an impulsive
disturbance is generated at a source point (§), and the arrival time of the resulting wave is
recorded at a receiver point (R), positioned at a known distance from the source (see Figure
3-22). Depending on the type of source used, the method can analyze both primary
(P-waves) and secondary (S-waves). However, generating high-energy S-waves is often
challenging, and as a result, distinguishing S-waves from the initial arrival of P-waves may
not always be possible. The generated wave energy follows multiple paths: one part travels
directly from the source to the receiver, while another portion propagates downward and
reflects off the boundary of a deeper, underlying layer. The velocity of the superficial layer
can be calculated based on the arrival time of the direct wave.

Since the angle of incidence equals the angle of reflection at the-dayer boundary, and
the wave velocity of the upper layer is known, the thickness of the supérficial layer can be
computed. When multiple receivers are deployed, it becomes~theoretically possible to
estimate the inclination or dip of the layer boundary. In practice, however, achieving this is
often unreliable.

Reflections from deeper interfaces can also*be)used to assess the properties of
underlying layers. However, the method is only effective when the arrival times of direct
and reflected waves are clearly distinguishablé;® This makes the technique especially
suitable for investigating deeper layers, while.its reliability decreases for shallower depths.
Moreover, if reflections from multiple interfaces are to be interpreted, their arrival times
must be sufficiently separated to allow for-accurate identification. For further details on the
seismic reflection test is clearly desctibed by Kramer (1996).
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Figure 3-22 Ray paths for the seismic reflection test after Kramer (1996).
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3.3.4 Spectral Analysis of Surface Waves (SASW)

The Spectral Analysis of Surface Waves (SASW) technique utilizes the propagation
characteristics of Rayleigh waves to assess the stratification of subsurface materials.
Rayleigh waves, which are a type of surface wave, travel near the soil-air interface and are
particularly sensitive to the properties of the materials they pass through. A key feature of
Rayleigh waves is that their penetration depth into the ground is approximately equal to
their wavelength. As a result, the apparent wave velocity varies with wavelength (or
frequency), since different wavelengths sample different depths. This variation of wave
velocity with frequency is known as dispersion, a fundamental principle leveraged in the
SASW method. Rayleigh waves are typically generated using impulsive sources such as a
drop weight or hammer. In cases where a harmonic source is employed instead, the method
is referred to as the Continuous Surface Wave (CSW) technique. Wave arrivals are recorded
at a minimum of two receiver locations placed at varying distances from the source, using
geophones or accelerometers. The basic measurement setup is illustrated in Figure 3-23.

Figure 3-23 Typical configuration of source and receivers in a SASW test after
Kramer (1996).

The determination Yof subsurface layer thicknesses and shear wave velocities is
achieved through an jterative inversion process that matches a theoretical dispersion curve
to the experimentally derived dispersion curve. The theoretical model is based on a system
of uniform elastic layers with infinite horizontal extent, which is used to simulate the
expected dispersion behavior. Initial estimates for both layer thicknesses and shear wave
velocities are-provided as input parameters. These estimates are then systematically refined
through th€ inversion algorithm until an optimal match between the theoretical and
measured dispersion curves is obtained, indicating the most accurate representation of the
subsurface profile.
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3.3.5 Cone Penetration Testing with Shear Wave Velocity (SCPT)

The Seismic Cone Penetration Test (SCPT) is a specialized variation of the down-hole test,
in which the receivers—typically geophones or accelerometers—are integrated directly into
the tip of a cone. This cone is advanced into the ground using standard cone penetration
testing (CPT) equipment, such as a CPT truck (as shown in Figure 3-24). Because the SCPT
does not require the drilling of a borehole, it offers a cost-effective alternative to traditional
down-hole testing while still providing valuable seismic velocity data.

In an SCPT setup, P-wave and S-wave sources are positioned at the ground surface
near the cone’s penetration point. These sources typically consist of steel beams or plates,
which are struck with a hammer—horizontally to generate S-waves and vertically to
generate P-waves. The instrumented cone, equipped with receivers, is advanced into the
ground in incremental steps, typically at intervals of 0.5 to 1.0 meters. At each depth
increment, the source generates a seismic pulse, which is recorded by the cone’s receivers.

The arrival times of P- and S-waves can be determined through Visual inspection of
the recorded signals. In cases where the cone is equipped with,twé/feceivers spaced apart
within the same probe (known as a dual-cone configurationy, the travel time between the
two sensors can be calculated using cross-correlation techriiques. This travel time enables
a direct calculation of the wave velocity, assuming a direct wave path from the surface
source to the cone.

Strike

Shear wave travels through soil

aPush SCPT Probe e Shear wave travels 1o test
to test depth

Figure 3-24 SCPT test.
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3.4 Limitations and Challenges in Shear Wave Measurement and
Testing

This section addresses the limitations associated with the application of shear wave velocity
in geotechnical engineering. Three primary areas of concern are highlighted: (1) the
influence of site-specific characteristics on shear wave testing techniques, (2) the technical
constraints of the measurement equipment, and (3) the interpretational ambiguities involved
in analyzing shear wave data.

While shear wave testing techniques—such as Downhole and Crosshole Seismic
Tests and Surface Wave Methods—are valuable for characterizing subsurface stiffness,
their accuracy and reliability under field conditions are often compromised by
environmental and site-specific factors. These limitations affect both the quality of recorded
data and the interpretation of key parameters such as shear wave velocity (V) and shear
modulus (Gy). One major challenge is soil heterogeneity, which refers(to the spatial
variability in composition, stratification, density, grain size distributign,)”and moisture
content. Such variability is typical in natural deposits due to complex depositional histories
or anthropogenic influences like fill placement and compaction. Additionally,
environmental conditions—including rainfall, runoff, temperature fluctuations, humidity,
and wind—can significantly alter the physical state of the soil’and the sensitivity of testing
equipment. Furthermore, ambient noise and site vibrations.may interfere with signal clarity,
particularly in urban or industrial settings. Collectively,’these environmental factors
introduce uncertainty into shear wave measurements, which can compromise the accuracy
of geotechnical models, especially in applications, requiring high-resolution or real-time
data. To mitigate these challenges, engineers™and researchers must adopt robust data
interpretation methods, implement redundant measurement protocols, and apply correction
techniques to enhance the reliability of field results.

Accurate shear wave measurément is essential for assessing subsurface stiffness and
the mechanical behavior of gepmiaterials. However, the quality and reliability of these
measurements are heavily influenced by the performance and appropriateness of the
equipment used. Factors such.ds instrument design, resolution, sensitivity, and adaptability
to varying soil conditions must be carefully considered during both testing and
interpretation. Limitations in these areas—such as low signal resolution, insufficient
sensitivity, or unsuitable method selection—can introduce significant uncertainty into
geotechnical apalyses. To address these challenges, engineers and researchers must select
testing methods” and equipment that align with site-specific conditions and project
requirements: Furthermore, strategies such as signal enhancement, routine calibration, and
the integration of multiple measurement techniques are critical to improving data accuracy
and ensuring the reliability of shear wave evaluations.

One of the most critical challenges in shear wave testing lies not in data acquisition,
but in the accurate interpretation of that data. Even when high-quality signals are obtained
under controlled conditions using reliable equipment, identifying the precise arrival time of
the shear wave and converting it into meaningful soil parameters can be complex and
subjective. These interpretation ambiguities—stemming from both the physical
complexities of wave behavior and human judgment in waveform analysis—can introduce
significant uncertainty and, if not properly addressed, lead to erroneous conclusions. In fact,
such ambiguities often contribute more to measurement error than the testing process itself.
To enhance interpretive accuracy, engineers and researchers should employ advanced
signal processing techniques, adhere to standardized procedures, and validate results
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through complementary testing methods. Recognizing and managing these limitations is

essential for making confident, informed decisions in geotechnical engineering based on
shear wave data.

3.5 Application of Shear Wave in Civil Engineering
3.5.1 Using of Shear Wave Velocity for Foundation Design
Poulos (2022) utilized in-situ shear wave velocity measurements as the basis for conducting
preliminary design calculations and design verification for shallow and deep foundations.
For clay soils, the correlations of Agaiby and Mayne (2015) and L’Heureux and Long
(2017) appear to be reasonably consistent and provide intuitively reasonable values of S,
as shown in Figure 3-25.
Agaiby and Mayne (2015):
S, = 0.152 - 1142 (3.9)

L’Heureux and Long (2017):

Sy = 0.02- V145 (3.10)
where V; is in m/s and S, is in kPa.
The settlement, S, can be calculated:

S =X{(doy — 2v - (doy) X h)}/{Eoi - (E/Eo)}  (3.11)
Where do,;, do,; = vertical and-sadial stress increments within a sublayer at average depth

zi below the surface, h; = thickness of sublayer, E,; = small strain Young’s modulus.
E /E, = the ratio of modulus to small-strain modulus as shown in Figure 3-26.
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Figure 3-25 Correlations of S;, versus V; after Poulos (2022).
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Figure 3-26 Young modulus reduction factors for a shallow; eircular footing
after Poulos (2022).
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Figure 3-27 Measured and calculated load-settlement curves for 1.5 m diameter footing
after Poulos (2022).

Figure\3-27 illustrates the consistency of load-settlement curves for a 1.5 m diameter
footing. Although the calculated curves tend to overpredict settlement, the adopted
approach provides an acceptably conservative design method for shallow footings on sand.
Figures 3-28 to 3-29 show the ultimate shaft friction versus V for fine-grained and coarse-
grained soils respectively. Figures 3-30 to 3-31 depicted the ultimate end bearing versus V;
for fine-grained and coarse-grained soils respectively.

For fine-grained soils:
1

Ne = (2)°% (3.12)

Where N, = the equivalent SPT value.
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For coarse-grained soils:

N, = ("—)E (3.13)

Shaft friction - Fine-grained soils
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Figure 3-28 Ultimate shaft friction vérsus V; for fine-grained soils after
Poulos (2022).
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Figure 3-29 Ultimate shaft friction versus V; for coarse-grained soils after Poulos (2022).
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Figure 3-30 Ultimate end bearing versus V; for fing-grained soils
after Poulos (2022).
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Figure 3-31 Ultimate end bearing versus V; for coarse-grained soils
after Poulos (2022).
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3.5.2 Using of Shear Wave Velocity for the soil-structure interaction modelling on a tall
building

Cruz et al. (2024) investigated the effects of soil-structure interaction (SSI) on the seismic
response of a 50-story skyscraper with a basement and pile foundation system, as a function
of soil shear wave velocity (V;) ranging from 50 to 800 m/s. The tall building model is the
Tongde Plaza Yue Center (TPYC) in Kunming, China as illustrated in Figure 3-27. A
detailed three-dimensional finite element model of the structure and surrounding soil is
shown in Figure 3-28 and excited by vertically incident plane SV-, SH-, and P-waves. Both
translational and rotational components of the structural response — three in each direction
— were examined. The analysis, conducted within the linear domain, evaluated SSI effects
on apparent dynamic properties (natural frequencies and damping ratios), floor translations
and rotations, effective input base motions, interstory drifts, and floor and base reaction
forces and moments. The study concluded that SSI effects in tall buildings of this nature
are non-negligible, and that neglecting them yields non-conservative estimates of structural
response. The soil at the TPYC site consists predominantly of lagustrine sedimentary
deposits, exhibiting a uniform distribution of material properties to-a\depth of at least 100
m, with an average shear wave velocity of approximately V; = 220-m/s. The site is classified
as stiff soil and it is modeled herein as a homogeneous viscoelastic half-space with V; = 50,
100, 200, 400, and 800 m/s and a Poisson’s ratio of v = 0.4.”Fourier spectra of acceleration
recorded during 3 earthquakes the Yangbi, Dali earthquake, the Shuangbai, Chuxiong
earthquake and the Kanding, Garze, Sichuan earthquake as seen in Figures 3-29 to 3-31.

It was noted that when the primary conceérn' is the accurate specification of input
ground motion for the fixed-base model and amnerror tolerance of 5% is adopted, the soil
must possess a shear wave velocity of V5 >'800 m/s to yield acceptable estimates of linear
structural response. When the quantities ‘'of interest are the dynamic properties of the
structure, and the acceptable error. tolérance approximates the variability of modal
frequencies attributable to weather-related effects, the fixed-base model provides
sufficiently accurate predictions éf'structural response for Vs > 800 m/s, with an associated
error of less than approximately(2%.
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Figure 3-29 Transfer functions between the acceleration responses during Yangbi, Dali
earthquake after Cruz et al. (2024).
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Figure 3-30 Transfer functions between the acceleration responses during Shuangbai,
Chuxiong earthquake after Cruz,ct al. (2024).

W

Figure 3-31 Transfer functions between the acceleration responses during
Kanding, Garze, Sichuan earthquake after Cruz et al. (2024).
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Kanding, Garze, Sichuan earthquake after €tuz et al. (2024).
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Figure 3-35 Floor moments for different values of V;
during Yangbi, Dali earthquke after Cruz et al. (2024).
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Figure 3-37 Floor moments for different values of V; during
Kanding, Garze, Sichuan earthquake after Cruz et al. (2024).
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Summary

This section consolidates the key findings of the chapter, underscoring the critical
importance of selecting appropriate shear wave measurement techniques based on specific
project objectives, site conditions, and the desired level of precision. A diverse range of
laboratory and field-based methods exists, each with unique operational characteristics,
advantages, and limitations, requiring practitioners and researchers to develop a nuanced
understanding of their applicability in various geotechnical and earthquake engineering
contexts. Laboratory methods—such as bender element testing, cyclic triaxial and simple
shear tests, resonant column tests, free torsion pendulum tests, and stress path triaxial
tests—offer controlled environments for evaluating dynamic soil properties under
repeatable conditions. These tests are particularly valuable for generating high-accuracy
measurements of shear wave velocity and shear modulus at low to moderate strain levels.
However, their representativeness can be compromised by sample disturbance during
extraction, preparation, and confinement, as well as by boundary effects and scaling
challenges that limit direct extrapolation to field conditions.

On the other hand, field testing methods—including cross-hele,up-hole, and down-
hole techniques; seismic refraction and reflection methods; spectral analysis of surface
waves (SASW); and cone penetration testing with shear wave velocity measurements
(SCPT)—are essential for capturing in-situ soil behavior, aceounting for natural stress
conditions, soil layering, and heterogeneity. These methods, are particularly effective in
geotechnical site investigations, seismic hazard assessments, and foundation design,
offering continuous profiles of subsurface stiffness @nd stratigraphy. Nevertheless, their
practical application is often hindered by environmental noise, access constraints,
equipment limitations, and the need for expert inferpretation.
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Questions and Problems

Explain the overview of laboratory and in-situ tests varied with shear strain amplitudes.
Explain the principle of the bender element test.

Explain the principle of the cyclic triaxial test.

Compare the working principle of the cyclic triaxial test with the cyclic simple shear
test.

Explain the principle of the free torsional pendulum test.

Explain the principle of the stress path triaxial test.

What is the advantage of using the Halle effect transducers?

Compare the working principle of the cross hole and down hole methods.

Compare the working principle of the seismic refraction and the seismic reflection tests.
0 Explain the principle of SASW test.

bl

gemNow
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Chapter 4: Analysis and Interpretation of Shear Wave
Data

4.1 Introduction to Analysis and Interpretation of Shear Wave Data

At present, the Soil Mechanics Laboratory of the Department of Civil and Environmental
Engineering Technology, College of Industrial Technology, King Mongkut’s University of
Technology North Bangkok, employs a bender element testing system to evaluate the shear
wave velocity V; and the initial shear modulus G, through the propagation of elastic shear
waves in geomaterials. This testing approach is founded on the well-established principle
that a direct relationship exists between shear wave velocity (V;) and G,, as documented in
previous research of Dyvik & Madshus (1985). The initial shear modulus represents a
fundamental parameter in soil dynamics and earthquake engineering, serving as a critical
factor for predicting soil—structure interaction behavior and strength develgpment.

The primary objective of this application is to enhance thé“bender element test
apparatus for accurate measurement of V; and G,. To achieve thisybender element sensors
are integrated into typical soil mechanical apparatus, designed smuilarly to the configuration
detailed in Brignoli et al. (1996). Figure 4-1 shows the setiup of bender element test as
clearly described by Petcherdchoo et al. (2023), allowing.for precise measurement of shear
wave velocity.

Figure 4-1 Set-up of bender elements after Petcherdchoo et al. (2023).
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In the conventional arrangement, a shear wave is transmitted from one end of the
soil specimen and detected at the opposite end by means of bender element transducers.
The shear wave velocity V; is calculated using Equation 4.1, which expresses the
relationship between the tip-to-tip distance L separating the transducers and the
corresponding travel time t of the shear wave.

Vs=

L
t

4.1)

The travel time (t) is calculated by subtracting the offset time (t.) from the total recorded
time (t;), as expressed in Equation 4.2:

t=t,—t, 4.2)

An alternative approach for determining shear wave velocity, as developed by
Blewett et al. (1999), involves the use of a continue sinusoidal wavefosm applied to the
transmitting transducer at low frequency. The receiving transducer records the output
simultaneously. The frequency of the input signal is gradually increased until the output
waveform aligns in phase with the input, indicating the fopmation of a standing wave
pattern. When a full wavelength or multiple full wavelengths exXist between the transducers,
the shear wave velocity can be computed using Equation 4.3:

i=(3).f (43)

where:
N is the number of full wavelengths between the transducers,
f is the frequency of the applied sighal.
Once the shear wave yelecity is determined, the initial shear modulus (Gy) is
calculated using Equation 4.4, derived from the theory of elastic continuum mechanics:

Go = p- V2 (4.4)

where p is the mass density of the soil specimen.
Boonyatee~(2009) proposed a variable-path length method using bender elements
and applied a; gontinuous sinusoidal wave instead of a pulse signal within a triaxial test

configuration) Their approach further highlights the versatility of waveform types in
improving measurement accuracy for shear wave velocity.

Analysis and Interpretation of Shear Wave Data
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4.2 Signal Processing of Shear Wave Data

The testing procedure involves applying a voltage pulse to the transmitting transducer,
which in turn generates a shear wave that propagates through the soil specimen. Upon
reaching the opposite end, the receiving transducer—distorted by the incoming wave—
produces a voltage pulse. This receiver is connected directly to the signal analyzer, allowing
for precise time-domain comparison between the transmitted and received signals, as shown
in Figure 4-2.

Transmitter bender element

Function generator Bangkok clay sample

» Receiver ben@dr element

-
- /
3 ” . A\
1 |

‘ Oscilloscope

-

11
LT
"

v

[ R

| -
~'

Channehl Channel 2

Figure 4-2 Schematic of piezoelgetric bender element and associated electronics after
Piriyakul (2010).

Shear waveryelocity measurements are typically conducted using signal frequencies
ranging from 2.to,10 kHz, under strain levels estimated to be less than 0.0001%, ensuring
the test remains within the elastic, small-strain range. However, there are limitations to
consider. At low frequencies, measurements may be affected by the near-field effect, which
can distort the waveform and obscure arrival times—a topic further discussed in the
following section.

Conversely, at high frequencies, the amplitude of the received signal often becomes
weak, making it difficult to interpret. To enhance signal clarity and reduce noise, it is
standard practice to average the waveform over 32 iterations, producing a more distinct and
reliable output for analysis.

pretation of Shear Wave Data
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4.3 Near Field Effect on Shear Wave

At lower frequencies, the first deflection observed in the recorded signal often represents
the arrival of a compression wave, also known as the near-field component, rather than the
true arrival of the shear wave. This near-field effect can mask the identification of the shear
wave onset, particularly when the spacing between the transmitter and the receiver ranges
from approximately one quarter to four wavelengths. As shown in Figure 4-3, the impact
of the near-field component decreases rapidly as the number of wavelengths separating the
transducers increases, a trend consistent with earlier reported findings of Brignoli et al.
(1996) and Piriyakul (2010).
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Figure 4-3 Near field effect on the shear wave arrival in a clay specimen with different
frequencies after Piriyakul (2010).

It was found that optimal signal clarity was achieved at frequencies ranging
from 2 to 10 kHz, where the near-field interference is minimal and the shear wave signal is
distinct. It is important to note that the resonant frequency of the piezoelectric bender
element used is 622 Hz. Consequently, frequencies below 1 kHz are avoided, as they fall
near or below the resonance threshold and may produce distorted or unreliable waveforms.
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4.4 Calibration of bender elements

Before conducting the bender element testing, it is essential to calibrate the entire system
to ensure that no artificial delay is introduced by electronics, piezoelectric ceramics, or
coating materials. The offset time (t.) is determined by placing the transmitting and
receiving bender elements directly in contact and measuring the time interval between the
transmitted and received signals as seen in Figure 4-4. This approach isolates the delay
introduced solely by the electronic and material components.

@ Figure 4-4 Calibration of bender element testing.
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Table 4-1 Pattern of different wave forms.

Waveform Detail of waveform

J\F single period sinusoidal waveform
JW\M/, 5-period sinusoidal waveform

/ single period triangle waveform
/\/\M 5-period triangle waveform

J_|_r single period rectangle wavefoum
J—|_|_|_|_|_|_|_|_|_r 5-period rectangle wavéform
Www-continue sinusejdal, waveform

Table 4-1 presents the pattern“of different wave forms used for the bender
element test such as a single period sinusoidal, 5 period sinusoidal, single period triangle,
5 period triangle, single period rectdngle, 5 period rectangle and continue sinusoidal
waveform. Figure 4-5 illustrates \the measurement of offset time by attaching the
transmitting transducer directly te the receiving transducer and transmitting a single-period
sinusoidal waveform at a frequency of 10 kHz. The measured offset time (t.) is 30.05 us.
Similarly, when a 5-periodssinusoidal waveform at 10 kHz is transmitted, a delay of 30.73
us is observed, as shown'in Figure 4-6. In the same way, Figure 4-7 and Figure 4-8 show
the t. of a single and al5-period triangle waveform as 29.13 us and 30.24 ps respectively.
Similarly, Figure 4-9tand Figure 4-10 depict the t, of a single and a 5-period rectangle
waveform as 29.54™us and 31.07 us respectively.
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Figure 4-5 Calibration of bender element with a single period sinusoidal waveform.

t.=30.73 ps

Figure 4-6 Calibration of bender element with a 5-period sinusoidal waveform.
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Figure 4-7 Calibration of bender element with a period triangle waveform.

t.=30.24 us

Figure 4-8 Calibration of bender element with a 5-period triangle waveform.
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Figure 4-9 Calibration of bender element with a single period rectangle waveform.

Figure 4-10 Calibration of bender element with a 5-period rectangle waveform.
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4.5 Analysis of Shear Wave Data

The experimental arrangement of the bender element is illustrated in Figure 4-1. The
specimen tested is a soil-cement mixture prepared from Bangkok clay at its liquid limit of
84 %, blended with 8% cement by weight. The material has a specific gravity of 2.68 and
a bulk density of 1,470 kg/m>. The specimen is molded into a cylindrical form with a
diameter of 50.015 mm and a length of 99.196 mm. Figure 4-11 presents the measurement
of the total travel time, denoted as t;, for a single-period sinusoidal wave propagating
through the soil-cement specimen, which was recorded as 381.5 us. By applying Equation
4.2, the required travel time t is obtained after subtracting the offset time t., resulting in a
corrected value of 351.45 ps. The distance between the transmitting and receiving
transducers, measured tip-to-tip, is 99.196 mm. Using Equation 4.1, the shear wave velocity
Vs is calculated to be 282.247 m/s. Subsequently, applying Equation 4.4, the initial shear
modulus Gy is determined as 117.11 MPa. A summary of the values of V; and G, obtained
from different waveforms is provided in Table 4-2.

Table 4-2 presents the measurementof the I; and the G,
out of different wavefoerms.

Waveforms L t, t; t Vs Gy

(mm) | (ws)\ (us) | (us) | (m/s) | (MPa)
single period sinusoidal 99.196 | 381.5 | 30.05 | 351.45 | 282.247 | 117.11

5-period sinusoidal 99.196,~\381.7 | 30.73 | 350.97 | 282.634 | 117.43
single period triangle 99.1967 384.4 | 29.13 | 355.27 | 279.213 | 114.60
5-period triangle 99,196 | 381.3 | 30.24 | 351.06 | 282.561 | 117.37
single period rectangle 997196 | 380.1 | 29.54 | 350.56 | 282.964 | 117.70
5-period rectangle 99.196 | 381.7 | 31.07 | 350.63 | 282.908 | 117.65
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t=381.5 s

Figure 4-11 Measurement of shear velocity with a single peried sinusoidal waveform.

t=381.7 s

Figure 4-12 Measurement of shear velocity with a 5-period sinusoidal waveform.
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t=384.4 us
—>

Figure 4-13 Measurement of shear velocity with a single period triangle waveform.

t=381.3 ps
+—>

Figure 4-14 Measurement of shear velocity with a 5-period triangle waveform.
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Figure 4-15 Measurement of shear velocity with a single period rectangle waveform.

Figure 4-16 Measurement of shear velocity with a 5-period rectangle waveform.
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In certain instances, the interpretation of either single- or 5-period waveforms
can present ambiguities, particularly in identifying the precise arrival time of the shear
wave. To mitigate this uncertainty, the use of a continuous sinusoidal waveform is
recommended. This technique provides a more stable and consistent signal, offering a
convenient and efficient means of improving the accuracy and reliability of shear wave
velocity measurements.

e

Figure 4-17 Example of measuremeént,of a continue sinusoidal waveform of the soil-
cement sample.

Figure 4-17 presents(the cross-correlation analysis between the input and output
signals, with a measured frequency of 622 Hz. Based on Equation 4.3, the shear wave
velocity (V) is calculated™to be 311.00 m/s, considering that the wavelengths (1) is 0.5 m
and the tip-to-tip distance between the transducers is 99.196 mm. The initial shear modulus
(Gy) of 142.18 MPa is' calculated by Equation 4.4. Table 4-3 expresses the V; results and
the G, data with different frequencies.

Table 4-3. Shear moduli of a clay specimen.

f A Vs Gy
(Hz) (m) (m/s) (MPa)
622 0.500 311.00 142.18
1282 0.250 320.50 151.00
1867 0.167 311.17 142.33
2583 0.125 322.88 153.24
3750 0.083 312.50 143.55
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4.6 Measurement of shear wave velocity according to ASTM D8295-19

According to ASTM D8295-19 (Standard test method for determination of shear wave
velocity and initial shear modulus in soils specimen using bender elements), the t,. and the
t, are measured at the first peak of the single sinusoidal waveform. Figure 4-18 shows the
t. of 30.44 us and Figure 4-19 shows the t; of 381.5 us respectively. By using Equations
4.1 and 4.2, the V; of 282.56 m/s and the G, of 117.37 MPa are calculated as good as the
data in the last section.

t,=30.44 ns

— <«

Figure 4-18 Calibration of bender €lément with a single period sinusoidal waveform
ASTM D8295-19.

t;=381.5 nus

—

Figure 4-19 Measurement of shear velocity with a single period sinusoidal waveform
according to ASTM D8295-19.
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4.7 Site Characterization of Bangkok clay formation by Shear Wave
Data

According to previous reports of Tuladhar et al. (2004), Bangkok is located on an extensive
plain underlain by alluvial and deltaic deposits of the Chao Phraya basin. This plain,
covering an area of approximately 13,800 square kilometers, is commonly referred to as
the lower central plain. Geological evidence indicates that the area was submerged beneath
a shallow sea between 3,000 and 5,000 years ago, with marine regression occurring around
2,700 years ago. This regression left behind thick accumulations of soft sediments that now
constitute the lower central plain. The surficial deposit in this region consists of a distinctive
clay layer, widely known as Bangkok clay, which has an average thickness ranging from
15 to 20 meters in the central city area. Bangkok clay is characterized by extremely low
shear strength and high compressibility, conditions arising from the absence of prior
mechanical consolidation. Undisturbed samples of this material were obtained at the
campus of King Mongkut’s University of Technology North Bangkok. Sampling extended
from the ground surface to depths of approximately 25 meters. To preserve their natural
condition, the undisturbed specimens were stored in glass containers‘under high-humidity
conditions. The engineering properties of Bangkok clay are summiarized in Table 4-3. A
comprehensive study of soil characteristics conducted at ninesites across Bangkok yielded
generalized soil profiles and shear wave velocity distributions, as documented in
Warnitchai et al. (2000) and illustrated in Figure 4-20. Ihitial estimates of shear wave
velocity were derived from both field and laboratory data using various published empirical
correlations, and these values were subsequently vérified by in-situ downhole shear wave
measurements at an additional four sites. The\€ollected data were later reanalysed by
Teachavorasinskun & Lukkunaprasit (2004), who established that the shear wave velocity
within the upper 30 meters of Bangkok subspil could be expressed as a linear function of
depth Z, measured in meters from the ground surface, as formulated in Equation 4.5.

Vs =8.8Z +45.4 4.5)
where Z is depth in meter.

Table 4-4 Engineering properties of Bangkok clay.

Depth 0 Gs | LL | PL w Su
(m) | (kg/m’) (%) | (%) | (%) | (ksc)
4.0 1600 | 2.71 |56.2|27.249.6 | 0.32
5.0 1470 |2.72|74.8 32.190.1 | 0.21
13.0 2030 [2.68 |144.5]|21.8|53.1| 046
15.0 1992 [2.5441.4[12.0|26.1 | 1.22
18.0 2063 [ 2.51 129.5]12.3]22.1| 4.00
21.0 2105 |2.5632.8|12.1|25.0]2.75
22.5 2278 [2.52 1404 |14.4]22.3 | 4.00
24.0 2123 2501264 |11.117.2] 3.74
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Figure 4-20 Generalized Bangkok soil and shear wave velocity profiles after
Warnitchai et al. (2000).
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Figure 4-21 Measurement of shear wave velocity.ofiBangkok clay at 4.0 m depth
(Frequency=12,000 Hz) after Piriyakul (2013a).

Figure 4-21 presents the shear wave velocity obtained from a Bangkok clay
specimen sampled at a depth of 4.0 meters,“The shear wave velocity, V;, measured at the
atmospheric pressure. Although some crosstalk was observed, the arrival of the shear wave
signal could be clearly identified when +a high excitation frequency of 12,000 Hz was
applied. The total travel time, t;, was measured as 830 microseconds, and after subtracting
an offset time (t.) of 4 microseconds, the corrected travel time t was determined as 826
microseconds, in accordance (with Equation 4.2. The tip-to-tip distance between the
transducers was 63 millimetérs. Based on these values, the shear wave velocity V; was
calculated to be 76.3 meters‘per second using Equation 4.1. This measurement corresponds
to the shear wave velogity’profile of the Bangkok formation. At the depth of 4.0 meters, the
soil is classified as §0ft Bangkok clay, with a shear wave velocity of approximately 70
meters per second,.consistent with earlier findings of Warnitchai et al. (2000). The initial
shear modulus Gy'was subsequently computed as 9.3 megapascals using Equation 4.4.

In a similar manner, the shear wave velocity of a Bangkok clay specimen at a depth
of 5.0 meters was determined. As shown in Figure 4-22, the total travel time t,; was
measured at 610 microseconds, and after subtracting the offset time, the corrected travel
time t was obtained as 606 microseconds. With a tip-to-tip distance of 32 millimeters, the
shear wave velocity V; was calculated to be 52.8 meters per second. This value corresponds
well with the field measurement of approximately 60 meters per second, as illustrated in
Figure 4-20. The initial shear modulus, G, calculated using Equation 4.4, was found to be
4.1 megapascals. For the Bangkok clay specimen collected at a depth of 13.0 meters, the
total travel time t, was 456 microseconds, as illustrated in Figure 4-23, and the corrected
travel time t was determined to be 452 microseconds. With a tip-to-tip distance of 60
millimeters, the calculated shear wave velocity V; was 132.7 meters per second. The in-situ
measurement at the same depth, shown in Figure 4-24, indicated a shear wave velocity of
approximately 100 meters per second. From these results, the maximum shear modulus G,
was calculated as 35.7 megapascals using Equation 4.4.
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The overall results for shear wave velocity and shear modulus of Bangkok clay are
summarized in Table 4-4. A comparison between laboratory bender element test results and
field measurements is presented in Figure 4-24. The differences between laboratory and
field values range from 5.3 percent to 62.3 percent, as reported in Table 4-5. In general, the
shear wave velocities obtained from bender element tests were lower than those measured
in situ. This discrepancy may be attributed to several factors. In field tests, shear waves
propagate across soil layers that may include zones of higher stiffness, whereas laboratory
specimens are smaller and may represent material of relatively lower stiffness.
Additionally, the inversion analysis used to calculate shear wave velocity from field data
assumes linear elastic isotropic behaviour, which may not be entirely appropriate for the
Bangkok subsoil.

_Ursar

SOUrCe

Figure 4-22 Measurement of shear wave velocity of Bangkok clay at 5.0 m depth
(Brequency=12,000 Hz) after Piriyakul (2013a).
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Figure 4-23 Measurement of shear wave velocity of. Bangkok clay at 13.0 m depth
(Frequency=12,000 Hz) after-Piriyakul (2013a).
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Figure 4-24 Results of shear wave velocity both laboratory and in-situ tests with depth of
Bangkok clay formation after Piriyakul (2013a).
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Table 4-5 Shear wave velocity and shear modulus results of Bangkok clay with depth
after Piriyakul (2013a).

Depth Vs Gy
(m) (m/s) (MPa)
4.0 76.3 9.3
5.0 52.8 4.1
13.0 132.7 35.7
15.0 139.1 35.2
18.0 112.7 26.2
21.0 86.8 15.8
22.5 94.3 20.3
24.0 152.5 49.4

Table 4-6 Percent error of shear wave velocity after Piriyakul (2013a).

Depth V¢ (m/s) Vs (m/s) %
(m) Lab. Test Field Test | Error
4.0 76.3 80.6 53
5.0 52.8 89.4 40.9
13.0 132.7 159.8 17.0
15.0 139.1 177 4 21.6
18.0 112.7 203.8 44.7
21.0 86.8 230.2 62.3
22.5 94.3 243.4 61.3
24.0 152.5 256.6 40.6

The use of non-destructive testing methods to evaluate shear wave velocity and
shear modulus with depth in the Bangkok'clay formation provides a valuable approach. The
Bangkok clay specimens were alsgyutilized for complementary investigations, including
unconfined compression testing. A ,Comparison between laboratory bender element results
and field measurements of shearsvave velocity revealed discrepancies ranging from 5.3 to
62.3 percent. These differences can be explained in part by the fact that field measurements
capture propagating waves,that traverse soil layers with relatively higher stiffness, whereas
laboratory tests are conducted on smaller specimens that may represent less stiff material.
Furthermore, the inversion analysis used to derive shear wave velocity in field testing relies
on the assumption of linear elastic isotropy, an assumption that is not entirely applicable to
Bangkok subsoil*conditions and may provide an additional explanation for the observed
variations in shear wave velocity. Finally, the effective stress conditions of laboratory
specimens do not replicate those encountered in situ.
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4.8 Integration of Shear Wave Data with Other Geotechnical Data

Piriyakul (2013b) investigated the strength development of Bangkok soft clay stabilized
with Portland cement. Bangkok clay samples were collected at a depth of 10 to 12 meters.
The engineering properties of the material were determined, yielding a specific gravity of
2.72, a natural water content of 66.3 percent, a density of 1,470 kilograms per cubic meter,
and a liquid limit of 88 percent. A total of twelve clay specimens were prepared at the liquid
limit by mixing them with 20 percent Portland cement Type 1 by weight [8]. These samples
were then cured for periods of 3, 7, 14, and 28 days prior to conducting both bender element
tests and unconfined compression tests.

The relationship between the inverse of shear wave velocity and the inverse of
curing time was found to be linear, as shown in Figure 4-25. This relationship is expressed
by the saturation equation in Equation 4.6, where the maximum shear wave velocity V; was
recorded as 378.79 meters per second. A similar linear relationship was also observed
between the inverse of the shear modulus and the inverse of curing tithe, as illustrated in
Figure 4-26 and Equation 4.7, with the maximum shear modulus\G; determined to be
224.72 megapascals. Likewise, Figure 4-27 and Equation 4.8 demonistrate the relationship
between undrained shear strength S;, and curing time, where thé maximum undrained shear
strength reached 403.23 kilopascals. The correlation between V5 and S,, is expressed in
Equation 4.9, while the relationship between G, and S,, is presented in Equation 4.10.

The observed strength development of soft Bangkok clay stabilized with 20 percent
Portland cement Type 1 is attributed to cementation effects, and this improvement can be
effectively evaluated using shear wave velocify-testing. Overall, the experimental results
demonstrated that both stiffness and strength,increased with curing time, stabilizing after
approximately 28 days. By applying the saturation equation, the relationships between V,
Gy, Sy, and curing time were establishied, with the maximum values being 378.79 meters
per second for V;, 224.72 megapascals,for G, and 403.23 kilopascals for S,,, as summarized
in Table 4-6. Furthermore, the\findings revealed that both V; and G, are directly
proportional to S,,.

p =202 (4.6)
Gy = BZAT2XE (4.7)
5, =Xt (4.8)
V. = (0.719 x S,) + 102 (4.9)

Go = (0.643 x S,,) — 40.39 (4.10)
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Figure 4-25 The relationship between Vi and % aftér Piriyakul (2013b).
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Figure 4-26 The relationship between Gi and % after Piriyakul (2013b).
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Figure 4-27 The relationship between si and % after Piriyakul (2013b).
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Figure 4-28 The relationship between V; and S,, after Piriyakul (2013b).
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Figure 4-29 The relationship between G, and S,, after Piriyakul (2013b).

Table 4-7 Test results of Bangkok clay after Piriyakul (2013Db).

Curing time Vs Gy Sy
[day] [m/s] [MPa] [kPa]
3 237 84 186
7 292 124 270
14 335 166 316
28 363 197 365
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4.9 Challenges and Limitations of Shear Wave Data Analysis and Interpretation

Despite the widespread use of shear wave velocity (V;) and initial shear modulus (Gy) in
modern geotechnical engineering, the analysis and interpretation of shear wave data remain
subject to a number of significant challenges. One of the most fundamental limitations
involves the identification of the first arrival time of the shear wave, which is critical for
accurate V; calculation. This task is often complicated by waveform distortions, low signal-
to-noise ratios, and the superposition of compressional (P-wave) and shear wave
components. In particular, in soft soils or saturated conditions, the low amplitude and clarity
of the received signals may result in subjective or inconsistent interpretations across
different analysts or test repetitions. The issue is further exacerbated in laboratory-scale
tests, such as bender element testing, where near-field effects can dominate. When the
source-receiver distance is on the order of one to five wavelengths, the recorded waveform
can contain complex interactions, making it difficult to distinguish the true shear wave
component from the near-field P-wave or other boundary-induced artifacts.

Additional complexity arises from the inherent nature of\wWave propagation in
heterogeneous or layered soils. In such conditions, shear waves~may undergo dispersion,
where wave velocity varies with frequency, and mode conyersion, where shear waves
transform into surface or Rayleigh waves. These phenomena can lead to waveform
distortions that complicate both time-domain and frequency-domain analyses, particularly
in spectral methods such as the Multi-channel Analysis of Surface Waves (MASW).
Moreover, equipment limitations—including insufficient sensor resolution, poor
transducer-soil coupling, and interference from efironmental noise—can further obscure
signal clarity, especially in field applications.

Even under ideal conditions, the interpretation of I/; must be approached with caution, as
the measured values reflect the soil’s béhavior under very small strain conditions (typically
<0.001%). Most geotechnical design applications, however, require knowledge of soil
behavior under large or nonlin€ar strain conditions, necessitating the use of modulus
degradation curves or empiricalCorrelations.

Another critical issue is the sensitivity of shear wave velocity to in-situ stress
conditions and soil structure. Variations in confining pressure, overconsolidation ratio, and
degree of saturation(can significantly affect wave propagation characteristics. In the
absence of correetion or normalization for these variables, the use of raw V; data may lead
to erroneous interpretations. Compounding these difficulties is the lack of standardized
procedures . for waveform interpretation, signal processing, and equipment calibration,
which introduces variability across laboratories and practitioners. In light of these
limitations, a robust approach to shear wave data interpretation must incorporate cross-
validation with complementary geotechnical tests, careful consideration of testing
conditions, and adherence to consistent analytical frameworks.
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Exercise 4.1 A soil specimen has a mass density of 1800 kg/m? and a length of 100 mm.
The calibration time is depicted in Figure 4-30. A shear wave signal of a 1 sinusoidal signal
is measured by the bender element test as shown in Figure 4-31. Calculate the shear wave
velocity, I;, and the initial shear modulus, G,.

t.=4ps

—_—

Figure 4-30 Measurement of calibration time for 1 sinusoidal-signal.

t, =304 ps

Figure 4-31 Measurement of shear velocity of 1 sinusoidal signal.

Solution

tc =4 us

t; =304 ps
L =100 mm

£ = 1800 kg/m3

From Equation 4.2, t = t, — t,
t =304 —4=300 ps

-3
From Equation 4.2, V; = L_ %10_6
t  300x10
=333 m/s

From Equation 4.4, G, = p- Vi2
Go = 1800 x 3332
Gy = 199.6 MPa
Ans.
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Exercise 4.2 A soil specimen has a mass density of 1800 kg/m? and a length of 100 mm.
The calibration time is depicted in Figure 4-32. A shear wave signal of a 5 sinusoidal signal
is measured by the bender element test as shown in Figure 4-33. Calculate the shear wave
velocity, V5, and the initial shear modulus, G,.

itc=8US

—_—

Figure 4-32 Measurement of calibration time for 5 sifiusoidal signal.

t, = 508 ps

D —————

Figure 4-33 Measurement of shear velocity of 5 sinusoidal signal.

Solution
t.=8pus

t; =508 us
L =100 mn

L= 1800%g/m3

From Equation 4.2, t = t, — t,
t =508 -8=500 ps

. L _ 100x10~3
From Equation 4.2, V; = T = Soow10=6
V; =200 m/s

From Equation 4.4, Gy = p- V2
G, = 1800 x 2002
Go =72 MPa

Ans.
Analysis and Interpretation of Shear Wave Data
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Exercise 4.3 A soil specimen has a mass density of 1800 kg/m? and a length of 100 mm.
The calibration time is depicted in Figure 4-34. A shear wave signal of a 1 triangle signal

is measured by the bender element test as shown in Figure 4-35. Calculate the shear wave
velocity, Vg, and the initial shear modulus, G,.

itC:Ops

—_———

Figure 4-34 Measurement of calibration time for 1 triangle signal.

itt =400 ps

—

Figure 4-35,Measurement of shear velocity of 1 triangle signal.

Solution
t.=0ps

t; =400 ps
L =100 mm

£ = 1800 kg/m3

From Equation 4.2, t = t, — ¢,
t =400 — 0 =400 ps

-3
From Equation 4.2, V; = L_ %
t  400x10
s =250 m/s

From Equation 4.4, Gy = p- V2
G, = 1800 x 2502
Go =112.5 MPa
Ans.
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Exercise 4.4 A soil specimen has a mass density of 1800 kg/m? and a length of 100 mm.
The calibration time is depicted in Figure 4-36. A shear wave signal of a 5 triangle signal
is measured by the bender element test as shown in Figure 4-37. Calculate the shear wave
velocity, Vg, and the initial shear modulus, G,.

Figure 4-36 Measurement of calibration time for ¥ triangle signal.

t,= 500 ps

—

Figure 4-37 Measurement of shear velocity of 5 triangle signal.

Solution
t.=0pus
t; =500 ps
L =100 mm

L= 1800 kg/m3

From Equation 4.2, t = t, — t,
t =500—-0=500 us

-3
From Equation 4.2, V; = L %
t  500x10
Ve =200 m/s

From Equation 4.4, G, = p- V2
Go = 1800 x 2002
Go =72 MPa
Ans.
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Exercise 4.5 A soil specimen has a mass density of 1800 kg/m? and a length of 100 mm.
The calibration time is depicted in Figure 4-38. A shear wave signal of a 1 square signal is
measured by the bender element test as shown in Figure 4-39. Calculate the shear wave
velocity, I;, and the initial shear modulus, G,.

itizéus

—_— —

Figure 4-38 Mecasurement of calibration time for 1 square signal.

itt=406ps§

—

Figure 4-39 Measurement of shear velocity of 1 square signal.

Solution
t.=6us

t; =406 ps
L =100 mm

L= 1800 kg/m3

From Equation 4.2, t = t, — ¢,
t =406 — 6 =400 ps

. L 100x1073
From Equation4.2, V; = - = ———
t 400x10~6

Ve =250 m/s

From Equation 4.4, G, = p- Vi2
Go = 1800 x 2502
Gy =112.5 MPa
Ans.
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Exercise 4.6 A soil specimen has a mass density of 1800 kg/m> and a length of 100 mm.
The calibration time is depicted in Figure 4-40. A shear wave signal of a 5 square signal is
measured by the bender element test as shown in Figure 4-41. Calculate the shear wave
velocity, Vg, and the initial shear modulus, G.

Figure 4-40 Measurement of calibration time for-5 square signal.

|t =500 ps|

Figure 4-41)Measurement of shear velocity of 5 square signal.

Solution
t.=0upus

t; =500 ps
L =100 mm,

= 1800 kg/m3

From Equation 4.2, t = t, — t,
t =500—-0=500 ps

-3
From Equation 4.2, V, = L _ 100x1077
t  500x10~6

V; =200 m/s

From Equation 4.4, G, = p- V2
G, = 1800 x 2002
G, = 72 MPa
Ans.
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Exercise 4.7 A clay specimen has a mass density of 1949 kg/m? a tip to tip distance between
the sensors is 83.96 mm. Figure 4-42 shows a continuously sinusoidal waveform and the
Table 4-42 presents the frequency that comes into the same phase with different number of
wavelengths. Calculate the shear wave velocity, V;, and the initial shear modulus, G,.

Table 4-8 Number of wavelengths and frequencies in phase of a clay specimen.

No. of wavelengths f (Hz)
1 2050
2 3915
3 6150
4 9012
5 11050

./" \ It \ f:
l‘\\ : "\. J

Figure 4-42 A continuously sinusoidal waveform.
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Solution

L =83.96 mm
N =4
f=9012 Hz

-3
From Equation 4.3, ; = (=) - f = (2222-) x 9012
V.= 189.16 m/s

From Equation 4.4, G, = p- V> = 1949 X 189.162
Go=69.74 MPa

Like this calculation, Table 4-9 presents the shear wave velocity, V;, and the
initial shear modulus, G.

Table 4-9 Number of wavelengths, f, V;, and G, of a clay specimen.

No. of wavelengths f (Hz) Vs (m/s) Gy (MPa)
1 2050 172.12 57.74
2 3915 164.22 52.56
3 6150 172.12 57.74
4 9012 189,16 69.74
5 11050 185:55 67.10
Ans.
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Summary

Shear wave testing plays a pivotal role in modern geotechnical engineering, offering a non-
destructive means of evaluating the small-strain stiffness of soils through the measurement
of shear wave velocity (V) and the corresponding initial shear modulus (Gy). These
parameters are fundamental in characterizing soil behavior under dynamic and static
loading, particularly in applications such as seismic site response, ground improvement
monitoring, and performance-based foundation design. However, the accuracy and
applicability of shear wave data are contingent upon rigorous data interpretation and an in-
depth understanding of the method’s inherent limitations. The analysis in this study has
highlighted several key challenges, including ambiguity in identifying the first arrival of
the shear wave, distortions caused by near-field effects, limitations of signal quality and
equipment sensitivity, and the influence of stress state, soil structure, and boundary
conditions. These factors contribute to uncertainty in data interpretation and can
compromise the reliability of engineering decisions if not properly addressed.

To improve the consistency and accuracy of shear wave data interpretation, several
recommendations are proposed. First, the adoption of standardized’ procedures for
waveform analysis—such as using defined arrival time criteria, sighal cross-correlation, or
frequency-domain methods—should be prioritized to reducexoperator subjectivity and
inter-laboratory variability. Where applicable, automated “or semi-automated signal
processing tools should be employed to enhance repeatability. Second, near-field effects,
which are particularly problematic in short specimen leigths or bender element tests, must
be accounted for through careful sensor placement and*appropriate travel time correction
techniques. In field applications, it is crucial to consider factors such as layering, saturation,
and overconsolidation ratio, as these significantlynihfluence shear wave propagation and V;
values.

Moreover, shear wave data should not be interpreted in isolation. Integration with
conventional geotechnical data—such as unconfined compressive strength, cone
penetration resistance, and consglidation parameters—provides a broader context for
understanding the soil’s mechanieal behavior. This integrative approach allows for more
robust correlations between“small-strain stiffness and large-strain performance. Where
applicable, modulus reduction curves should be employed to link G, to strain-dependent
moduli for use in designCUFuture developments in machine learning and real-time signal
analysis offer promisSing pathways to enhance interpretation accuracy and efficiency.
Ultimately, the reliability and usefulness of shear wave data in engineering practice depend
on careful meastrement, standardized interpretation, and thoughtful integration with other
geotechnicalninformation. By adopting these practices, practitioners can maximize the
benefits of shear wave testing for both research and applied engineering purposes.
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Questions and Problems

1. Figure 4-43 shows the offset time (t.) and Figure 4-44 presents the total recorded
time (t;), if the soil sample is 100 mm in length. What is the shear wave velocity

(Vs)?

t.=5ups

—_—

Figure 4-43 The offset time\(t,).

t, = 505 ps§

-—p!
I |

Figure 4-44 The total recorded time (t;).

N

From exercise 1, if the soil density is 1,700 kg/m?®. What is the initial shear modulus
(Go)?

What is the near field effect?

Why should calibrate the sensors?

What is the advantage of using ASTM D8295-19?

What are the effects of waveforms?

What would happen if the shear wave propagated into the water?

How do you characterize the Bangkok formation by shear wave?

What is the advantage of integration of shear wave data with other geotechnical
results?

10. What are limitations of shear wave data analysis and interpretation?

VXN kW
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Chapter 5: Applications of Shear Wave Testing in
Geopolymeric Materials

5.1 Introduction of Geopolymeric Materials

Ground improvement techniques have been extensively adopted in civil
construction worldwide, with more than 40,000 infrastructure projects annually relying on
such methods to enhance soil strength, reduce settlement, and control permeability as
described in DeJong (2010). Traditionally, cement and chemical binders served as primary
materials owing to their availability and cost-effectiveness. However, large-scale cement
production imposes substantial energy demands and generates considerable environmental
burdens, driving growing interest in sustainable alternatives. Among the most promising
are geopolymer materials, which offer rapid strength development, highy compressive
strength, reduced carbon footprint, and favorable economics as shown in(Alaskar (2020).
Geopolymers can be synthesized from a wide range of aluminosilicate Sources including
fly ash, blast furnace slag, rice husk ash, silica fume, and metakaolin. Metakaolin in
particular has attracted considerable research attention as a geopolyiner precursor, produced
by calcining kaolin clay at temperatures ranging from 450 to&00 °C, with approximately
700 °C identified as optimal as reported by Biel et al. (2020) and Elimbi et al. (2011). Its
physicochemical characteristics have been extensively~ investigated through X-ray
diffraction, chemical composition analysis, specific_surface area measurement, nuclear
magnetic resonance spectroscopy, and compressive strength testing as described in Takeda
et al. (2013), Tataranni et al. (2018), Guzman-Aponte et al. (2017), Sullivan et al. (2018)
and Lopes et al. (2020).

The versatility of metakaolin-based'materials has been demonstrated across a broad
spectrum of applications. As a partial’ cement replacement in concrete, an optimal
substitution level of approximately;20% was found to significantly enhance sorptivity,
permeability, and long-term durability as noted by Nas & Kurbetci (2018). In alkali-
activated mortars, the combination of metakaolin with fly ash and furnace slag yielded
sustainable Portland cement-free binders with favorable workability and compressive
strength as reported by»Attanasio et al. (2018). In mass concrete, ternary mixtures
incorporating metakaolin reduced internal temperatures and minimized the risk of delayed
ettringite formation-as shown by Hamid et al. (2018). Further applications include thermal
insulating cores for“sandwich panels as described in Natali Murri et al. (2017), cultural
heritage restoration combined with epoxy resin as explained by Ricciotti et al. (2017),
carbon dioxide adsorption binders as described in Vegere et al. (2019) and Pereira et al.
(2018), and high-strength cold-bonded lightweight aggregates as shown by Vali & Murugan
(2020). Systematic investigations revealed that compressive strengths approaching 90 MPa
can be achieved when the silica-to-alumina ratio exceeds 2.3, the sodium oxide-to-alumina
ratio falls between 0.6 and 1.2, and the water-to-sodium oxide ratio remains below 12 as
noted by Abadel et al. (2021). Complementary studies developed microstructural models
for carbonation in metakaolin-blended concrete as described in Wang & Lee (2019) and
examined the combined effects of nano-CuO and polypropylene fibers on mechanical
performance using ANFIS and support vector machine predictive models as established by
Ghanei et al. (2017).
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Non-destructive testing methods have played an indispensable role in characterizing
both geomaterials and cementitious systems. Kang et al. (2021) employed microphones to
detect cavities beneath plate structures and successfully estimated cavity dimensions based
on sound wave responses, highlighting the potential of microphones as effective tools for
cavity identification. Within soil mechanics, bender element testing has emerged as one of
the most effective non-destructive techniques. In soil mechanics, bender element testing
utilizing piezoelectric sensors has emerged as one of the most reliable approaches for
measuring shear wave velocity and initial shear modulus as described in Shirley, &
Hampton (1978), Brignoli et al. (1996) and Piriyakul (2010). This technique has been
extended to evaluate thawing and stress restoration in frozen sandy soils as explained in
Kim et al. (2021), capillarity-to-cementation transitions in fine sand as described in Park et
al. (2021), shear wave propagation in compacted soils using piezoelectric ring benders as
clearly explained by Kim et al. (2021), stress-dependent elastic wave behavior in modified
oedometer configurations as outlined by Lee et al. (2020), crack propagation monitoring in
rocks as shown by Ahn et al. (2020), transitional soil behavior under overburden pressure
as reported by Kim, et al. (2021), and dynamic properties of recycled,cencrete aggregate
blended with rubber chips as noted by of Gabrys et al. (2017). In<parallel, investigations
into alkali-activated slag concrete established that Na;O content-exceeding 6 % combined
with NayO-to-SiO; ratios greater than 1.0 reduced workabilityand'accelerated setting, while
maximum strengths of approximately 25 MPa were achieved within 24 hours as presented
by Choi & Lee (2019).

Wave-based monitoring of setting and hardéning in cementitious and geopolymer
systems has been an equally active research domain. Derivative-based analytical methods
applied to bender element data have enabled precise determination of initial and final setting
times of cement mortars as noted by Zhu et\al. (2018), with ultrasonic shear waves further
confirming their superior reliability over compressional waves for this purpose as described
in Liu et al. (2014). Continuous ultrasofiie monitoring devices have been developed to track
the full hardening cycle of cement, gypsum, lime, and novel binders as quality control tools
as indicated by Reinhardt & Grosse.(2004), while combining ultrasonic pulse velocity with
Vicat needle testing demonstratéd accurate prediction of initial setting times from velocity
curve inflection points as established by YImén et al. (2009). Ultrasonic measurements have
also been applied to assessiconcrete degradation from alkali—silica reaction as demonstrated
by Ju et al. (2016). For 'geopolymer systems, fiber Bragg grating sensors enabled precise
tracking of early-age Shrinkage and temperature development in metakaolin geopolymers
as noted by Palumbo et al. (2017), and ultrasonic devices revealed how reduced water-to-
binder ratios, ¢lévated curing temperatures, and silica fume incorporation collectively
enhance eatly microstructure formation as reported by Liu et al. (2011). The present study
builds upon-this body of knowledge by employing piezoelectric bender element sensors to
characterize metakaolin geopolymer pastes produced from kaolin calcined at 0, 200, 800,
1000, and 1200 °C, mixed at powder-to-solution ratios of 0.8:1.0 to 1.5:1.0 and across
seven sodium hydroxide-to-sodium silicate ratio configurations, with initial and final
setting times validated against standard Vicat needle tests.
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5.2 Geopolymeric Materials and Methods

Metakaolin geopolymer was synthesized through the thermal treatment of kaolin powder at
calcination temperatures of 200, 800, 1000, and 1200 °C, as illustrated in Figure 1. A control
sample at 0 °C, which was not subjected to thermal treatment, was also included for
comparison. The prepared metakaolin was blended with geopolymer solution at different
mixing ratios of 0.8:1.0, 1.0:1.0, 1.2:1.0, and 1.5:1.0, where the first value corresponds to
the proportion of metakaolin and the second to the geopolymer solution. The geopolymer
solution was formulated by combining sodium hydroxide at a concentration of 10 N with
sodium silicate. The ratio between sodium hydroxide and sodium silicate was varied
systematically as 1.0:1.0, 1.0:1.2, 1.0:1.5, 1.0:2.0, 1.2:1.0, 1.5:1.0, and 2.0:1.0. The
chemical composition of the kaolin used in this study is presented in Table 1, while its basic
engineering properties are summarized in Table 2. The kaolin was found to consist of very
fine particles, all of which were able to pass through ASTM mesh number 400.

(<) (d)

Figure 5-1 Thermal treatment of kaolin at the calcined temperatures:
(a) 200°C; (b) 800°C; (c) 1000°C; (d) 1200°C after lamchaturapatr et al. (2022b).
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Figure 5-2 The Vicat needle apparatus after [amchaturapatr et al. (2022b).
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Table 5-1. Chemical composition of kaolin.

Chemical composition %
SiO» 65-70
Al,O3 17-20
K20 4.20
NaxO 3.30
MgO 1.66
FexO3 <1.60
TiO> 0.10
CaO 0.07

Table 5-2. Basic engineering properties of kaolin.

Properties Unit
Moisture 1.0% max.
Particle size pass through mesh No. 400 100%
Finer than 2 microns 30-40%
pH 6.5+1
Oil absorption 3742 gm/100 gm
Brightness 80+2%
Liquid limit 46.84%
Plastic limit 34.19%
Plastic index 12.65%
Total unit weight 2.36 T/m?

In accordance with ASFM €191-08, which specifies the standard test method for
determining the setting time{ of hydraulic cement using the Vicat needle, tests were
performed on metakaolin geopolymer paste to evaluate both the initial and final setting
times. The Vicat needle ‘@pparatus is illustrated in Figure 6. The initial setting time was
identified at the point Where the penetration reached 25 millimeters, whereas the final
setting time was defined as the stage at which no further penetration of the needle was
observed.
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5.3. Results and discussions

5.3.1. Effect of Thermal Treatment on Metakaolin
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Figure 5-3. The shear wave velocity varied with elapsed time for thermal treatment after
ITamchaturapatr et al. (2022b).

The effect of thermal treatment on ‘metakaolin geopolymer was shown in Figure 5-3. The
metakaolin geopolymer control sample was no treatment and showed as 0°C. The other
metakaolin geopolymer samples were treated with calcined temperatures of 200, 800, 1000
and 1200°C. In order to investigate the effect of thermal treatment, the mixing ratio between
the metakaolin powder and the geopolymer solution was also controlled at 1.0:1.0. The
geopolymer solution mixing ratio between sodium hydroxide (NaOH) and sodium silicate
(Naz2Si03) was fixed at/2.0:1.0. In general, it was found that the shear wave velocity data of
all metakaolin geopelymer pastes samples were increased when the elapsed time increased.
The measurement of shear wave velocity for geopolymer material is clearly described in
Piriyakul &Jamchaturapatr, (2014).

For the metakaolin geopolymer paste specimens subjected to thermal
treatments of 0 and 200 °C, the shear wave velocity increased only slightly, from
approximately 115 meters per second to 146 meters per second over a testing period of 180
minutes. This indicated that no significant improvement in shear wave velocity occurred as
a result of geopolymerization under these conditions. In contrast, the specimen treated at
800 °C demonstrated a moderate enhancement, with shear wave velocity rising from about
122 meters per second to 183 meters per second during the same elapsed time. The bender
element test data further revealed that the sample treated at 1000 °C exhibited the highest
shear wave velocity across all measured intervals, increasing from 138 meters per second
to 361 meters per second. These results confirm that 1000 °C represents the optimum
calcination temperature for metakaolin preparation. The initial and final setting times of the
metakaolin geopolymer paste specimens were also determined using the Vicat needle
apparatus. As shown in Figure 5-4, the initial setting time was defined at a penetration depth
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of 25 millimeters. Overall, it was observed that higher calcination temperatures
corresponded to shorter setting times. For the untreated control sample at 0 °C, the initial
setting time was approximately 123 minutes. In comparison, the samples treated at 200,
800, and 1000 °C displayed significantly shorter initial setting times of 71, 48, and 12
minutes, respectively. For the kaolin treated at 1200°C, this metakaolin was changed into
the ceramic. So, it could not be able to mix with any geopolymer solutions. In the same
way, the final setting time results were measured and found that only the metakaolin
geopolymer pasted sample treated at 1000°C has the final setting time of 30 minutes while
other metakaolin geopolymer paste samples were about 180 minutes or more. Therefore, it
was confirmed the finding for the shear wave velocity test that the metakaolin with the
thermal treatment at 1000°C was the optimum temperature.
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Figure 5-4 The penetration varied with elapsed time for the thermal treatment after
ITamchaturapatr et al. (2022b)..

5.3.2. Effect of Mixing on Geopolymer Solution

The effect onvthe variation for the mixing of geopolymer solution between the sodium
hydroxide (NaOH) and the sodium silicate (Na>SiO3) was investigated. From the previous
section, it was found that the thermal treatment for metakaolin at 1000° was the optimum
temperature. Therefore, all metakaolin geopolymer paste samples were prepared with the
thermal treatment of 1000°C. Also, the mixing ratio between the metakaolin powder and
the geopolymer solution was fixed at 1.0:1.0. The mixing proportion between NaOH and
NaxSiO; were 1.0:1.0, 1.0:1.2, 1.0:1.5, 1.0:2.0, 1.2:1.0, 1.5:1.0 and 2.0:1.0. Figure 5-5
showed the strength development with elapsed time of the metakaolin geopolymer paste by
shear wave velocity. It was observed that there were no geopolymerization occurred for the
mixing proportion between NaOH and Na»SiO3z of 1.0:1.0, 1.0:1.2, 1.0:1.5 and 1.0:2.0,
since the shear wave velocity data were remained constant. The geopolymerization
occurred only with the mixing proportion between NaOH and Na>SiO3 of 1.2:1.0, 1.5:1.0
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and 2.0:1.0. It was found that the shear wave velocity results were increased from 131 m/s
to149 m/s for the mixing proportion between NaOH and Na>SiO3 of 1.2:1.0. For the mixing
proportion between NaOH and NazSiO3 of 1.5:1.0, the shear wave velocity data changed
from 136 m/s to 193 m/s. It was noted that the shear wave velocity results were the
maximum with the mixing proportion between NaOH and Na>SiOs3 of 2.0:1.0 and varied
from 138 m/s to 361 m/s. So, the optimum mixing ratio between NaOH and Na;SiO3 of
2.0:1.0 was recommended. In the similar way, Figure 5-6 presented the Vicat needle test
results of metakaolin geopolymer paste with different mixing ratio between the sodium
hydroxide (NaOH) and the sodium silicate (Na>Si03) with the variation of 1.0:1.0, 1.0:1.2,
1.0:1.5,1.0:2.0, 1.2:1.0, 1.5:1.0 and 2.0:1.0.

From the Vicat needle test results, it was observed that the mixing ratio between
the NaOH and Na»SiOsz of 1.0:1.0, 1.0:1.2, 1.0:1.5 and 1.0:2.0 have no occurrence of
geopolymerization reaction. During 180 minutes, the penetration data were 50 mm showing
no any setting of these metakaolin geopolymer paste specimens. The geopolymerization
reaction occurred with the only the mixing ratio between the sodiumphydroxide (NaOH)
and the sodium silicate (Na2Si03) of 1.2:1.0, 1.5:1.0 and 2.0:1.0 since\there were the initial
setting time results of 8, 8 and 12 minutes respectively while the{inal setting time data were
15, 15 and 30 minutes respectively.

400

Shear wave velocity (m/s)

0 30 60 Q0 120 150 180 210
Elapsed time (min)

Figure 5-5 The shear wave velocity varied with elapsed time for the mixing of
geopolymer solution after lamchaturapatr et al. (2022b).
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Figure 5-6 The penetration varied with elapsed.time for the mixing of geopolymer
solution after lamchaturapati-et al. (2022b).

5.3.3 Effect of Mixed Proportion between the\Metakaolin and the Geopolymer Solution

The optimal proportion between metakaolin powder and geopolymer solution was
examined using the bender elementstest. Metakaolin samples thermally treated at 800 °C
and 1000 °C were combined with g€epolymer solution while maintaining a fixed NaOH-
to-NazSiO3 ratio of 2.0:1.0. ASvshown in Figure 5-7, the shear wave velocity of the
specimens treated at 800 °Crinereased progressively with elapsed time. For example, after
180 minutes the measuredsshear wave velocities were 165, 183, 189, and 235 meters per
second for mixing raties 0 0.8:1.0, 1.0:1.0, 1.2:1.0, and 1.5:1.0, respectively. Among these,
the ratio of 1.5:1.0 preduced the highest velocity values, indicating it to be the optimum
mixing proportion;

Avsimilar trend was observed in the specimens treated at 1000 °C, as illustrated
in Figure 5<8. In this case, only two proportions of metakaolin to geopolymer solution could
be successfully prepared, namely 0.8:1.0 and 1.0:1.0. The data revealed that the 1.0:1.0 ratio
consistently produced higher shear wave velocities compared to the 0.8:1.0 ratio. For
instance, after 180 minutes the shear wave velocity of the 1.0:1.0 mixture reached 361
meters per second, whereas the 0.8:1.0 mixture recorded 317 meters per second. These
results confirm that a metakaolin-to-geopolymer solution ratio of 1.0:1.0 represents the
optimum mixing proportion, producing the maximum shear wave velocity.
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Figure 5-7. The shear wave velocity varied with elapsed time for the mixing proportion
between the metakaolin treated at 800°C and thegeepolymer solution after
Iamchaturapatr et al. (2022b).
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Figure 5-8. The shear wave velocity varied with elapsed time for the mixing proportion
between the metakaolin treated at 1000°C and the geopolymer solution after
Iamchaturapatr et al. (2022b).

Figure 5-9 presents the Vicat needle test results for metakaolin treated at 800
°C combined with geopolymer solution at different mixing proportions. The initial setting
times, defined by a penetration depth of 25 millimeters, were recorded as 123, 48, 23, and
12 minutes for mixing ratios of 0.8:1.0, 1.0:1.0, 1.2:1.0, and 1.5:1.0, respectively.
Correspondingly, the final setting times, defined by zero penetration, were 185, 180, 90,
and 30 minutes for the same mixing ratios.
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Similarly, Figure 5-10 illustrates the Vicat needle test data for specimens
prepared with metakaolin treated at 1000 °C. In this case, the initial setting time was 12
minutes for both mixing ratios tested. The final setting times were 60 minutes for the 0.8:1.0
mixture and 30 minutes for the 1.0:1.0 mixture. These findings confirm that the 1.0:1.0 ratio
of metakaolin to geopolymer solution represents the optimum proportion, as it yielded the
maximum shear wave velocity values.
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Figure 5-9. The penetration varied with elapsed time for the mixing proportion between
the metakaolin treated at 800°C and the geopolymer solution after [amchaturapatr et al.

(2022b).
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Figure 5-10 The penetration varied with elapsed time for the mixing proportion between

the metakaolin treated at 1000°C and the geopolymer solution after lamchaturapatr et al.
(20220b).
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5.3.4 Relationship between the S-wave Velocity and Setting Times

The relationship between shear wave velocity and penetration results for metakaolin
geopolymer paste is illustrated in Figure 5-11. As described in the preceding sections, the
specimens were prepared using metakaolin thermally treated at 1000 °C, with a fixed
mixing ratio of 1.0:1.0 between metakaolin powder and geopolymer solution. The
geopolymer solution itself was formulated with NaOH-to-Na;SiO3 ratios of 1.2:1.0, 1.5:1.0,
and 2.0:1.0. The results demonstrated that all mixtures exhibited a linear relationship
between shear wave velocity and penetration resistance.

The initial setting times, corresponding to a penetration depth of 25 millimeters,
were associated with shear wave velocities of 136, 142, and 168 meters per second for the
NaOH-to- Na>SiOj ratios of 1.2:1.0, 1.5:1.0, and 2.0:1.0, respectively. Likewise, the final
setting times, defined by the absence of penetration, corresponded to shear wave velocities
of 138, 148, and 187 meters per second for the same proportions. Among these, the mixture
with a NaOH-to- NaSiO; ratio of 2.0:1.0 exhibited significantly) higher strength
development compared with the others. These findings confirm .that a ratio of 2.0:1.0
represents the optimum geopolymer solution proportion, produciig’the maximum shear
wave velocity.
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Figure 5-11 Relationship between the shear wave velocity and the penetration after
ITamchaturapatr et al. (2022b).
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Figure 5-12 CBR test results for different mixing methods and conditions:
(a) unsoaked (b) soaked (c) swelling after lamchaturapatr et al. (2022b).
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5.3.5 Effect of CBR on Mixing Methods for Laterite

Figure 5-12 presents the California Bearing Ratio (CBR) test results for lateritic soils
stabilized with metakaolin geopolymer. For consistency, the NaOH-to- Na,SiOs ratio was
fixed at 2.0:1.0, while the mixing ratio between metakaolin calcined at 1000 °C and
geopolymer solution was maintained at 1.0:1.0.

Figure 5-12a shows the unsoaked CBR test results. The untreated lateritic soil
compacted at an optimum moisture content of 10.17 percent yielded unsoaked CBR values
0f 20.07 percent at 0.1 inches penetration and 21.02 percent at 0.2 inches penetration. With
stabilization, mixing Method A produced unsoaked CBR values of 34.04 percent at 0.1
inches and 45.38 percent at 0.2 inches. Mixing Method B achieved the highest values,
recording 59.01 percent at 0.1 inches and 65.05 percent at 0.2 inches. Mixing Method C
provided intermediate values of 49.50 percent at 0.1 inches and 61.86 percent at 0.2 inches.
These results indicate that mixing Method B delivered the best performance under unsoaked
conditions, with CBR values approximately three times greater than those of the untreated
sample. Figure 5-12b illustrates the soaked CBR test results. The control sample compacted
at 10.17 percent moisture content showed soaked CBR values of-8 16 percent at 0.1 inches
and 9.24 percent at 0.2 inches. Among the treated samples, mixing Method A produced the
highest soaked CBR values of 18.50 percent at 0.1 inches and 24.11 percent at 0.2 inches,
which were roughly three times higher than those of the control specimen.

Finally, Figure 5-12c depicts the swelling)CBR results. The untreated lateritic
soil compacted at the optimum moisture content,exhibited a swelling value of 0.0036
percent. In contrast, mixing Method B producéd:the most pronounced swelling response,
with a value of 0.41 percent.
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Summary
This chapter summarizes as follows:

1. The application of piezoelectric sensors for determining the initial and final setting
times of metakaolin geopolymer paste proved to be highly effective. This non-
destructive method utilized shear wave velocity to monitor the strength
development of the material and provided a reliable means of detecting the
progression of geopolymerization over time.

2. The influence of thermal treatment on metakaolin geopolymer was assessed through
both shear wave velocity measurements obtained from piezoelectric sensors and
conventional Vicat needle tests. With the mixing ratio of metakaolin powder to
geopolymer solution maintained at 1.0:1.0 and the solution composition fixed at a
sodium hydroxide-to-sodium silicate ratio of 2.0:1.0, the results confirmed that
calcination at 1000 °C represented the optimum treatment condition;

3. The effect of varying the proportions of sodium hydroxidesand sodium silicate in
the geopolymer solution was also examined. Under <the' same conditions of
metakaolin thermal treatment at 1000 °C and a fixed.powder-to-solution ratio of
1.0:1.0, solution ratios of 1.0:1.0, 1.0:1.2, 1.0:1.5, 10:2.0, 1.2:1.0, 1.5:1.0, and
2.0:1.0 were tested using both bender element shear wave velocity analysis and
Vicat needle penetration. The findings indicated that the sodium hydroxide-to-
sodium silicate ratio of 2.0:1.0 produced the most favorable results, confirming it as
the optimum proportion.The application of'piezoelectric sensors for determining the
initial and final setting times of metakaelin geopolymer paste proved to be highly
effective. This non-destructive method utilized shear wave velocity to monitor the
strength development of the material\and provided a reliable means of detecting the
progression of geopolymerization.over time.

4. The influence of the mixing ratio between metakaolin powder and geopolymer
solution was evaluated\through bender element testing with piezoelectric sensors
and confirmed by Vicat needle measurements. Specimens prepared from metakaolin
calcined at 800 °CG.and 1000 °C were tested under a fixed sodium hydroxide-to-
sodium silicateratio of 2.0:1.0. The results demonstrated that for metakaolin treated
at 1000 °C, the optimum powder-to-solution ratio was 1.0:1.0, yielding the highest
shear wave €locity. In contrast, for metakaolin treated at 800 °C, the most effective
proportion was identified as 1.5:1.0, which also produced maximum shear wave
velocity values.

5. The relationship between shear wave velocity and penetration resistance was further
investigated for geopolymer pastes prepared from metakaolin treated at 1000 °C
with a fixed powder-to-solution ratio of 1.0:1.0. The results confirmed a linear
correlation for all sodium hydroxide-to-sodium silicate solution ratios tested.
Specifically, at ratios of 1.2:1.0, 1.5:1.0, and 2.0:1.0, the corresponding shear wave
velocities at initial setting (25 mm penetration) were 136, 142, and 168 meters per
second, while the values at final setting (zero penetration) were 138, 148, and 187
meters per second, respectively. These findings indicate that the NaOH-to-
NazSiOsratio of 2.0:1.0 represented the optimum solution proportion, as it provided
the highest shear wave velocity and the greatest strength development.
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Questions and Problems

L=

What are geopolymer materials?

How the geopolymer reaction occur?

What is the metakaolin?

What calcined temperature is recommended for preparation of the metakaolin
geopolymer?

Describe the initial and the final setting times are determined by the shear wave
velocity?

What is recommended for the mixing proportion between the metakaolin powder
and the geopolymer solution?

What is recommended for the mixing ratio between the sodium hydroxide (NaOH)
and the sodium silicate (Na2Si103)?

What is the relationship between the shear wave velocity and the penetration?
Which mixing method is recommended for CBR test?

. What are the limitations for application of metakaolin geopolymer to improve

ground strength?

Applications of Shear Wave Testing in Geopolymeric Materials
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Chapter 6: Applications of Shear Wave Testing in
Biocemented Sand

6.1 Introduction of Biocement

Ground improvement techniques represent a major global industry, with annual project
costs exceeding USD 6 billion across approximately 40,000 projects worldwide as reported
by Delong (2010). Growing environmental awareness and the construction sector's shift
toward sustainable practices have driven the development of bio-mediated soil
improvement methods as promising alternatives to conventional chemical-based
approaches as described in Umar (2016), Petcherdchoo (2018a), Petcherdchoo (2018b) and
Petcherdchoo et al. (2020). Among these, Microbially Induced Calcite Precipitation
(MICP) has emerged as a particularly attractive technique, requiring attention to three key
components: a fundamental understanding of microbiological, geochemicaly and fluid flow
processes; the ability to link environmental benefits such as carbon footprint reduction with
improved engineering performance; and a commitment to ecological compatibility and
energy efficiency as shown by Jiang et al. (2020). Comprehensive system modeling and
real-time monitoring tools at field scale have been further identified as essential for ensuring
the spatial uniformity and effectiveness of MICP treatment as reviewed by Piriyakul &
Iamchaturapatr (2013).

Numerous studies have investigated the mechanisms and optimization of MICP for
geotechnical applications. MICP operates through two fundamental pathways —
bioclogging, which reduces porosity and hydraulic conductivity, and biocementation,
which bonds soil particles through in-situ calcium carbonate precipitation as presented by
Ivanov and Chu (2008). Large-scale. bio-grouting experiments demonstrated that soil
stiffness increased significantly within one day of treatment, with improvements
quantitatively linked to injected solution volume and radial distance from the injection point
as shown by van Paassen et al((2010). Investigations using various bacterial species,
including Bacillus megaterium and Sporosarcina pasteurii, confirmed that MICP effectively
enhances shear strength and reduces hydraulic conductivity in both sandy and residual soils
as described in Le & Lee (2014) and Ezzat (2023), with soil cohesion gains closely
associated with bio-tréatment-induced strength increases as noted by Li (2015). Further
studies examined the\influence of CaCOs3 content on compressibility and particle breakage
as outlined by, Xiao et al. (2020), the isolation of halotolerant and alkaliphilic urease-
producing bacteria for demanding field environments as demonstrated by Stabnikov et al.
(2013), and the effect of urease concentration on peak pH and maximum shear strength in
biocemented sand as observed by lamchaturapatr and Piriyakul (2014). Modified treatment
approaches exploiting naturally available seawater calcium achieved unconfined
compressive strengths of up to 300 kPa as exhibited by Cheng et al. (2014), while
optimization of urea-to-calcium chloride ratios as shown by Carmona et al. (2016), injection
versus mixing techniques as explained by Yu & Gao (2018), simplified one-phase low-pH
injection as described in Cui et al. (2021), and careful balancing of treatment frequency as
noted by Mohamed et al. (2021) collectively advanced the practical efficiency of MICP-
based stabilization.

Applications of Shear Wave Testing in Biocemented Sand
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Microstructural characterization and novel treatment strategies have further
enriched the understanding of MICP behavior. Bender element monitoring of bio-cemented
sandy soil demonstrated higher strength and stiffness compared to gypsum-treated
specimens even at less than 4% calcite content, with mixing techniques producing more
homogeneous cementation than conventional injection methods as reported by Duraisamy
and Airey (2019). Bentonite-enhanced MICP grouting improved bonding matrices at lower
bentonite concentrations, though excessive concentrations impeded microbial activity and
reduced mechanical performance as noted by Ma et al. (2021). SEM and XRD analyses
revealed that naturally derived soluble calcium produces aragonite crystals of acicular
morphology, distinct from the rhombohedral calcite crystals formed using conventional
calcium chloride sources as shown by Liu et al. (2018). Comparative evaluation of six
CaCOs quantification methods identified acid washing as yielding the highest measured
content as presented by Choi et al. (2017), while in-situ sealing using microbially produced
Ca*"-alginate gels enhanced impermeability as described in Cheng et al. (2019a). Discrete
element modeling incorporating meso-parameter calibration identified three bonding
interaction types in microbial cemented sand as established by Tang-et al (2018), and
multiple treatment cycles were shown to substantially increase unconfined compressive
strength up to 4 MPa through extensive CaCO3 crystal bonding.as noted by Wang et al.
(2018). Additional findings confirmed that MICP-treated sands exhibit higher thermal
conductivity facilitated by CaCOs thermal bridges as reported by Wang et al. (2019), and
that coarser sand particle sizes promote improved mechanieal properties and more uniform
CaCO:s distribution as described in Yang et al. (2020). Surface percolation methods have
also been explored for ground stabilization as explained by Pan et al. (2020), Piriyakul &
Tamchaturapatr (2017) and Yan et al. (2022), though'bioclogging limits effective treatment
depth to less than one meter in fine sands as noted by Cheng & Cord-Ruwisch (2014). To
overcome surface clogging, a one-phase lfow-pH injection method combining calcium
chloride, urea, and mixed bacterial culture“ihto a single solution was developed, yielding
UCS values as high as 2.5 MPa through déeper and more uniform treatment distribution as
reported by Cheng et al. (2019b).

Bender element testing lias been widely established as an effective non-destructive
technique for evaluating shear*wave velocity and small-strain stiffness parameters, with its
utility in monitoring MIEP-treated soils well documented in the literature as described in
Piriyakul & Pochalard{(2013), lamchaturapatr et al. (2021), lamchaturapatr et al. (2022a),
Iamchaturapatr et ,al{(2022b), Petcherdchoo et al. (2023). Nevertheless, two critical
challenges remaii optimizing treatment techniques that minimize bioclogging while
promoting uniferm biocement distribution and developing real-time monitoring systems
capable of*Capturing the dynamic response of treated soils under saturated conditions. The
present study addresses these gaps by proposing the use of urease enzymes to accelerate the
MICP process with strategic adjustment of calcium ion concentration to complete
biocementation within one week. The integrated approach employs custom-designed
bender element testing for continuous real-time shear wave velocity monitoring, optimized
biocementation protocols to enhance mechanical performance, and XRD and SEM analyses
to verify the formation and mineralogical characteristics of CaCOs precipitates, collectively
aiming to enhance the efficiency, uniformity, and monitoring capability of MICP for
sustainable ground improvement.
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6.2 Principle of MICP process

The two principal approaches for Microbially Induced Calcite Precipitation (MICP) in soil
biocementation are bioaugmentation and biostimulation. In bioaugmentation, specialized
bacterial strains—typically Sporosarcina pasteurii—are introduced to initiate and complete
the biogeochemical reactions necessary for calcite precipitation. While effective under
controlled conditions, this method poses practical limitations related to environmental
compatibility, microbial viability, and economic feasibility. In contrast, biostimulation
relies on the enrichment and activation of native microbial communities by modifying
environmental conditions, such as the availability of substrates, nutrients, and electron
acceptors, to support ureolytic activity. Gomez et al. (2017a) and Gomez et al. (2017b)
compared bioaugmentation and biostimulation in a large-scale experiment by assessing
shear wave velocity, biogeochemical changes, and cone penetration resistance. The results
indicated that, at the meter scale, both treatment methods achieved comparable
improvements in soil strength and stiffness. In a related field investigation, Zeng et al.
(2021) assessed the feasibility of applying MICP through urea hydrolysisusing regionally
enriched bacterial communities. The study adopted a bioaugmentation-protocol followed
by sequential injections of urea and calcium chloride, with treatment.performance evaluated
through in-situ monitoring and two-dimensional reactive transportimodeling. The outcomes
revealed that biocementation was confined to roughly 5 percent‘of the treated soil volume.
This limitation was attributed to the heterogeneous nature of‘the soil, which contained a
high proportion of fines. The fines promoted preferenitial flow paths through more
permeable layers and may have triggered hydraulic fracturing, leading to uneven substrate
distribution and reduced calcite conversion efficiency.

Further work by Fang and Achal (2019a),and Fang and Achal (2019b) explored the
application of biostimulation in Cement-Stabilizéd Rammed Earth (CSRE) as a sustainable
construction material. Their findings (demonstrated that biostimulation enhanced
compressive strength while decreasing water absorption. The biocementation process was
characterized using Fourier Transform ‘Infrared Spectroscopy (FTIR), X-ray Diffraction
(XRD), and Scanning Electron Microscopy coupled with Energy Dispersive Spectroscopy
(SEM-EDS). In addition, micrebial community profiling using Illumina MiSeq sequencing
revealed that ureolytic actiyity was dominated by members of the Firmicutes phylum,
particularly the Sporosarcina” genus. These results highlight the potential of naturally
occurring, environmentally benign bacteria to induce calcite precipitation in a self-
propagating manner,#vithout imposing significant disturbance to soil structure or requiring
substantial energy,inputs. The biocementation process via MICP begins with the microbial
hydrolysis of 4rea’(CO(NHz2)2), facilitated by the enzyme urease, which is secreted by
microorganisms'such as Bacillus and Sporosarcina spp. The enzymatic breakdown of one
mole of urea initially yields one mole each of ammonia (NH3) and carbamate (NH2COOH).
The carbamate then spontaneously hydrolyzes to produce an additional mole of NH3 and
carbonic acid (H2CO3). In aqueous conditions, NH3 is protonated to form ammonium ions
(NH4") and hydroxide ions (OH), resulting in an increase in pH. Concurrently, carbonic
acid dissociates to form carbonate ions (CO3%). The elevated pH and presence of carbonate
and calcium ions (Ca*") in solution lead to the precipitation of calcium carbonate (CaCO3),
as described in Equation 6.6. This precipitation occurs within soil pores, effectively binding
soil particles together and enhancing soil strength and stiffness. The role of urease is
particularly critical, as it accelerates the overall reaction kinetics and ensures rapid calcite
formation under controlled treatment conditions. Figure 6-1 illustrates the precipitation of
calcium carbonate (CaCO3) as described in Equation (1). This biocementation process has
been shown to significantly improve the mechanical properties of porous materials by
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enhancing their strength and stiffness through the formation of calcium carbonate bonds
between particles. The biocementation process, primarily driven by microbial activity, is a
promising technique for soil stabilization and strength enhancement. It begins with the
enzymatic hydrolysis of urea (CO(NHz)2 or NH>—CO-NH>), which initiates a sequence of
biochemical reactions. As shown in Equation 6.1, one mole of urea is hydrolyzed by the
bacterial enzyme urease to produce ammonia (NH3) and carbamate (NH2COOH). The
carbamate intermediate then spontaneously decomposes, as described in Equation 6.2,
yielding an additional mole of NH3 and one mole of carbonic acid (H2CO3). The ammonia
produced subsequently reacts with water, establishing an equilibrium in Equations 6.3 and
6.4 that results in the formation of ammonium ions (NH4") and hydroxide ions (OH").
Simultaneously, the carbonic acid dissociates to form carbonate ions (CO3"). At this stage,
the aqueous solution contains elevated concentrations of NH4*, CO3?", and OH", as shown
in Equation 6.5. The urease enzyme plays a critical role in accelerating the overall reaction
kinetics, enabling efficient ion generation under mild environmental conditions. The
increase in OH™ concentration contributes to a rise in pH, which is favorable for carbonate
precipitation. When sufficient quantities of calcium ions (Ca’") are.present, typically
introduced via calcium chloride or naturally occurring sources, they, ombine with CO3*
ions to precipitate calcium carbonate (CaCOQO3), as represented(in’ Equation 6.6. This
precipitate forms within the pore spaces of soil, bonding partielgs‘together and significantly
enhancing the mechanical integrity and durability of the tréated soil mass. As noted by De
Muynck et al. (2010), ureolysis-based biocementation offers several advantages over other
carbonate-generating methods. In particular, the ureolyti¢,pathway exhibits a high potential
for producing substantial quantities of carbonate ion§{COs%") within a relatively short time
frame, thereby making it an efficient and promising technique for soil stabilization and
structural enhancement.

Urea hydrolysis:
CO(NH,), + H,0 - NH,COOH + NH; (6.1)
Carbamate hydrolysis:
NH,COOH + H,0 = H3 + H,CO; (6.2)
Ammonia reaction with water:
2NH; + 2H,0 - 2NH} + 20H™ (6.3)
Carbonic.acid dissociation:
20H™ + H,C0; - CO5™ + 2H,0 (6.4)
Overall urea hydrolysis reaction:
Urease
CO(NH,), + 2H,0 - 2NH} + CO3~ (6.5)
Calcium carbonate precipitation:
Urease
Ca?** + CO03~ - (CaCo0, (6.6)
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Figure 6-1 Biocementation process via MICP, after Petcherdchoo et al. (2026).

6.3 Biocemented Materials and methods
6.3.1 Sandy Soil Preparation

The sandy soil employed in this‘investigation was obtained from the northern bank of the
Chao Phraya River in Suphanburi Province, situated approximately 100 kilometers west of
Bangkok, Thailand. The taw sand was first washed with deionized water to eliminate fine
particles and other impurities. After cleaning, the material was oven-dried at a temperature
of 110 = 5 °C fora"duration of 72 hours, then cooled to room temperature within a
desiccator. To.ensure a consistent particle size distribution, the dried sand was passed
through ASTM sieve No. 100 (0.149 mm aperture) and retained on ASTM sieve No. 200
(0.074 mm aperture), thereby producing a fine sand fraction. This sieved fraction underwent
an additional drying cycle at 110 £ 5 °C for 24 hours and was subsequently stored in
moisture-controlled polyethylene bags until use, as illustrated in Figure 6-2.

The physical characteristics of the sand were determined as follows: specific
gravity (G) of 2.64, dry unit weight of 1,470 kilograms per cubic meter, relative density
(D)) of 25.8 percent, maximum dry density of 1,547 kilograms per cubic meter, and
minimum dry density of 1,445 kilograms per cubic meter. The soil was classified as
cohesionless, exhibiting an internal friction angle (¢) of 32.85° and cohesion (c¢) equal to 0
kilopascals.
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Figure 6-2 Particle size distribution of sandy soils afterPetcherdchoo et al. (2026).

6.3.2 Biocement Solution Composition

The biocement solution, also referred to as the\Biocemented Initiative Solution (BIS), was
prepared to induce calcium carbonate (CaCQOs3) precipitation via an enzyme-catalyzed urea
hydrolysis reaction. The BIS formulation consisted of 1. 250 mM urea (CO(NH2)2), 2. 250
mM calcium chloride (CaCl,), 3. 1.5mM glucose (CsHi120¢6), and 4. 20% v/v soybean-
derived urease enzyme. The ureasg*was extracted from natural soybeans and developed in-
house. Unlike live microbial cultures, this enzyme-based solution eliminates the need for
microbial cultivation while providing a stable and efficient catalyst for the hydrolysis of
urea. The water used for préparing all solutions was deionized.

6.3.3 Biocement Sand>Reactor (BSR) Configuration

To conduct the;MICP treatment experiments under controlled laboratory conditions, a
Biocement Sand’Reactor (BSR) was designed and constructed. The BSR served as a test
chamber to‘simulate biocementation in a one-dimensional column system. The reactor was
fabricated from rigid plastic and had internal dimensions of 15 cm in width, 15 cm in length,
and 25 cm in height, as shown in Figure 6-3. Sand specimens were prepared in accordance
with the procedure outlined in Section 3.1 and placed into the reactor using a free-fall
deposition method to achieve natural compaction. The target height of the sand column was
16 cm, which allowed sufficient space for solution injection or percolation while
minimizing the risk of overflow. The BSR was sealed with a transparent plastic film during
the treatment period to prevent moisture loss due to evaporation and to maintain consistent
environmental conditions. All experiments were carried out at a room temperature of 25 +
2 °C. The reactor design enabled both surface percolation and subsurface injection
approaches to be tested under identical geometric and environmental conditions.
Additionally, the rectangular plan view and open access to sidewalls facilitated the
horizontal installation of bender element (BE) sensors for shear wave velocity monitoring,
as described in Section 6.4.
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Figure 6-3 Biocement Sand Reactor (BSR) after Petcherdchoo et al. (2026).
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6.3.4 Bender Element Testing and Data Analysis

The bender element test (BET) is principally associated with the determination of shear
wave velocity (V;) and the initial shear modulus (Gg), both of which are fundamental
indicators of soil stiffness. The method offers several advantages, including its non-
destructive nature, the capability to monitor variations in soil stiffness under dynamic
conditions, and the relatively short testing time required. In this study, the BET was
employed to evaluate changes in shear wave velocity during enzyme kinetics and to track
the strength development of sand specimens.

As illustrated in Figure 6-4, the BE system, consisting of a transmitter and a
receiver in accordance with ASTM D8295-19, was mounted on opposite sides of the BSR
apparatus. The transmitter generated shear waves (S-waves) in the form of sinusoidal
signals with an amplitude of 10 volts and frequencies ranging from 3 to 12 kHz, which were
supplied by a function generator. These waves propagated through the sand specimens
under examination before being detected by the receiver. The oscilloscepe then recorded
the travel time of the waves across the sample. Shear wave veloeity was subsequently
calculated using the equation provided in Piriyakul (2010)~ The method to mount
horizontally bender element sensors for measuring shear waye velocity for sandy soil in
soaking condition was proposed by Piriyakul & lamchatitapatr (2014). Application of
shear wave velocity measurement on green road materials 1s-described by [46]. Application
of shear wave velocity measurement on green road matetials is described by Pochalard et
al. (2025a). The ground improvement technique ‘for sandy or clayey soils is clearly
described in Pochalard et al. (2025b), Wungsumipow et al. (2025) and Pochalard et al.
(2025c).

Function generatgr
Oscilloscope

Sending sensor Receiving sensor

Figure 6-4 Setting-up of bender element testing for BSR after
Petcherdchoo et al. (2026).
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Figure 6-5 presents the biocementation process, showing the pH and G, increase with the

time being. After 4 days, the biocementation is overed resulting the pH is about 8 and the
Gy is around 140 MPa.
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Figure 6-5 Relationship between pH and G, varied with Time after
Petcherdchoo et al. (2026).
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6.3.5 Surface percolation technique

Three surface percolation strategies were examined to evaluate their impact on
biocementation performance: firstly, method (a): Single Pour — 315 mL of BIS was poured
at a rate of 157.5 mL/h in a single application. Secondly, method (b): Continuous Drip —
BIS was applied continuously using a drip system at a flow rate of 3.3 mL/h and lastly,
method (c): Periodic Drip — 79 mL of BIS was applied per day at 13.5 mL/h, repeated over
four consecutive days. Each application was carefully measured to ensure that the same
total volume of BIS (315 mL) was distributed across all test specimens. These methods
were designed to assess the effects of different flow regimes on CaCO3 precipitation and
the homogeneity of biocementation as described in Zeng et al. (2021). Figure 6-6 illustrated
the MICP treatment with the surface percolation methods for sandy soil samples. Each 315
mL of BIS has contained 250 mM of CO(NH>)2, 250 mM of Ca*" and 20% (v/v) urease to
distribute completely the BSR. Figure 6-6a shows the sample no.1 treated with the method
(a) by pouring all the biocemented initiative solution (BIS) at one time with the rate of 157.5
mL/h. Figure 6-6b illustrates the sample no.2 was treated with the method (b) by continue
dropping the biocemented initiative solution (BIS) with the rate 0f\3.3 mL/h. Last, the
sample no.3 was tested with the method (c) by periodically drops,thé’biocemented initiative
solution (BIS) of 79 mL/day with the rate of 13.5 mL/h for 4 days as seen in Figure 6-6c¢.

6.3.6 Injection technique

A fourth treatment, referred to as method (d), involyed a subsurface injection technique as
shown in Figure 6-7. The BIS was delivered via a porous pipe installed horizontally at mid-
depth in the BSR. A total of 315 mL of BIS was injected over four days at a flow rate of
13.5 mL/h Also, the BIS of 315 mL has contained 250 mM of CO(NH2)2, 250 mM of Ca**
and 20% (v/v) urease. This method aimed to overcome limitations associated with surface
clogging and to promote more uniformdistribution of CaCOs3 throughout the soil matrix.
Then, Scanning Electron Microscope.(SEM) and X-ray Diffractometer (XRD) tests were
performed on all samples of bioceniented sand to determine the CaCOs3 precipitation.
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Figure 6-6 MICP treatment with the surface percolation methods for sandy soil
samples (a) pour all the biocement solution at one time with the rate of 157.5 mL/h
(b) continue drop the biocement solution With the rate of 3.3 mL/h, and (c)
periodically drop the biocement solution of79mL/day with the rate of 13.5 mL/h for
4 days after Petcherdchoo et al. (2026).
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Figure 6-7 MICP treatment with the injection method for a sandy soil by periodically
injection after Petcherdchoo et al. (2026).
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6.4 Results and Discussions
6.4.1 Shear wave velocity on sandy soils using the surface percolation method

The shear wave velocity () profiles were measured across the test specimens treated using
three different surface percolation techniques to evaluate the uniformity and effectiveness
of biocementation. These profiles provide critical insight into the spatial distribution of
stiffness within the treated sand columns. Method (a) involved pouring the entire volume
of the biocement solution (BIS) at once at a flow rate of 157.5 mL/h. The shear wave
velocity contour for this method is shown in Figure 6-8 (X—X' cross section) and Figure
6-9 (Y—Y' cross section). After one week of treatment, V; values ranged from approximately
120 m/s at the top to 225 m/s at the bottom of the specimen, indicating a gradient in stiffness
likely caused by bioclogging near the base, where excess CaCO3; accumulated due to
gravity-driven flow. In contrast, Method (b) used a continuous drip application of BIS at a
low rate of 3.3 mL/h. This method exhibited the opposite trend, as shown in Figure 6-10
(X=X") and Figure 6-11 (Y-Y"). V; values were higher near the top suttace (172—176 m/s)
and decreased toward the bottom layers (around 128 m/s). This-hon-uniform profile is
attributed to early clogging at the top surface, which hinderedfurther penetration of the
solution. Method (c), involving periodic application of BIS at a rate of 13.5 mL/h
(79 mL/day for four days), demonstrated the most uniform-V.s distribution. As depicted in
Figure 6-12 (X—X") and Figure 6-13 (Y-Y"), V; values ranged narrowly from approximately
162 to 186 m/s throughout the depth of the specimen. JThis consistency indicates even
biocementation and improved treatment homogenéity, suggesting that periodic dosing
effectively prevented both top-surface cloggingiand bottom-heavy accumulation. Among
the three surface percolation methods, periodielapplication (Method ¢) was identified as the
most effective in achieving homogeneous.shear stiffness.

The results emphasize the imporstance of optimizing flow rates and application
timing to mitigate bioclogging and\enhance uniform CaCOQOs distribution during MICP
treatment.
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Figure 6-8 Contour of shear wave velocity for sample no.1
at cross section X-X' after Petcherdchoo et al. (2026).
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Figure 6-9 Contour of shear wave velocity for sample no.1
at cross section Y-Y' after Petcherdchoo et al. (2026).
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Figure 6-10 Contour of shear wave velocity for sample no.2
at cross section X-X' after Petcherdchoo et al. (2026).
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Figure 6-11 Contour of shear wave velocity for sample no.2
at cross section Y-Y' after Petcherdchoo et al. (2026).
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6.4.2 Shear wave velocity on sandy soil using the injection method

Figure 6-14 presents the shear wave velocity contour of sample no. 4 along the X—X' cross-
section. In this case, the sandy soil specimen was stabilized using method (d), which
involved periodic injection of the BIS solution through a porous pipe at a controlled rate of
13.5 milliliters per hour over a four-day period. After one week, the measurements indicated
that the shear wave velocity reached approximately 185 meters per second at the upper level
of the sample and about 170 meters per second at the lower level.

Similarly, Figure 6-15 illustrates the shear wave velocity contour of sample no.
4 along the Y—Y" cross-section. The results showed that the velocity was approximately 186
meters per second at the top surface and around 168 meters per second at the bottom,
demonstrating a relatively uniform distribution. These findings suggest that this MICP
treatment method provides effective and homogeneous stabilization for dry sandy soils.

V, [m/s]

Depth [cm]

160

X-X' cross section [cm]

Figure 6-14 Contour of shear wave velocity for sample no.4
at cross section X-X' after Petcherdchoo et al. (2026).
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Figure 6-15 Contour of shear wave velocity for sample no.4
at cross section Y-Y' after Petcherdchoo et al. (2026).
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6.4.3 Initial Shear modulus of biocemented sandy soil

Figure 6-16 illustrates the initial shear modulus, G,, of BIS untreated and treated sandy
soils. Results of G for untreated dry sandy soil were 26.1 MPa both on X-X' and Y-Y' cross
sections. For surface percolation treatment technique, the method (a) has G, of 74.42 MPa
on the X-X' cross section or was 185% higher than untreated dry sandy soil data and 47.63
MPaon Y-Y’ cross section or was increased 82.5%. In a similar way, the method (b) showed
the Gy of 43.49 MPa or increased 66.6% and 45.53 MPa or increased 74.4% on X-X' and
Y-Y' cross sections, respectively. Last, the method (¢) presented the G, data of 54.19 MPa
or increased 107.6% and 51.96 MPa or increased 99.1% on X-X' and Y-Y' cross sections.

Since the method (c) has high G, values and less fluctuation on both cross sections. It was
a recommended technique.

For the BIS injection treatment techniques, the G, results were 81.18 MPa on

the X-X' cross section or increment of 211.0% and 67.32 MPa on the Y-Y' Cross section or
increased 157.9%. Therefore, the BIS injection technique is a preferred mi¢thod.

Initial Shear Modulus, G, (MPa)
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Figure 6-16 Initial shear modulus (G;) of untreated and treated sandy soils with
surface percolation and injection techniques after Petcherdchoo et al. (2026).
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6.4.4 Morphology of biocemented sandy soil

The microstructure of the biocemented sandy soil was investigated using Scanning Electron
Microscopy (SEM) to evaluate the morphology and distribution of calcium carbonate
(CaCO3) precipitates. The SEM images confirm the occurrence of successful
biocementation resulting from the enzymatically induced MICP process. As shown in
Figure 6-17, the SEM image at 250x magnification reveals the widespread deposition of
CaCOs crystals across the surfaces of the sand particles. These precipitates form inter-
particle bridges that promote bonding between adjacent grains, effectively increasing the
mechanical integrity of the sand matrix. A higher magnification image (1000x), presented
in Figure 6-18, further illustrates the detailed surface morphology. The CaCOs precipitates
appear as clusters and coatings adhered to the sand grain surfaces and within interstitial
voids. This indicates not only surface coverage but also partial pore-filling behavior, both
of which are characteristic of efficient MICP treatment. The presence of such
agglomerations suggests improved particle interlocking and increased cohesion within the
soil structure. The formation of CaCOs is attributed to the ureolytic reaetion facilitated by
the soybean-derived urease, which increases the alkalinity of the solution, thus promoting
carbonate ion availability. These findings confirm that the MICPprocess achieved through
enzyme induction effectively altered the microstructure of the/treated sand and enhanced
its mechanical behavior.

WDSmm SS40 x250 100um

Figure 6-17 SEM image of the biocemented sandy soil at 250x after Petcherdchoo et
al. (2026).
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,{i“;&e 6-18 SEM image of the biocemented sandy soil at 1000x after
Petcherdchoo et al. (2026).
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6.4.5 X-ray Diffractometer (XRD) of biocemented sandy soils

To further validate the mineralogical composition of the biocemented sand, X-ray
Diffraction (XRD) analysis was conducted. The primary objective was to confirm the
presence and crystalline nature of calcium carbonate precipitates formed during the MICP
treatment. As illustrated in Figure 6-19, the XRD pattern of the biocemented sample
displays distinct diffraction peaks consistent with the calcite phase of CaCOs3, as compared
to the untreated sand. The emergence of these peaks confirms successful mineral
transformation and the precipitation of carbonate minerals within the treated soil matrix.
While the overall chemical composition of the sand remained relatively unchanged, the
observed shift in peak intensities suggests the incorporation of crystalline CaCO3 into the
soil structure. The intensity and sharpness of the peaks further indicate a well-developed
and stable mineral phase. This agrees with the SEM results, where CaCO3; was visually
confirmed to have formed coatings and bridges between sand grains. The formation of
CaCOs is primarily governed by the availability of carbonate and calcium ions in the
solution and is enhanced by the elevated pH resulting from enzymatic urea hydrolysis. This
alkaline environment supports the nucleation and growth of calcite ‘Crystals. The XRD
results, therefore, corroborate the morphological observations and-confirm the effectiveness
of the enzymatic MICP approach for soil stabilization.

gidoemented sand
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Figure 6-19 X-ray Diffractometer (XRD) result after Petcherdchoo et al. (2026).
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Summary
This chapter sheds light on the following:

1. The real-time bender element monitoring system is capable to measure the shear
wave velocity during biocementation process of MICP with the advantage of using
the self-developed urease enzymes in the acceleration method.

2. For the surface percolation treatment technique, the research purposed the method
(c) with periodically drops the biocemented initiative solution (BIS) of 79 mL/day
with the rate of 13.5 mL/h for 4 days as it has the homogeneity in stabilizing dry
sand.

3. For the injection treatment technique, the study purposed the new injection
technique for stabilizing the dry sand by injecting the BIS on a periodic basis via
the porous pipe at a rate of 13.5 mL/h for 4 days, showing its homegeneity.

4. The precipitation of CaCOs crystal is readily visible in.thé’/scanning electron
microscope (SEM) pictures. Additionally, CaCO3 coatings,/the surface of the sand
in addition to filling up spaces within it. These result_in sand agglomeration and
occurrence of CaCOs after biocementation process.

5. The biocementation method has a little effect on-the chemical compositions of the
biocemented sand, but dramatically influence§their physical strength, according to
a slight variation in the XRD pattern. Additionally, it is likely that the variation in
peaks in the biocemented sand is caused‘by CaCOj3 precipitation, which depends on
the production of CO3%" and OH" as produced by urease enzymes.

6. It is advised that the bacterial genome be identified for further research so that its
urease activity may be compared'to other studies.
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Questions and Problems

What is the MICP?

Describe the biocementation process.

Describe the Injection technique.

Describe the surface percolation technique.

What is the advantage of using the bender element testing to monitor the
biocementation process?

What results are found by SEM images?

How do the XRD results confirm the biocementation process?

Which technique is recommended for the Injection technique?

Which technique is recommended for the surface percolation technique?
O ‘What would be the limitations for MICP treatment?

Nk L=

Seeo
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Chapter 7: Applications of Shear Wave Testing in
Bangkok Clay mixed with Cement and Industrial Waste

7.1 Introduction of Bangkok Clay mixed with Cement and Industrial
Waste

Clayey soils stabilized with cement, commonly referred to as soil-cement, are widely
utilized in geotechnical applications to improve strength characteristics and reduce
compressibility through deep mixing methods as reported by Madhyannapu et al. (2010)
and Szymkiewicz et al. (2015). Numerous studies have examined the effectiveness of
cement stabilization in clayey soils, consistently identifying the clay-to-water/additive ratio
as a critical factor governing strength development, particularly when the liquidity index
ranges between 1 and 2 as noted by Naveena et al. (2013). Phase diagram analysis of clay—
cement mixtures demonstrated that reductions in the plasticity index_setve as effective
indicators of stabilization effectiveness as explained by Saadeldin & Siddiqua (2013), while
investigations of soils treated with various additives confirmed thatstabilized soil functions
as a composite material whose properties can be optimized through careful selection and
combination of stabilizing agents, though cement treatment ig less effective in clays with
high plasticity index as described in Firoozi et al. (2017)~Specialized stabilizing agents
such as GX07 — comprising gypsum, quicklime, swater glass, sodium hydroxide,
superplasticizer, and triethanolamine — were shownyto improve cemented soil strength
economically as reported by Li et al. (2012). Studies, on soft clays stabilized with cement,
metakaolin, and slag under varying clay fraction, water content, and curing duration
demonstrated that newly developed stabilizedumaterials achieved strength comparable to
conventional cement-treated soils as documented in Liu et al. (2019). The incorporation of
granite powder into cement-stabilized ¢lay’increased unconfined compressive strength
(UCS) through enhanced surface aré€avand pozzolanic activity while reducing cement
consumption by 28.6 percent as noted'by Nakayenga et al. (2021), and the use of fly ash as
a recycled additive in soil-cement was shown to achieve optimum UCS at replacement
levels between 20 and 25 percent’as found in Chindaprasirt et al. (2021).

Predictive modeling of strength development in stabilized soils has been an
active area of research) The gel-space ratio theory was applied to estimate compressive
strength of cementstreated marine clays with varying initial water contents, yielding a
validated predictive equation applicable across six Japanese marine clay types as described
in Tsuchida and.*Tang (2015). Empirical prediction equations incorporating initial water
content and spécific volume ratio normalized by liquid limit were proposed for cement-
treated dredged clays, revealing that strength mobilization occurs in two distinct stages
before and after three days of curing as explained by Kang et al. (2015). A generalized
hyperbolic model demonstrated applicability across different soil types, cement types, and
curing times for evaluating both strength and stiffness of cement-stabilized clays as shown
by Yao et al. (2019). UCS of chemically stabilized soft soils was shown to be predictable
independently of binder type and content from a single unconfined compression test as
presented by Correia et al. (2013), while SEM-supported investigations confirmed that
supplementary cementing agents facilitated pozzolanic reactions and enhanced UCS in
cement-stabilized soft clay as demonstrated by Cong et al. (2014). Bangkok soft clay,
characterized by high natural water content close to its liquid limit, exhibits high settlement
potential and low shear strength, necessitating targeted soil improvement strategies as
described in Horpibulsuk et al. (2007). Studies on Bangkok clay stabilization identified the
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clay-water/cement ratio as the primary factor controlling strength development in both
laboratory and field conditions, recommending a water-to-cement ratio of 1.0 for wet
mixing applications as indicated by Miura et al. (2001) and Horpibulsuk et al. (2011). The
inclusion of cement was further shown to significantly reduce areal shrinkage strain and
vertical free swelling strain while improving strength and stiffness of expansive clay as
explained by Por et al. (2017).

To promote sustainability, studies have investigated Bangkok soil-cement
mixtures incorporating industrial by-products such as fly ash from the Mae Moh Power
Plant in Thailand. Incorporation of fly ash into cement-stabilized silty clay was found to
disperse larger cement—clay clusters into smaller aggregates, increasing the surface area
available for hydration and producing additional cementitious compounds, with maximum
strength achieved at a water content of 1.2 times the optimum moisture content with 10
percent fly ash replacement as noted by Horpibulsuk et al. (2009) and Horpibulsuk et al.
(2010). Strength development in cement-stabilized clay with fly ash was shown to follow
three distinct stages — active, inert, and deterioration zones — governed by pore structure
evolution and availability of water for hydration as shown by \Horpibulsuk (2012).
Alternative stabilizing agents including calcium carbide residu¢(and biomass ash were
found to achieve higher strength than cement-stabilized clay{hrough pozzolanic reactions
under high pH conditions after 28 days of curing as described in Vichan & Rachan (2013),
while bagasse ash replacement at 20 percent was identified)as the optimum proportion for
enhancing Bangkok soft clay strength as indicated inJamsawang et al. (2017). Deep soil
mixing investigations using ordinary Portland cemefitywith 15 percent fly ash replacement
at a binder-to-water ratio of 0.4 proposed preliminary design guidelines based on UCS,
elastic modulus, and shrinkage cracking resistance evaluated at 7 and 28 days as reported
by Chompoorat et al. (2022). Scanning electfon microscopy and X-ray diffraction analyses
confirmed increased particle cluster formation and the presence of hydration and pozzolanic
products in cement- and lime-stabilized\expansive clays as presented in Chompoorat et al.
(2021a). These findings have been extended to related applications including improvement
of sediments using Portland cement'and fly ash as described in Chompoorat et al. (2019),
Chompoorat et al. (2021b) and»Chompoorat et al. (2021c), evaluation of heavy metal
leaching from fly ash in spil'stabilization as demonstrated by Leelarungroj et al. (2018),
treatment of municipal selid’waste incineration fly ash by cement-based solidification as
presented by Dontriroscetdl. (2020), and stabilization of dredged sediments for geotechnical
and environmental purposes as reported by Yoobanpot et al. (2020a), Yoobanpot et al.
(2020b), Chompeerat et al. (2021d) and Jamsawang et al. (2021).

While UCS testing has been extensively applied in soil stabilization research as
a standard evaluation method, its destructive nature renders it unsuitable for cyclic or
continuous monitoring of the same specimen throughout curing cycles. Non-destructive
methods are therefore preferable for tracking strength gain over time, and bender element
testing has been introduced as an effective alternative providing rapid, real-time evaluation
of shear modulus development within the small-strain domain as described by Piriyakul &
Pochalard (2013), Iamchaturapatr et al. (2021), Iamchaturapatr et al. (2022a) and
Iamchaturapatr et al. (2022b). The preceding review underscores the critical role of cement
in stabilizing soft clay, and the partial replacement of cement with fly ash is emphasized as
a sustainable approach that offers both environmental and engineering benefits. In the
present study, the stabilization of Bangkok soft clay with ordinary Portland cement and fly
ash replacement is investigated using a self-developed bender element system to determine
initial shear modulus from shear wave velocity measurements after curing periods of 7, 14,
28, and 90 days. Results are compared against UCS measurements obtained from
destructive testing, enabling direct correlation between shear modulus and UCS.
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Establishing this relationship is of practical significance as it allows prediction of UCS —
a conventional destructive test parameter — from non-destructive bender element
measurements, thereby providing an efficient means of deriving design parameters while
minimizing reliance on destructive testing.

7.2 Materials
7.2.1 Bangkok clay

Soft clay samples are taken from the northern area of Bangkok to the experimental site,
which is located in the King Mongkut’s University of Technology North Bangkok
(KMUTNB), Bangkok campus. All of samples are taken at the depth of 10 to 12 m due to
its homogeneity. By various measurements, the fundamental properties of those samples
are evaluated as follows. As an example, its main chemical compositions are shown in
Tables 1 and 2 after Piriyakul (2010). It is noted that their natural water content is in the
range of 81%, whereas their liquidity index of the clay near the ground surface is about 1.0,
but decreases with depth.

7.2.2 Portland cement and Fly ash

In this study, Ordinary Portland Cement (OPC) was employed as a stabilizing agent for the
Bangkok clay samples described earlier. The principal chémical compositions of OPC are
presented in Table 1, and its specific gravity was determinted to be approximately 3.14. Fly
ash (FA), obtained as a by-product from the Mae Mol ,Power Plant in Lampang Province,
northern Thailand, was also incorporated as a supplémentary material. According to ASTM
C618 (2019), this fly ash is classified as Class ‘ExIts major chemical constituents are also
summarized in Table 1, while its specific gravity was measured to be around 2.3. The
average particle sizes (Ds¢) of OPC and(BA were found to be 0.6 mm and 0.08 mm,
respectively.

Table 7-1 Chemical compositions.offBangkok clay, Portland cement and Fly ash (class F).

Comp. Bangkok clay in, this study Ordinary Fly ash (class F)
Portland cement

%3Si02 62.5 20.90 37.34
%A103 18.4 4.76 18.63
%FexOs 8.49 3.41 13.17
%CaO 1.07 65.41 17.85
%MgO 2.35 1.25 3.92
%S03 1.86 2.71 3.51

Table 7-2 Properties of Bangkok soft clay in this study.

Liquid Plastic Undrained Specific Natural water | Total unit
limit limit shear strength gravity content weight
88% 34% 14.5 kPa 2.68 81% 1,470 kg/m>

Applications of Shear Wave Testing in Bangkok Clay mixed with Cement and Industrial Waste




Engineering Application of Shear Waves in Advanced Soil Mechanics and Testing Method

with Emphasis on the Bender Element Technique
7.2.3 Soil cement preparation

For the preparation of all Bangkok clay specimens, Ordinary Portland Cement (OPC) was
incorporated at 20 percent by dry weight of soil, with water added at the liquid limit of 88
percent as described in the Department of Highways of Thailand (DOH), & Japan
International Cooperation Agency (JICA) (1998). The mixtures were further modified by
partially replacing OPC with fly ash (FA) at varying replacement levels of 0, 10, 15, 20,
25, and 30 percent, followed by curing for 7, 14, 28, and 90 days, as summarized in Table
3. Each testing condition consisted of three replicate specimens. For example, the mixture
containing 0 percent FA included a total of 12 specimens, corresponding to four curing
periods (7, 14, 28, and 90 days). In total, 72 specimens were prepared for this study. The
test results obtained from each set of three replicates were averaged to produce a
representative value for subsequent analysis. It should be noted that if any of the three
specimens exhibited a deviation greater than £10 percent from the mean, that result was
excluded from the dataset.

Table 7-3 Mixing proportions of Bangkok clay samples.

Dry clay | Curing time Cement Fly ash Water content | Unit Weight

[g] [days] [g] [g] [Yo] [kg/m’]
101.36 7,14, 28, 90 25.34 0 88 1479.9
101.36 7, 14, 28, 90 25.34 2.534 88 1573.2
101.36 7,14, 28, 90 25.34 3.804 88 1499.9
101.36 7,14, 28, 90 25.34 5.068 88 1476.5
101.36 7, 14, 28, 90 25.34 6.335 88 1498.4
101.36 7,14, 28, 90 25.34 7.602 88 1574.9

7.3 Methods

In accordance with ASTM D8295-19 (2019), the bender element test (BET) was employed
to measure the shear wave velocity (V;), which was subsequently used to determine the
stiffness of clay specimiens in terms of the initial shear modulus (Go). The BET test was
further applied to mionitor variations in V; of the cement—fly ash admixed Bangkok soft clay
during the progression of pozzolanic reactions, thereby providing insight into changes in
shear modulus: For comparison, unconfined compressive strength (UCS) testing was also
performed. "Although UCS is a destructive method, it remains advantageous in terms of
simplicity and time efficiency.

In the experimental program, Bangkok clay specimens were prepared in
cylindrical form with a diameter of 38 mm and a height of 76 mm. To prevent moisture
loss, the specimens were sealed with plastic membranes and cured for 7, 14, 28, and 90
days. At the completion of each curing period, UCS tests were conducted in accordance
with ASTM D1633-17 (2017). The overall experimental procedure and testing framework
are summarized in the flow chart presented in Figure 7-1.
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Figure 7-1 Flow chart for sample preparation and tests after Petcherdchoo et al. (2023).
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7.4 Results and Discussions
7.4.1 Effect of curing time

For the Bangkok clay specimens stabilized with cement and fly ash (FA), Figures 3 and 4
illustrate the influence of curing time on shear wave velocity (V) and initial shear modulus
(Go), respectively. Regression analysis of the experimental data, as presented in Figure 7-
2, shows that Vg increases progressively with curing duration. The regression slope for the
control specimen (0% FA) was 32.786, which is comparable to the slopes obtained for
mixtures containing 10%, 25%, and 30% FA replacement. However, significantly higher
slopes of 82.424 and 103.04 were recorded for the mixtures with 15% and 20% FA
replacement, respectively, indicating that these two replacement levels provide optimal
improvement in V.

A similar trend was observed for Gy, as shown in Figure 7-3. While the
regression slopes for mixtures with 0%, 10%, 25%, and 30% FA eplacement ranged
between 27 and 40, much higher values of 89.105 and 128.95 werg-gbtained for the 15%
and 20% FA replacement mixtures, confirming that these proportions are optimal for
enhancing Go. Furthermore, the mixture containing 10% FA réplacement after 14 days of
curing, Gy and unconfined compressive strength (g, ) weresmeasured as 145.97 MPa and
303.33 kPa, respectively. Compared with the findings of Madhyannapu et al. (2010), the
G values in this study are slightly higher, whereas the‘g,;, values are lower, which may be
attributed to the lower cement content used in the ptésent investigation.

Figure 7-4 presents the regressiomanalysis of experimental results to establish
the relationship between g, and curing«time. The analysis indicates that g, increases
consistently with longer curing durations. The regression slope for the control specimen
(0% FA) was 298.36, which was comparable to the slope for the mixture with 15% FA
replacement (316.16). These resultsssuggest that the optimum FA replacement level for
achieving the highest q,, is approximately 15%.
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R? = 0.8866 A10% FA
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Figure 7-2 Development of V5 with curing time of FA stabilized Bangkok soft clay after
Petcherdchoo et al. (2023).
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Figure 7-3 Development of G, with curing time of FA stabilized Bangkok soft clay after
Petcherdchoo et al. (2023).
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Figure 7-4 Development of g,, with curing time of FA stabilized Bangkok soft clay after
Petcherdchoo et al. (2023).
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7.4.2 Effect of FA content

Figures 7-5 and 7-6 illustrate the variation of shear wave velocity (V) and initial shear
modulus (Go) as functions of fly ash (FA) content. The maximum recorded values were 534
m/s for Vs at 20% FA after 90 days of curing and 438 MPa for G, under the same
conditions. These peak values at 20% FA replacement are consistent with findings reported
in earlier studies by Horpibulsuk et al. (2010). It was further observed that prior to 90 days
of curing, both Vg and G, exhibited a slight tendency to decrease with increasing FA
content.

Similarly, Figure 7-7 presents the variation of unconfined compressive strength
(qu) with FA replacement. The results indicate that mixtures with 15% FA consistently
produced the highest g,, across all curing periods, identifying 15% FA as the optimum
replacement level. This conclusion aligns with findings from previous literature of
Petcherdchoo et al. (2023). It is also noteworthy that before 90 days of curing, q,, showed
a tendency to decrease with increasing FA content.
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Figure 7-5 Variation,of V; and FA contents of stabilized Bangkok soft clay after
Petcherdchoo et al. (2023).
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Figure 7-6 Variation of G, and FA contents of stabilized Bangkok soft clay after
Petcherdchoo et al. (2023).
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Figure 7-7 Variation of q,, and FA contents of stabilized Bangkok softrclay after
Petcherdchoo et al. (2023).

7.4.3 Relationships of normalized q,, and curing time

While the primary objective of this research is to employ thes bender element test for
evaluating the properties of soft clay, it is also valuable to demonstrate the consistency of
the present findings with those reported in previous studies. Such consistency not only
reinforces the reliability of the bender element method but also validates its applicability
for soft clay characterization. To achieve this conipérison, the normalized unconfined
compressive strength was utilized.

Several researchers have examined the relationship between normalized
unconfined compressive strength (q,,/q.g)and curing time in soft clay stabilized with OPC
and FA. Their results indicated that gg/q,g increases with curing duration. In particular,
Horpibulsuk et al. (2010) highlighted\that normalization of q,, is necessary to account for
variations in clay type, water comtent, and cement content among different studies. They
subsequently presented the notmalized strength development of stabilized Bangkok clay
treated with OPC, fly ash (EA), and biomass ash (BA) admixtures as a means of achieving
meaningful comparisons,across diverse experimental conditions as shown in Equation 7.1.

:—u = 0.293In(D) + 0.026 (7.1)
28

In addition, Yoobanpot et al. (2020a) and Chompoorat et al. (2022) presented
the development of normalized unconfined compressive strength for dredged sediment
stabilized with OPC and FA, as well as for Bangkok soft clay treated with OPC-FA
admixtures, respectively, expressed as seen in Equations 7.2 and 7.3, respectively.

;’—u = 0.313In(D) + 0.075 (7.2)
28

;—“ = 0.311In(D) + 0.003 (7.3)
28
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Furthermore, the unconfined compressive strength of recycled clay soil
obtained from Nakhon Ratchasima Province in northeastern Thailand, stabilized with
Ordinary Portland Cement (OPC) and fly ash (FA) after a curing period of 28 days as
described in Chindaprasirt et al. (2021), was reported as expressed in Equation 7.4.

;—" = 0.649 log(D) + 0.0355 (7.4)
28

where D denotes the curing period in days. Equation 7.4 can subsequently be reformulated
as shown in Equation 7.5.

v — 0.28191n(D) + 0.0355 (7.5)

dz28

Based on regression analysis of the experimental data obtained in this study,
Figure 7-8 illustrates that the relationship between normalized unconfined compressive
strength (q,/q.g) and curing time for cement-admixed Bangkok soft clay-with fly ash (FA)
addition can be represented as expressed Equation 7.6.

:—u = 0.3642In(D) + 0.019 (7.6)
28

This linearized natural logarithmic equation-is consistent with Equations 7.1 to
7.6 reported in previous studies as shown for comparison in Figure 7-8. Two key
observations can be drawn from this comparison. First, the normalized unconfined
compressive strength (g,,) values obtained in all.teferenced studies exhibit a similar trend.
Both Yoobanpot et al. (2020a) and Chompoerat-¢t al. (2022) attributed this similarity to the
comparable mechanisms of strength development arising from cement hydration and
pozzolanic reactions. Specifically, cement hydration, which represents the primary
reaction, involves the interaction of €alcium oxide (CaO) from cement with water in the
soil. The secondary process, namely the pozzolanic reaction, occurs when calcium
hydroxide [Ca(OH):], a product of cement hydration, reacts with silica (SiO2) from fly ash
to form additional cementitiou§/compounds. For
the second observation, \Figlire 7-8 indicates that while the slope of the normalized
unconfined compressivesstrength (q,,) obtained in this study is generally consistent with
those reported in ofher investigations, discrepancies arise in terms of the early-age
normalized gq, , sepresented by the y-intercept. In the reviewed studies, early-age
normalized g, Valies ranged between 0.003 and 0.075, whereas in the present study it was
measured at\0:09. This difference can be attributed to variations in soil type, initial water
content, and cement dosage. Specifically, the present research employed Bangkok soft clay,
while Yoobanpot et al. (2020) examined dredged sediment from Chiang Mai Province, and
Chindaprasirt et al. (2021) utilized recycled clay from Nakhon Ratchasima Province.
Although the Bangkok clay used here is similar in origin to that tested in Horpibulsuk et al.
(2011) and Chompoorat et al. (2022), differences in sampling locations contribute to
distinct material properties, such as particle size distribution and related characteristics.
These differences likely account for the variation in early-age normalized g, values.
Consequently, the comparison across studies should be interpreted as reflecting general
trends rather than exact parameter values for the normalized q,, equation.
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Figure 7-8 Relationships between q,,/q,g and curing time after Petcherdchoo et al.
(2023).

7.4.4 Other comparisons

Figure 7-9 illustrates the relationship between'riormalized shear modulus (Go/Gg(2s)) and
normalized unconfined compressive strengthy(q, /g.g), comparing the results of Kim et al.
[44] with those obtained in the presenf\study. In their investigation, the relationship was
expressed in the form of a natural logarithmic function as follows:

Gy Qu
f— = 0.287ln (ng) +1 (7.7)

Based, onrregression analysis of the experimental data obtained in this study,
two functional elationships are proposed: a natural logarithmic function and a linear
function, as illustrated in Figure 7-9. These relationships can be expressed as follows:

Go du

G = 0.89721n (—ng) +1 (7.8)
Go __ qu

F-= 09526 (—qzs) (7.9)

In comparison, both Equations 7.8 and 7.9 adopt the form of a linearized natural
logarithmic function, with slopes of 0.287 for the study by Kim et al. (2018) and 0.8972 for
the present study. However, when considering Figure 7-9, it is evident that the fit of the
linearized logarithmic function to the experimental data in this study is inadequate, as
reflected by an R? value of 0.5436. To address this limitation, Equation 7-9 is alternatively
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proposed in the form of a linear function, which clearly yields an improved R? value, as
shown in the figure.

Two key observations may be drawn from this analysis. First, the experimental
results were validated only within a specific range, namely when the normalized q,,/q.g
was less than 1.5, as illustrated in Figure 7-9. When applying this same range to the present
study, as shown in Figure 7-10, it can be observed that both the natural logarithmic and
linear functions provide nearly identical relationships between normalized G /Gg(2g) and

Qu/q2s-

When the relationship extends beyond the range of normalized q, /q,g > 1.5,
the linear function appears to provide a more appropriate fit than the natural logarithmic
function. Although the overall consistency of the three relationships is of a comparable
order, certain discrepancies are evident, largely attributable to differences in soil types,
material compositions, and mix designs adopted in the two studies. Specifically, Kim et al.
(2018) conducted their experiments using marine clays obtained froin-Busan and Ulsan
Newport in

Korea, whereas the present study employed Bangkok clay“from Thailand. In terms of
stabilizing agents, Kim et al. (2018) utilized Ordinary Portland Cement (OPC) combined
with blast furnace slag (BFS), while this research incorporated OPC with fly ash (FA).
Furthermore, the cement contents varied 10-16% cement for Busan clay and 16-22%
cement for Ulsan clay, while this study adopted a cement content of 22% for Bangkok clay.

From these observations, it is recetnmended that future studies should explore
the potential of incorporating other sustainable stabilizing agents, particularly waste-
derived and recycled materials as described in Petcherdchoo (2018a), Petcherdchoo et al.
(2020), Petcherdchoo (2015) and Petcherdchoo (2018b), to broaden the comparative
framework and further enhance the-sustainability of soil stabilization practices.
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Figure 7-9 Relationships between Go/Go(25) and q,,/q,g-after Petcherdchoo et al. (2023).

7.4.5 Limitation of bender element tests

Chindaprasirt et al. (2021) established a correlation between the deformation modulus (E5g,
in MPa) and the unconfined compressive strength (q,, in MPa) of recycled clay soil
obtained from Nakhon Ratchasima,Province, Thailand. The soil was stabilized with
Ordinary Portland Cement (OPC) dnd'fly ash (FA) and tested after 28 days of curing. The
relationship was expressed as presented in Equation 7.10.

E50 = 50qu (710)

In the bender element tests conducted in this study, shear wave velocity was
first measured and subsequently converted to the initial shear modulus (G) using Equation
7.11. Complementarily, destructive unconfined compressive strength (q,,) tests were also
performed tovobtain strength parameters for comparison.

Go = 275.7qy, (7.11)

Figure 7-10 presents the regression analysis of the experimental results,
illustrating the relationship between G, (MPa) and gq,, (MPa). The data were found to be
well represented by a linear function, which can be expressed as follows:

E
m = GO = 2757qu (712)

By further incorporating the relationship between the elastic modulus (E) and
the initial shear modulus (Gg), Equation 7.12 can be reformulated as shown in Equation
7.13. Where v is denoted as a Poisson ratio which is equal to 0.3 to 0.5.
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E = (71.68 to 82.71)q, (7.13)

In comparison, E5q in Equation 7-12 was measured at large strain state in
combination with considering the history of the compressive stress-axial strain relationship
obtained from a destructive test. However, E in Equation 7-15 is determined based on G,
in Equation 7-13, which is measured at small strain state based on the non-destructive
bender element tests. This implies that the bender element test can be used to determine
only the small strain quantity in terms of G, or E obtained from non-destructive tests, but
not the large strain quantity in terms of E5, obtained from destructive tests. However, such
small strain quantity is beneficial for constitutive modelling in various computations, such
as the finite element method (FEM), dynamic analysis of soil property, etc.

L]
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Figure 7-10 Relationships between G, and q,, after Petcherdchoo et al. (2023).
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7.4.6 SEM analysis

Figure 7-11 presents the SEM micrograph of the specimen containing 20% fly ash (FA).
The spherical FA particles, approximately 5—10 microns in diameter, participate in
pozzolanic reactions, producing cementitious compounds. This observation corroborates
the findings of Horpibulsuk et al. (2009), who emphasized that strength development in
blended cement—stabilized clay is governed by cementitious products resulting from the
combined effects of hydration and particle dispersion. Both the microstructural analyses
and strength test results from this study indicate that the pozzolanic activity of FA in this
system is relatively limited compared with its more pronounced role in conventional
concrete. This reduced reactivity is attributed primarily to the limited availability of calcium
hydroxide [Ca(OH)2], which is critical for initiating and sustaining pozzolanic reactions.

Within this context, the principal contribution of FA appears to be physical
rather than chemical, as it facilitates the breakdown of large clay—cement agglomerates into
finer, more uniformly distributed clusters, thereby enhancing the efficiency,of cementitious
bonding. FA, being a pozzolanic material, reacts with Ca(OH)2 (a by-product of cement
hydration) and water to form calcium silicate hydrate (C—S—H). These’ C—S—H products,
together with other secondary reaction products such as ettridgite and calcite, further
improve the mechanical behaviour of stabilized soils, including q,,, Vs and G,. Since
pozzolanic reactions occur as a secondary process, they progress more slowly than initial
cement hydration, with strength gains continuing beyond$28 days and often showing
significant enhancement after 90 days.

In addition, the extremely fine particle size of FA allows it to fill voids between
cement grains, improving packing density and leng-term strength. However, due to its high
water absorption capacity, higher FA contents‘can reduce the availability of free water for
cement hydration, leading to reduced stréngth. These behavioural characteristics will be
further validated in future work using advanced techniques such as XRD, XRF, and EDX
analysis.

Applications of Shear Wave Testing in Bangkok Clay mixed with Cement and Industrial Waste

7-15



Engineering Application of Shear Waves in Advanced Soil Mechanics and Testing Method

with Emphasis on the Bender Element Technique

s ,
Ettgingite formation

10 uim
3000 X KMUTNB

Figure 7-11 SEM image of 20% FA sample at 28 days after Petcherdchoo et al. (2023).
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Summary

In this investigation, Bangkok soft clay was stabilized through the addition of 20% Type I
Portland cement by weight and water at its liquid limit of 88%. Fly ash (FA) was
subsequently incorporated at replacement levels of 0%, 10%, 15%, 20%, 25%, and 30%,
with curing periods of 7, 14, 28, and 90 days. Following each curing stage, both destructive
unconfined compressive strength (UCS) tests and non-destructive bender element tests
(BET) were conducted to evaluate the improvement in soil behavior. The main findings can
be summarized as follows:

1. First, based on shear wave velocity (V) and the initial shear modulus (G,), FA
replacement levels of 15% and 20% were identified as optimal. In contrast, when
evaluated using UCS results, the optimum replacement level was found to be 15%.

2. Second, all key parameters—Vs, Gy, and UCS—exhibited increases with curing
time. At 90 days, Vs and G, suggested an optimum FA content 0of,20%, while UCS
indicated an optimum value of 15%. These findings are in line with trends reported
in other studies, confirming the consistency of the results.

3. Third, the relationship between normalized UCS (q,,/q»g) and curing time followed
a natural logarithmic function, with a rate of increase’ of 0.3433. The early-age
normalized UCS was found to be 0.09. Although-the material compositions used in
this study were similar to those reported:by Chindaprasirt et al. (2021),
discrepancies were observed, likely due to, (variations in clay types and cement
contents. Nevertheless, the relationship identified in this study remains broadly
compatible with those reported in preyious investigations, despite some differences
arising from compositional variations.

4. The normalized shear modulus in relation to the normalized unconfined
compressive strength was observed to increase following a natural logarithmic
trend, with coefficients of.0.8972 in the present study and 0.287 in the work of Kim
et al. (2018). However,due'to inconsistencies in curve fitting with the experimental
data, a linear function\was proposed as an alternative to represent the relationship.
While the overall{relationships are generally consistent, discrepancies remain,
which may bge Cattributed to differences in clay origin (Bangkok versus
Busan/Ulsan), cement content (20% in this study compared with 10-22% in Kim et
al. (2018)), and the type of stabilizers used (OPC with fly ash in this study versus
OPC with blast furnace slag in Kim et al. (2018).

5. It is emphasized that the bender element test is limited to the evaluation of small-
strain soil parameters, such as G, or the elastic modulus (E) derived from non-
destructive testing and cannot be applied to large-strain parameters such as Es,
which require destructive testing.

6. For future work, it is recommended that the findings of this study be further applied
in practical construction contexts. Additionally, comparative investigations with
other sustainable stabilizers, particularly waste-derived or recycled materials, are
suggested to broaden the wunderstanding and enhance the environmental
sustainability of soil stabilization practices.
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Question and Problems

1.
2.
3

Explain the soil-cement and its importances.

Why is Bangkok clay needed to enhance its strength?

What would be the potential to use industrial waste to enhance the engineering
properties of soft Bangkok clay?

What is the advantage of the relationships between G, and q,,?

What is the optimum proportion of fly ash to be used in soil-cement as a cement
replacement?

What is the effect of aging in soil-cement when adding fly ash?

Why does fly ash show the long term increasement of strength?

What is the advantage of applying the bender element test to monitor strength
development?

What is the relationship between the Young’s modulus and the q,,?

. If you were a project engineer who built the road in Bangkok area, how you are

going to use fly ash in your project?
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Chapter 8: Applications of Shear Wave Testing in
Bangkok Clay mixed with Cement and Fibers

8.1 Introduction of Bangkok Clay mixed with Cement and Fibers

Thailand’s textile sector has grown substantially over the past five decades, positioning the
country among the world's leading producers of synthetic fibers, including ranking ninth in
polyester and fifth in acrylic production globally, with notable year-over-year growth in
both domestic consumption and production of man-made fibers recorded in 2016 as
reported by Thailand Board of Investment (2017). Sustainable waste management
guidelines for the fast fashion industry have encouraged the adoption of recycled materials,
including recycled polyester fabric promoted by major international clothing businesses as
described in Wongchittaphok (2018) and Thai Polyester Co., Ltd. (2024). In parallel,
ground improvement technologies such as Deep Mixing Columns and Shdlloew Soil Mixing
have been essential for developing subsurface structures on soft ground as outlined by
Piriyakul & Iamchaturapatr (2017) and Piriyakul (2013). Ordinacy, Portland Cement has
been widely employed to stabilize soft clay with the objectivies of increasing UCS,
decreasing permeability, and reducing ground settlement. Studies on Bangkok soft clay
stabilized with cement and fly ash geopolymer demonstrated'that increasing cement content
enhanced UCS while reducing the sodium silicate-to-soditiun hydroxide ratio led to strength
reductions as noted by Suksiripattanapong et al,%(2022). Investigations integrating
environmental geotechnics with chemical ground “improvement confirmed that OPC
combined with up to 10% fly ash replacement substantially improved strength, with long-
term strength continuing to increase in mixtures ¢ontaining more than 20% fly ash as shown
in Nontananandh et al. (2004). Comprehensive reviews of soil stabilization principles
established that enhanced geotechnical performance can be achieved through cementitious
binders or industrial by-products suchnas fly ash and slag as presented by Firoozi et al.
(2017). Further studies highlighted, the pozzolanic benefits of nano-silica in improving
interfacial bonding and accelerating” hydration as described in Patro & Sahoo (2021) and
Vichan et al. (2013), while naho+<zeolite reinforcement was confirmed through SEM and
XRD analyses to generate cementitious products responsible for strength enhancement as
noted by Ali et al. (2023). Investigations of Bangkok clay contaminated with zinc sludge
and stabilized with high-calcium fly ash geopolymer demonstrated acceptable UCS and
leaching properties-meeting international landfill disposal standards despite the retarding
effect of heavy megtals as explained by Phojan et al. (2023). Strength development in clay—
fly ash geopolymier systems was found to increase with higher alkaline activator quantities
up to a threshold, beyond which excess activator caused premature precipitation and
microcracking as demonstrated by Sukmak et al. (2013).

Fiber-reinforced soils are composite materials formed by incorporating
synthetic or natural fibers into soil matrices, enhancing tensile strength, ductility, and
durability, and are widely applied for slope stabilization, embankment construction, and
erosion control as described in lamchaturapatr et al. (2022a), Ma et al. (2018) and Bawadi
et al. (2020). The optimum fiber content in reinforced clay soils subjected to large shear
displacements was found to depend primarily on initial void ratio, irrespective of stress
history or applied effective normal stress as presented by Mirzababaei et al. (2017). Studies
on polyethylene terephthalate fiber-reinforced silty soil confirmed that increasing fiber
content enhanced shear strength and deformability, reducing the likelihood of crack
formation under loading or environmental conditions as shown in Botero et al. (2015).
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Investigations of basalt fiber-reinforced loess identified two primary reinforcement
mechanisms — spatial mesh effect and individual tensile effect — yielding reliable
predictive models for shear strength applicable to slope stabilization and subgrade
engineering as reported by Chen et al. (2023). The incorporation of sisal and coconut fibers
into lightweight expanded clay fiber concrete demonstrated improvements in compressive
and flexural strength, with sisal fibers providing superior reinforcement over coconut fibers
as demonstrated by. Ozkilic et al. (2023). Recycled garnet residues and tire-derived
aggregates were shown to enhance the mechanical behavior of soft clay subgrades, with
optimal mixture proportions of SC:GR = 90:10, 2% cement content, and 2% TDA content
identified for sustainable subgrade development as noted by Sukmak et al. (2021).
Microstructural investigations of Bangkok clay stabilized with cement and bottom ash
revealed significant strength improvements when base cement content was maintained at
no less than 20% with more than 15% bottom ash addition as shown by Phutthananon et al.
(2023). Multi-stage drained reverse direct shear tests on polypropylene fiber-reinforced soft
clay demonstrated that fiber reinforcement markedly improved effective cohesion — by
factors of up to 8.5 at 0.50% fiber dosage — while exerting little influeniee on the effective
internal friction angle as observed by Mirzababaei et al. (2018).

Road engineering applications of glass fiber-reinforced clayey soils
demonstrated substantial increases in UCS, California Bearihg Ratio, and shear strength at
an optimum fiber content of 0.75%, with reinforcement transforming soil behavior from
brittle to ductile failure and identifying significant potehtial for flexible pavement subgrade
applications as reported by Patel (2022). Studies on pelypropylene fiber-reinforced cement-
stabilized Shanghai soft clay highlighted an irnevative approach for recycling waste
polymer textile bags as reinforcement material in*soil mixing applications as presented by
Chen (2015). Polyester fibers applied in deepsmixing of sandy soils achieved strengths at
three-hour curing comparable to cement-~or lime-stabilized soils cured for 28 days,
demonstrating considerable potential a§_a rapid-acting binder as described in Arasan et al.
(2015). Comparative investigations»of glass fiber-reinforced sandy and clayey soils
confirmed that strength improveément in sandy soils is primarily attributed to induced
cohesion, whereas in clayey seils'it results from both increased friction angle and induced
cohesion, while fiber inclusion”also reduced bulging and shear failure zones as shown in
Patel & Singh (2022). Cembined use of polypropylene fibers and liquid polymers in
cement-stabilized soft ¢lay revealed that 0.5% fiber content increased remolded cemented
soft clay strength by up to 240%, with the two additives operating through substantially
different reinforcément mechanisms as noted by Ayeldeen & Kitazume (2017). Further
investigations{donfirmed that fiber reinforcement below optimum moisture content
increased ductility, compressive and shear strength, and cohesion, while reinforcement
above optimum moisture content produced more brittle behavior alongside continued
improvements in compressive and shear strength as reported by Arabani & Haghsheno
(2020).

Bender element testing has been widely applied in soil mechanics to evaluate
shear wave velocity and small-strain shear modulus of soil specimens, providing a reliable
non-destructive alternative to conventional destructive testing methods as described in
Piriyakul (2013b), lamchaturapatr et al. (2022b) and Iamchaturapatr et al. (2021).
Investigations of fiber-reinforced clays using bender element testing highlighted the
importance of fiber—clay contact area within the soil matrix, proposing a novel regression
model relating UCS to small-strain shear modulus Go that successfully predicted strength
across different fiber types, densities, and contents as shown in Ekinci et al. (2022) [33].
Bender element testing applied to Bangkok clay stabilized with fly ash and cement
demonstrated broad consistency with established UCS correlations, though
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noticeable variations were observed due to differences in soil type, material composition,
cement content, and stabilizer combinations, prompting recommendations for further
research to refine predictive correlations as described in Petcherdchoo et al. (2023). The
present study builds upon these findings by investigating Bangkok soft clay stabilized with
ordinary Portland cement and recycled polyester fibers derived from the textile industry
waste stream, integrating bender element testing for non-destructive shear modulus
evaluation alongside UCS testing across curing periods of 7, 14, 28, and 90 days. This
integrated approach aims to establish reliable correlations between small-strain stiffness
parameters and compressive strength, while simultaneously promoting sustainable use of
industrial textile waste as a soil reinforcement material in geotechnical engineering
applications.

According to the aforementioned literature reviews, there are two concerns that
require more attention. The quantity of polyester fiber must first be put to the Bangkok soft
clay mixture. Second, the soil-cement mixture must also include the required amount of
cement. So, the purpose of this research is to determine the ideal ratio of pelyester fiber to
soil-cement by examining the impacts of polyester fiber on soil-cement. The bending
element test and the unconfined compression test were used in the study to verify the
polyester fiber content of 0, 1, 2, 5, 10, and 20% by volume and the/cément content of 1, 2,
5, 10, and 20% by weight in soil-cement samples combined at the liquid limit. The samples
were then studied for 3, 7, 14, and 28 days.

8.2 Fiber Materials and Methods
8.2.1 Materials

The soft marine clay in this research was Bangkok soft clay and was collected from a depth
between -8.0 and -10.0 m at the Bang Ktuai Hospital in the Northern area of Bangkok
nearby the KMUTNB campus. At these depths the soft Bangkok clay samples are
homogeneous and have no impurities,” which is suitable to characterize its properties in
geotechnical engineering. All soft"Bangkok clay samples were wrapped in plastic bags to
preserve their humidity.

Tables 8-1 and\8-2 show the chemical compositions of Bangkok clay and the
ordinary Portland cement (OPC). The Plastic Limit (PL) is 27.7%, the Liquid Limit (LL) is
82.6%, the natural water content (wn) is 70.8%, the wet total unit weight (y;) is 1.65 T/m?
and the dry unit weight (yq) is 0.97 T/m>. The Liquidity Index (LI) of near-surface clay is
about 1.0, but it\decreases down by depth.
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Figure 8-1 SEM image of OPC &%r& Piriyakul et al. (2026).
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Table 8-1 Chemical compositi%ﬁgf Bangkok clay and Ordinary Portland Cement (OPC).

fo 2
J
Comp. (%) X\/ Bangkok clay Ordinary Portland Cement

CaO ®Qv 1.07 65.41
SiO, % 62.50 20.90
>
Alg%& 18.40 4.76
3

FeoO 8.49 3.41
MgO 2.35 1.25
SO; 1.86 2.71
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Ordinary Portland Cement Type I (OPC) was employed as the primary cementing
agent to enhance the unconfined compressive strength (UCS) of soft Bangkok clay. The
OPC used in this study was obtained from CPAC, Bangkok, and exhibited a specific gravity
of 3.14. In accordance with ASTM C150 (2007), it was classified as Type I Portland
cement, appropriate for general construction applications. The chemical composition of
OPC is summarized in Table 8-1, with calcium oxide (CaO) and silicon dioxide (SiO32)
representing the major constituents, accounting for 65.41% and 20.90%, respectively.

A Scanning Electron Microscope (SEM) analysis at a magnification of 10,000x,
presented in Figure 8-1, illustrates the microstructural features of the OPC particles.
Complementary Energy Dispersive X-ray (EDX) analysis, shown in Figure 8-2, confirms
that calcium (Ca), oxygen (O), and silicon (Si) are the predominant elemental components
of the cement. The engineering and physical properties of the Bangkok soft clay utilized in
this research are provided in Table 8-2.

Table 8-2 Properties of Bangkok soft clay.

Parameters Values
Liquid limit 82:4-%
Plastic limit 20 7%
Undrained shear strength 15.5 kPa
Specific gravity 2.68
Natural water content 70.8 %
Total unit weight 1,650 kg/m’
Ca
)
S

: C

): Si

5 l Al

Figure 8-2 EDx result of OPC after Piriyakul et al. (2026).
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Polyester fiber, often known as polyester, is a polymer created by combining
alcohol and acidic aromatic compounds together. This polyester fiber was taken from the
waste of textile industry and was used to strengthen the cemented soft Bangkok clay (see
Figure 8-3). For the physical properties, its color is white and has medium strength. The
ability to absorb moisture is quite low. This polyester fiber was cut to a length of 10 mm
and a diameter of 0.035 mm. The specific gravity is 0.56 g/cm?®. This fiber’s chemical
characteristics include resistance to practically all acids and organic solutions.

Figu@3 Polyester fiber after Piriyakul et al. (2026).

8.2.2 Sample pre@sation

The specin;@w@re prepared by mixing soft Bangkok clay with Ordinary Portland Cement
(OPC), p&lffl ter fibers, and distilled water, as detailed in Table 8-3. The natural water
content of the clay was 70.8%, and additional distilled water was introduced to reach the
liquid limit of 82.6%. Following preparation, the samples were sealed with plastic
membranes to prevent moisture loss and subsequently cured for periods of 7, 14, and 28
days.

All mixtures of Bangkok clay with OPC and polyester fibers were molded into
cylindrical specimens with dimensions of 38 mm in diameter and 76 mm in height.
Mechanical testing included unconfined compressive strength (UCS) tests, conducted in
accordance with ASTM D1633—17 (2017) and bender element tests (BET), carried out
following ASTM D8295-19 (2019). A series of preliminary trials were performed to
determine the most effective mixing ratios, thereby eliminating combinations that
contributed minimally to strength improvement and reducing the number of unnecessary
tests.
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8.2.3 Methods

The unconfined compression strength (UCS) was selected as the main indicator in this study
to examine how well cement and fibers stabilize soft Bangkok clay. Further research was
done on the several variables that affected the enhanced soil’s mechanical behavior.
Bangkok clay samples for the experiment are cut into a cylindrical shape that measures 38
mm in diameter and 76 mm in height. After that, they are cured for 3, 7, 14, and 28 days
while being covered with plastic barrier to stop moisture loss. The unconfined compressive
strength of them is measured following each curing period. For the unconfined compression
testing, an automatic strain-controlled unconfined compression apparatus with a maximum
capacity of 50 kN was utilized, with an applied shearing rate of 2.0 mm/min. Following the
curing period, loading was maintained until the strain reached 15% or the load values
reached their maximum and then started to decline. Every test conducted during the loading
process complied with ASTM D2166-06 (2006). The unconfined compression strength of
the three specimens at the same ratio must not differ from the mean value by more than
15% in order to meet the acceptance criteria.

Table 8-3 Parameters of specimens with polyester fibers.

Serial number Cement content Fiber content Curing time (days)
A 1 0,1,2,5, 10,20 3,7,14, 28
B 2 0,1,2,5,10720 3,7, 14,28
C 5 0,1,2,5, 10,20 3,7,14,28
D 10 0N 2, 5, 10, 20 3,7,14, 28
E 20 0,1,2,5,10,20 3,7,14,28

In soil mechanics, the, Bender Element Test (BET) is a lab method used to
measure soil sample shear waye, velocity (V;). This test is essential for determining the
dynamic properties of soils, guch as an initial shear modulus (G,) and stiffness, which are
essential for comprehending how soils react to dynamic stresses like traffic, industrial
vibrations, and earthquakes. In this research, the BET test is used to monitor the shear
development of the fiber-reinforced cement Bangkok clay. As per the ASTM D8295-19
(2019) standard test’method, which measures the initial shear modulus and shear wave
velocity in soil'specimens using bender elements as described in Piriyakul (2010), the
function generator produces a sinusoidal waveform with an amplitude of 10 V,, and a
frequency of 2—15 kHz, which is how the shear wave is generated in the current case.
Following generation, the shear wave is transmitted to the bender element’s transmitter
along with a measurement of the sending shear wave via oscilloscope channel 1. The shear
wave passes through the soil sample after exiting the sending transmitter and is picked up
by channel 2 at the other end of the sample.
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The shear modulus of fiber (Gy) is obtained by using the rule of mixtures theory in
Equations 8.1 to 8.3.

LoV, vy (8.1)

Go Gy Gm

where
G¢= Shear modulus of fiber

G, = Shear modulus of matrix
Vs= Fiber volume fraction

V;n= Matrix volume fraction

__ GrGm
Go = Vi Gm+Vim Gr (8.2)
(Gm'Vf)
Gr = (Go " Vy) =555 (8.3)

8.2.4 Michaelis & Menten Kinetics

Michaelis & Menten (1913) proposed the new saturation.equation in biochemistry. This
saturation equation can be used to predict the enzymekinetics and the reaction rate. Based
on the Michaelis — Menten kinetics equation, the, UCS and the G, data are predicted as
expressed in Equations 8.4 and 8.5. Figure 8-4a>shows the UCS or G, curve versus the
curing time (D). The UCSnax) OF Go (max) ddta-are saturated and constant with the curing
time being. Then, the reaction rate at the halfof'the UCSnax) or Go (max) data can be found
at the K,,,; or K,;,». Figure 8-4b depicts the plot with the invert of the UCS or G, data
(1/UCS or 1/Gy) and the invert of the-cuning time (1/D). The slope of this plot will present
the maximum UCS or G, values. The intersection of the x-axis will be the haft rate as K,;;;
or K,,».

UCS(max) ‘D

Uucs = K tD (8.4)
where
D = Quiing time (day)
Ku!{ = Michaelis constant for UCS
— Goanan’®
Gy = st D (8.5)
where

K> = Michaelis constant for G,
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UCS,G,

UCS(max)rGO(max)

0.5UCS max»0-5C0(ma) b - - - -

I(m1’ Km2 D

(a)
1/UCS,1/G,

1 /UCS(max),1 /GO(max)

'1/Km1"1/Km2 1/D
(b)

Figure 8-4 Michaelis-Menten Kinetics (a) curve (b) invert of curve after
Piriyakul et al. (2026).

8.3 Results and Discussions
8.3.1 UCS test results

The UCS tested Tesults versus the curing time are displayed in Figure 8-5, which also
exhibits the effect of OPC cement on fiber-reinforced cement Bangkok clay, without the
addition of polyester fibers as control samples (see Figure 8-5a). Bangkok soft clay was
stabilized with OPC at different concentration from 1%, 2%, 5%, 10% and 20%. The UCS
test could not be performed with adding of 1% and 2% OPC content to Bangkok soft clay.
Thailand Department of Highways established the standard for highway construction (DH-
S201/2532) (1989). Based on this standard, the requirement of UCS for the subgrade
material is required at least 294 kPa. From the UCS test results, only 20% OPC content
mixed into Bangkok soft clay was qualified at the beginning of 3 day curing time and the
results were above the standard for all curing times. The UCS results for 1% polyester fiber
are shown in Figure 8-5b. It was discovered that after 28 days, the 10% OPC UCS had
surpassed the Thai highway standard. Similarly, the UCS test results of 20% polyester fiber
were presented in Figure 8-5c. It was noted that after just 3 days, the UCS results of 10%
OPC had surpassed the Thai highway standard.
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Figure 8-5 UCS vs Curing time (a) 0% polyester fiber (b) 1% polyester fiber
and (c) 20% polyester fiber after Piriyakul et al. (2026).
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The UCS results of Bangkok soft clay samples adding with 10% OPC content are depicted
in Figure 8-6a. It was observed that all UCS tested results of Bangkok soft clay samples
mixing with 1%—-20% polyester fiber content had the results above the Thailand highway
standard (> 294 kPa) at the curing time of 28 days. In the same way, Figure 8-6b illustrates
the UCS data for samples with a 20% OPC content. The results revealed that samples with
1%—-20% polyester fiber content had the largest UCS values, which were beyond the
Thailand highway standard of 294 kPa from 3 days and were approximately 1000 kPa at 28
days. Therefore, it was recommended to add at least 1% of the polyester fiber content in the

mixing. Figure 8-7 presents the correlation between the normalized UCS (;—u) with the
28

curing time (D) by using Equation 8.6 as follows:

2 — F.In(D) +F (8.6)
dzs

where the fitting parameters are E and F.
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Figure 8-6 UCS vsCuring time (a) 10% cement and (b) 20% cement after
Piriyakul et al. (2026).
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Figure 8-7 Normalized UCS ps Curing time (a) 10% cement and (b) 20% cement after
Piriyakul et al. (2026).

According 0 the results, the E and F parameters are 0.3017 and 0.04,
respectively, at an ORC concentration of 5% (see Figure 8-7b). Similarly, for an OPC
contents of 10% and 20%, the E parameters are 0.3172 and 0.3204and the F parameters are
0.04 and 0.03, respectively. The E parameters and the F parameters are in good agreement
with the preyious works which the values of E parameter are in between 0.28 and 0.36 and
the values of F parameter are in between 0.02 and 0.09 as reported by Petcherdchoo et al.
(2023), Horpibulsuk et al. (2011), Chompoorat et al. (2022), Chindaprasirt et al. (2021) and
Yoobanpot et al. (2020a).

8.3.2 Bender element test results

The relationship between Gy and the curing time is shown in Figure 8-8. It was
discovered that the Gy normally rises as the OPC cement content does. 2% OPC data’s G,
results are displayed in Figure 8-9a. The lowest Go was found to be the 0% polyester fiber,
while the highest G, was found to be the 20% polyester fiber. The propagation of the shear
wave through the polyester fiber, which was stiffer than the soft Bangkok clay matrix at 2%
OPC, could be the cause. However, as can be seen in Figures 8-9b and 8-9c, the G findings
were lowest at 20% polyester fiber and highest at 0% polyester fiber at 10% and 20% OPC
contents, respectively.

Applications of Shear Wave Testing in Bangkok Clay mixed with Cement and Fibers

8-12



Engineering Application of Shear Waves in Advanced Soil Mechanics and Testing Method

with Em

hasis on the Bender Element Technique

2% Cement

250
® 0% Fiber O 1% Fiber
A 2% Fiber A 5% Fiber
200 W 10% Fiber O 20% Fiber
seees 0% —_— 1%
— 2% —_— —5%
10% 20%
__ 150
©
a
£
’
S 100
50
0 . . . ,
7 14 21 28
Curing time (Days)
(@)
10% Cement
250 ® 0% Fiber O 1% Fiber
A 2% Fiber A 5% Fiber
W 10% Fiber O 20% Fiber
200 L e 0% —_ 1%
= 150 f
a
t3
<
o
100
50
0 . . . ,
0 7 14 21 28
Curing time (Days)
20% Cement
250 F
200
S50 |
£
°
© ; o
100 N @® 0% Fiber O 1% Fiber
. A 2%Fiber A 5% Fiber
W 10% Fiber 0O 20% Fiber
S e 0% _— 1%
50 ——2% — —5%
10% 20%
0 L L L ,
0 7 14 21 28

Curing time (Days)
(©

Figure 8-8 Go vs Curing time (a) 2% cement (b) 10% cement and (c) 20% cement after
Piriyakul et al. (2026).
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Piriyakul et al. (2026).
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Similarly, the behaviour between G, and the curing time is presented in Figure
8-9. It was noted that the G, normally decreases with increasing the polyester fiber content.
Figure 8-9a expresses the control sample with 0% polyester fiber content. The research
found the directed relationship that the G increases with increasing the OPC content. By
adding 1% polyester content into the mixing, the G, values tend to decrease with increasing
the OPC content as seen in Figure 8-9b. Figure 8-9c displays the G, data of 20 % polyester
content in the mixing. The results showed that the G, values of 5-20% OPC content tend to
again decrease in comparing with the controlled data. It is because the polyester fiber has
less stiffness than the soil matrix. However, it confirmed the finding before that the G,
results of 1-2% OPC contents were increased with increasing the polyester fiber content
since the polyester fiber was stiffer than the soft Bangkok clay matrix.
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Figure 8-10 G, vs Fiber content (a) 1-20% cement (b) 1-2% cement and (c) 5-20%
cement after Piriyakul et al. (2026).
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Figure 8-10a depicts the relationship between the G, data and the polyester
fiber content at 28 days. Again for 1-2% OPC contents, the Gydata were increased with
increasing the polyester fiber content as seen in Figure 8-10b. Figure 8-10c displays the G,
results of 5-20% OPC contents were decreased with increasing the polyester fiber content.
It was noted that the bender element test can be used to investigate the effect of polyester
fiber content even if there was very low OPC content as 1-2% in the soft Bangkok clay
matrix. The relationship between the fiber content and polyester fiber’s shear modulus is
depicted in Figure 8-11. The G values of 1-2% polyester fiber, which were positive and
increased with increasing fiber content, are expressed in Figure 8-11a. On the other hand,
the G data for 5-20% polyester fiber content is shown in Figure 8-11b. As the fiber content
increased, those unfavorable outcomes diminished. It was shown that increasing the Gy
does not benefit from the addition of more polyester fiber.

Figure 8-12 displays the relationship between the Gy and the OPC content. It
was observed that the optimum amount of OPC content should be around 3% which showed
the G value around zero.
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Figure 8-11 G vs Fiber content (a) 1-20% cement and (b) 5-20% cement after
Piriyakul et al. (2026).
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8.3.3 The effect of water to cement ratio (W/C)

In engineering practice, pre-mixed cement slurry is often added to the wet soil. The mass
of water used to determine the mixing water content consists of both the mass of water in
the wet soil and the mass of water in the cement slurry. Figure 8-13 depicts the relationship
between the G, and W/C based on Abram’s Law as expressed in Equation 8.7. It was noted
that the use of bender element test is able to determine the relationship between G, and
W/C. Table 4 summarizes the fitting equations, A, B and R? values. A is observed to rise
with curing time, while B exhibits a minor variation between 0.616 and 0.701.

Go=4-()" (8.7)

where the fitting parameters are A and B.

300 ® 3day
28 day: y = 724.09/(W/C)°-701
250 L R? = 0.9691 * AW
14 day: y = 541.29/(W/C)0-668 A d4day
R%?=0.9949
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Figuke8-13 G, vs W/C after Piriyakul et al. (2026).

Table 8-4 Calibrated fitting functions of Go-W/C relationships of cemented Bangkok clay.

Curing Time (Day) Fitting Equation A B R?
3 Go=381.14/(W/C)"616 381.14 0.616 0.9569
7 Go=466.99/(W/C)*#  466.99 0.649 0.9872
14 Go=541.29/(W/C)*6% 54129 0.668 0.9958
28 Go=724.09/(W/C)°*7°! 724.09 0.701 0.9877
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8.3.4 Relationship between Gy and UCS

The relationship between G, and UCS for Bangkok soft clay stabilized with polyester fiber
and OPC is depicted in Figure 8-14. The data for Bangkok soft clay admixed with 5% OPC
is shown in Figure 8-14a. There are two sets of results: the first set includes polyester fiber
in concentrations of 0%, 1%, and 2%. The second set consists of 5%, 10%, and 20%
polyester fiber. Adding 10% OPC into Bangkok soft clay as seen in Figure 8-14b, the results
showed that the G, and UCS were increased and clearer. Figure 8-14c expresses the tested
data 0f 20% OPC mixed into the Bangkok soft clay. The controlled data at 0% Fiber showed
the tendency of G, is increased with increasing the UCS. The slope is 0.4556 with R? of
0.9919. The relationship of all the data shifts to the right as the polyester fiber content is
increased, indicating that an increase in polyester fiber content tends to improve G, at the
same G,. While the polyester fiber content increases, the G, tends to drop at the same UCS.
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Figure 8-14 G, vs UCS (a) 5% cement (b) 10% cement and (c) 20% cement after
Piriyakul et al. (2026).
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Summary

This research aims at investigation of the optimum ratio of polyester fiber to Bangkok soft
clay admixed with cement by examining the impacts of polyester fiber on this soil-cement.
The bender element test and the unconfined compression test were used in this study to
verify the polyester fiber content of 0, 1, 2, 5, 10, and 20% by volume and the cement
content of 1, 2, 5, 10, and 20% by weight in soil-cement samples combined at the liquid
limit. The samples were then studied for 3, 7, 14, and 28 days. This chapter sheds light on
the following:

1. The use of polyester fiber for stabilizing Bangkok soft clay-cement mixtures
appears promising. According to the Thailand highway standard (UCS > 294 kPa),
the Bangkok soft clay admixed with OPC of 10% and at least 1% of the polyester
fiber content in the mixing. This mixture meets the Thailand Highway Standard,
which requires a curing time of 28 days and a UCS of greater than 294 kPa. For the
Bangkok soft clay mixed with 20% OPC and 1%—-20% polyester fiber content, all
UCS test data were larger than the Thailand highway standard of-294 kPa from 3
days and were approximately 1000 kPa at 28 days.

2. The research found the relationship between the normalized*UCS and the curing
time. With the variation of OPC between 5%, 10% and 20%, the E and F parameters
are 0.3017 and 0.04, respectively, at an OPC concentration of 5%. Similarly, for an
OPC contents of 10% and 20%, the E parameters.are$0.3172 and 0.3204 and the F
parameters are 0.04 and 0.03, respectively. The E-parameters and the F parameters
are in good agreement with the previous work§’which the values of E parameter are
in between 0.28 and 0.36 and the values of*‘F parameter are in between 0.02 and
0.09.

3. The bender element monitoring system is capable to measure the shear wave
velocity and the initial shear modulus during the hydration process. In general, as
the curing period and OPC concentration grow, so does the initial shear modulus
(Gy). It was found that thetnixture of 20% OPC cement and Bangkok soft clay had
the greatest G, value.\It was discovered that the G, normally decreases with
increasing the polyester fiber content. Also, the bender element has an advantage to
measure the strengthvdevelopment of the low OPC contents at 1% and 2%, while
the UCS test could™not be performed. The propagation of the shear wave through
the polyester {fiber, which was stiffer than the soft Bangkok clay matrix at 2% OPC,
could be thé(cause.

4. It was,observed that the optimum amount of OPC content should be around 3%
which showed the G value around zero. It was shown that increasing the G, does
not benefit from the addition of more polyester fiber.

5. Based on Abram’s Law, the research proposed the relationship between G, and
W/C for soft Bangkok clay admixed with OPC at 28 days as G,=724.09/(W/C)*7°!,

6. The unconfined compressive strength (UCS) and the initial shear modulus (G,) are
shown to be related, and the results indicate that G, tends to rise as UCS increases.
As the polyester fiber content is raised, it was observed that the relationship between
all the data shifts to the right, suggesting that an increase in polyester fiber content
tends to improve G, at the same G,. The G, tends to decrease at the same UCS as
the polyester fiber content rises.

Applications of Shear Wave Testing in Bangkok Clay mixed with Cement and Fibers

8-23



Engineering Application of Shear Waves in Advanced Soil Mechanics and Testing Method

with Emphasis on the Bender Element Technique
Questions and Problems

Discuss the effect of fiber in the soi-cement strength.

What is the advantage of applying the Michaelis-Menten kinetics method?

How do you investigate the shear modulus of fiber in soil-cement?

From Abram’s Law, explain the effect of water to cement ratio (W/C) in soil-
cement.

5. Discuss the optimum amount of OPC content in soil-cement by bender element
testing.

Explain the normalized UCS ( ) with the curing time (D).

el

Discuss the E and F parameters of our research in comparing with other previous
works?

8. According to the Thailand highway standard (UCS > 294 kPa), what is the amount
of the OPC and fiber the be used in soil-cement?

9. What are the UCSmax and Go (max) data by using Michaelis-Menten kinetics method?

10. What is the effect of curing time in soil-cement?

Applications of Shear Wave Testing in Bangkok Clay mixed with Cement and Fibers
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