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Evaluation of the compression and shear wave velocities (Vp and VS) of 

sand specimens using piezoelectric transducers was performed in this study.  The 

selected piezoelectric transducers were piezoelectric discs (PDs) and bender 

elements (BEs).  These transducers were used to measure Vp and VS, respectively.  

The seismic measurements with PDs and BEs involved the development of an 

instrumented triaxial chamber (ITC) in which the transducers were placed.  The 

same types of PDs and BEs were also installed in the top caps and base pedestals 

of a combined resonant column and torsional shear (RCTS) device.  The soil 

tested was washed mortar sand, and all the specimens were formed using the 

undercompaction method.  The sand specimens were seismically tested in dry, 

unsaturated and saturated conditions in the ITC.  The ITC was designed to permit 

the evaluation of wave velocities for soils at different stages during the saturation 
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process.  Incorporation of piezoelectric transducers in the RCTS device allowed 

three different measurement techniques to be performed in the same soil 

specimen: (1) torsional resonance measurements, (2) direct measurement (slow 

cyclic) of the stress-strain loops in shear, and (3) direct-arrival-time 

measurements of wave propagating in the specimen to determine VS and Vp.  In 

addition, seismic measurements using BEs were performed simultaneously with 

torsional shear tests in the RCTS device in a synchronized manner.  

Synchronization of the BEs measurements with the slow-cyclic torsional shear 

test allowed the determination of VS at the different points on the hysteresis loops 

applied to the specimens with the RCTS device.  Among the findings of this 

study: (1) small-strain VS values measured using BEs were found to be about 3 to 

7% greater than those measured with RC tests, (2) Vp measurements using PDs 

are a good way of studying the saturation process in soils when the degree of 

saturation is above 97%, and (3) synchronized measurements with BEs during 

slow-cyclic loading in the RCTS device represents a new experimental effort in 

the development of improved nonlinear soil models to describe cyclic stress-strain 

relationships in soils.  
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Chapter 1  

Introduction  

1.1 BACKGROUND 

Geotechnical engineering analyses, considering dynamic loading, require 

knowledge of the dynamic properties of the soil.  Typical dynamic loading are 

earthquakes, ocean waves or machinery vibrations.  The tremendous influence of 

soil conditions upon the dynamic response of the ground have leaded to improved 

and expanded techniques for the dynamic characterization of geotechnical 

materials.  Figure 1.1 illustrates the impact of local soil conditions on the 

acceleration response spectra recorded at different sites inside Mexico City during 

the earthquake of September 19, 1985. This earthquake was also called 

“Michoacan Earthquake” and had a magnitude, Mw, of 8.1.   

As observed in Figure 1.1, there is a dramatic difference between the 

spectral accelerations that occurred in the south of the city where volcanic rock 

and stiff soil exist and the soft clay deposits located in the more central area of the 

city, SCT and CAO Sites, (Seed et al., 1988).  This figure presents the average 

spectral accelerations.  The peak amplitude is about 0.8 g of acceleration for the 

SCT site, which correspond to the period (T) approximately equal to 2 seconds.  

On the other hand, the acceleration spectrum in the rock and hard soils exhibited a 

maximum amplitude of about 0.1 g at a period of about 1 second. 
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Figure 1.1 Acceleration Spectra Recorded at Different Geotechnical Sites in 
Mexico City during the Earthquake of September19, 1985 (Mw = 8.1) 
from Seed et al., 1988  

The dynamic properties of soil are often expressed in terms of stiffness 

and material damping.  Stiffness can be represented by the moduli, which are 

related to body wave velocities as: 
2
pVM ρ=     (1.1) 

2
cVE ρ=     (1.2) 
2

SVG ρ=     (1.3) 

where: M is the constrained modulus,  

E is the Young’s modulus,  
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G is the shear modulus,  

Vp is the constrained compression wave velocity,  

Vc is the unconstrained compression wave velocity,  

VS is the shear wave velocity, and 

ρ is the mass density of the soil defined as the total unit weight divided by 

the gravity acceleration (ρ=γt/g).   

Measurements of the shear wave velocities in the rock and hard soils 

where the earthquake of 1985 in Mexico records were recorded, and shown in 

Figure 1.1, range from about 1475 to 1970 fps (450 to 600 m/s) at depths between 

39 and 69 ft (12 and 21 m).  In contrast, shear wave velocities measured in soft 

soil (such as the SCT Site in Figure 1.1) ranges between 130 and 295 fps (40 to 90 

m/s).   

As observed in the example presented above, evaluation of the stiffness of 

geotechnical materials is usually crucial for modeling and solving any dynamic 

problem.  Today, dynamic characterization of soil in terms of stiffness can be 

carried out using measurements of wave velocities in-situ and in the laboratory.   

In addition, since analytical modeling considering two- and three-

dimensional responses has increased in recent years, inclusion of the Poisson’s 

ratio (ν) within the input parameters used in the constitutive equations is required.  

Poisson’s ratio can be evaluated using the combination of two types of body 

waves such as those presented in Equations 1.1 and 1.3.  Therefore, measurements 

of at least two types of waves in the same soil specimen are required. 
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1.2 OBJECTIVES OF THIS STUDY 

There are five objectives in this research study.  The first objective is the 

development of piezoelectric transducers for use in the laboratory in geotechnical 

testing equipment.  The piezoelectric transducers are bender elements (BE) for 

shear wave velocity measurements and piezoelectric discs (PD) for constrained 

compression wave velocity measurements.  The second objective is to incorporate 

each type of piezoelectric transducer in (1) the combined resonant column and 

cyclic torsional shear (RCTS) device and (2) an instrumented triaxial chamber 

(ITC).  The third objective is to use the piezoelectric transducers in conjunction 

with the RCTS and ITC equipment to study the small-strain stiffnesses of washed 

mortar sand. The fourth objective is to monitor the degree of saturation (Sr) of 

sand specimens in the laboratory using the instrumented triaxial chamber (ITC) 

with piezoelectric transducers.  Finally, the fifth objective is to perform 

simultaneous and parallel measurements in the RCTS device using the torsional 

shear portion (TS) with bender element (BE) measurements.   

The developed laboratory experimental approach with piezoelectric 

transducers permits measuring shear wave velocity (VS) and compression wave 

velocity (Vp) so that shear modulus (G) and constrained modulus (M) can be 

evaluated in the same soil specimen.  Based on the shear and compression wave 

velocities, it is possible to calculate the Poisson’s ratio (ν) of the sand.   

This investigation contributes to the experimental determination of the 

stiffnesses of granular soil specimens in the laboratory.  It is important to point 

out that the use of piezoelectric transducers installed in a triaxial cell and resonant 
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column and torsional shear (RCTS) device represents a broader and redundant 

manner to evaluate the stiffnesses of the soils.  Also, it offers the opportunity to 

calculate Poisson’s ratio using the shear and compression wave velocities. 

With regard to the objectives of this investigation, it is worth mentioning a 

statement that was published by Romo et al., (2000).  They stated: “Of many 

developments in soil testing equipment, perhaps the most relevant in recent years 

(for dynamic property determinations) are the combination of resonant column 

and cyclic torsional shear (RCTS) testing of the same sample, and the use of 

bender elements to measure wave propagation velocities in the soil specimen”.  In 

the scope of this study, this statement reinforces the usefulness and relevance of 

the combination of the RCTS equipment with bender elements (BEs) and 

piezoelectric discs (PDs).  Also, it is important to note that these small-strain 

measurements of VS and Vp in the laboratory can be linked directly to similar VS 

and Vp measurements in the field using in-situ testing methods.  Furthermore, the 

incorporation of piezoelectric transducers in the triaxial cell (the ITC in this 

study) allows direct linkage between small-strain dynamic properties and static 

triaxial test and strength properties. 

1.3 ORGANIZATION 

This dissertation is divided into ten chapters and four appendixes as 

follows.  In Chapter 2, a broad theoretical background and literature review about 

most of the concepts and topics covered in this research are presented.   

 Detailed descriptions of the piezoelectric transducers used in this study, 

the combined resonant column and torsional shear device (RCTS), and the way to 
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synchronize TS testing with BE measurements are presented in Chapter 3.  The 

function and installation of the piezoelectric transducers in the ITC and RCTS 

devices are also explained.  Bender elements (BEs) were selected as the VS 

transducers, while piezoelectric discs (PDs) are the Vp transducers.  Special 

interest is given to the description of the synchronization between TS testing and 

BE measurements.  The synchronization between TS and BE systems was 

fulfilled using two or three function generators, which cyclically loaded or excited 

the systems. 

 In Chapter 4, the characteristics of the test soil and the calibration of the 

piezoelectric transducers (BEs and PDs) are presented.  Washed mortar sand is 

the only soil tested in this investigation. 

 The body wave velocities (VS and Vp) measured in the ITC and the 

combined RCTS device with the piezoelectric transducers are presented and 

discussed in Chapter 5 for the sand specimens in the dry condition.  The body 

waves were measured in this study in the linear range of strains.  The variations of 

VS and Vp with confining pressure in dry granular specimens are presented. 

 Comparison between the seismic testing results presented in Chapter 5 and 

similar results obtained from former investigations at The University of Texas at 

Austin (UT) are presented in Chapter 6.  The previous studies were performed 

using the RCTS device and a large-scale triaxial calibration chamber. 

 Body wave velocities (VS and Vp) measured using the ITC with the sand 

specimens fully saturated are presented in Chapter 7.  The procedure used to 

saturate the sand specimens is also described. 
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In Chapter 8, VS and Vp measurements in the ITC in the sand under 

partially saturated conditions are presented.  The seismic measurements along 

with the saturation process are shown.  The ITC measurements are organized in 

two parts: (1) the relationship of B - Vp, and (2) the variation of Vp and VS with 

effective stress at different B values.   

Finally, results of the torsional shear (TS) synchronized with bender 

elements (BE) are presented in Chapter 9.  These results consisted of VS 

measurements performed simultaneously with the TS cyclic loading.  In other 

words, VS values are determined using BEs at different positions on the stress-

strain hysteresis loops measured using TS testing. 

The research is summarized, conclusions are presented and 

recommendations are offered in Chapter 10. 

 With regard to the Appendixes, it is important to point out that Appendix 

A and B show the effect of the variation of the driving frequency, applied to the 

source piezoelectric transducer in the ITC, on the direct-travel-time 

measurements.  Appendix A covers the results obtained under the dry state, while 

Appendix B includes the results obtained when the specimens were fully 

saturated.   

Appendix C presents a proposed theoretical model to evaluate the degree 

of saturation (Sr) based on the B values.  The proposed model is calibrated using 

measurements in the ITC.  Finally, possible monitoring of the saturation and 

unsaturation processes of soil specimens by means of Vp measurements in the ITC 

is presented in Appendix D.  



 8 

Chapter 2  

Theoretical Background and Literature Review 

2.1 INTRODUCTION 

The study of wave propagation through elastic solids, with special 

emphasis on bars and rods, is very useful to this investigation.  Thus, application 

of wave propagation measurements by different laboratory devices to analyze the 

soil’s characteristics is shown.  There is a special interest in reviewing the 

relationships between body wave velocities, degree of saturation, and effective 

stress applied to the soil.  On the other hand, different models used to describe the 

nonlinear modulus reduction curve for the shear modulus versus shearing strain 

relationship are presented.  Finally, at the end of the chapter, some of the concepts 

useful to perform data processing of the measured signals are presented. 

The theoretical developments that govern the propagation of seismic  

waves in unbounded media and rods are presented in Section 2.2.  Relationships 

among the constrained compression wave velocity (Vp), shear wave velocity (VS) 

and elastic constants are also reviewed in this section.  An overview of soil 

dynamics laboratory techniques and equipment are presented in Section 2.3.  The 

main goal is to relate the methods and devices used in this study to the larger 

picture of laboratory testing systems in terms of strain levels and frequency 

ranges.  

Section 2.4 covers the Skempton’s theory of the A and B parameters of 
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pore water pressure and the relationship between B value and degree of saturation 

of soils.  In Section 2.5, the relationship between body wave velocities and soils 

characteristics such as the degree of saturation (Sr) and effective stress are 

presented.  

Nonlinear stress-strain behavior of soils has been typically represented by 

two types of models: (1) the hyperbolic or exponential model, and (2) the 

Ramberg-Osgood model.  In Section 2.6,  a description of these models as well as 

their application to fitting the experimental data are presented. 

2.2 WAVE PROPAGATION IN ELASTIC SOLIDS 

If a perturbation occurs in a soil deposit, elastic stress waves will be 

created and propagated through the deposit in all directions away from the 

perturbation.  Stress waves are considered in the elastic range due to the small 

straining (recoverable) imposed to the media by the propagation of the wave.  

Basically, stress waves can be classified as body waves or surface waves, 

depending on the requirement of an exposed surface (or interface) for the wave to 

exist.   

Waves propagating through the interior of the medium are called body 

waves; conversely, and waves propagating along the surface of the medium are 

known as surface waves.  In the case of an unbounded medium, waves can 

propagate as compression or shear waves.  Compressional waves are in fact, the 

variation with time from compression to dilatational motions as illustrated in 

Figure 2.1a.  In contrast,  propagation of shear wave generates distortion of the 

medium as presented in Figure 2.1b.   
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On the other hand, wave propagation in rods or bars represents an example 

of propagation in bounded medium.  This situation is especially convenient for 

addressing geometrically the study of wave propagation in soil specimens.  

Furthermore, wave propagation in rods can occur in three different manners: 

longitudinal (compression), torsional (shear) and lateral (flexural).  These three 

types of waves generated in rods are shown in Figure 2.2.  

Undisturbed Medium
Dilatation

Direction of Propagation

Compression

Wavelength, λP

• • • •

Undisturbed Medium
Dilatation

Direction of Propagation

Compression

Wavelength, λP

• • • •

 
(a) Compression wave (P) 

W avelength, λS

Direction of Propagation

Undisturbed Medium

W avelength, λS

Direction of Propagation

Undisturbed Medium

 
(b) Shear wave (S) 

Figure 2.1 Body Waves Propagating Within a Uniform, Infinite Medium: (a) 
Compression Waves, (b) Shear Waves (from Bolt, 1976)  
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(a)

(b)

(c)

(a)

(b)

(c)

 

Figure 2.2 Types of Vibrations in Rods: (a) Longitudinal, (b) Torsional, (c) 
Flexural  

2.2.1 Compression Wave Velocity 

The particle motion of a compression wave, also called a primary or “P” 

wave, occurs along the direction of wave propagation as shown in Figure 2.1a. 

2
x

2

2
x

2

x
uM

t
u

∂
∂

ρ
=

∂
∂      (2.1) 

where:  ux is the particle motion in x direction, 

 t is the time, 

 M is the constrained modulus (which is valid only if no straining exists in 

y and z directions), and 

 ρ is the mass density of the medium. 

The solution of Equation 2.1 is presented in Equation 2.2 as follows: 
)xt(i

x Aeu κ±ω=      (2.2) 

where: A is the maximum amplitude of the compression motion, 
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 ω is the angular frequency (ω = 2π/T), 

 T is the period, 

κ is the wave number (κ = 2π/ λ), 

λ is the wavelength, and 

i is equal to 1− . 

By substituting Equation 2.2 into Equation 2.1, the expression defined by 

Equation 2.3 is: 

ρ
=

κ
ω M     (2.3) 

 It is interesting to note that the ω/κ ratio is also defined as the ratio 

between the wavelength and the period (λ/Τ ).  Additionally, λ/Τ is equal to the 

distance of one cycle in space divided by the period or time of every cycle.  In 

other words, the ratio λ/Τ represents the velocity that the wave travels through the 

medium.  The frequency of a wave (f) is simply the inverse of its period (T), 

therefore, it is obtained that the constrained compression wave (Vp) is:  

ρ
=λ=

MfVp         (2.4) 

It is important to point out the statements previously mentioned about the 

validity of relating the constrained modulus (M) and Vp depends entirely on the 

absence of lateral straining of the medium.  Lateral straining occurs in rods, when 

the wavelength (λ) of the compression wave is greater than the radius (r) of the 

specimen (λ>>r).  In the case of lateral straining, the unconstrained or Young 

modulus (E) is the correct parameter to be consider.  Equation 2.5 shows that the 

unconstrained compression wave velocity (Vc) is defined as: 
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ρ
=

EVc      (2.5) 

2.2.2 Shear Wave Velocity 

The particle motion of a shear wave, also called secondary or “S” wave, is 

perpendicular to the direction of wave propagation, as illustrated in Figure 2.1b.  

Just as in the compression-wave case, the wave equation defines the particle’s 

motion in distortional vibrations for an unbounded elastic medium, as expressed 

by (Kolsky, 1963):  

2
y

2

2
y

2

x
uG

t
u

∂

∂

ρ
=

∂

∂
    (2.6) 

where: uy is the particle motion in y direction while the wave is traveling in the x 

direction, 

t is the time, 

G is the shear modulus, and 

ρ is the mass density of the medium. 

Equation 2.6 is solved in the same fashion as the wave equation for compression 

waves and likewise, its solution is expressed as: 
)xt(i

y Aeu κ±ω=     (2.7) 

By substituting Equation 2.7 into Equation 2.6, the relationship for ω/κ is: 

ρ
=

κ
ω G     (2.8) 

and hence shear wave velocity (VS) is: 

ρ
=λ=

GfVS    (2.9) 
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It is important to note that the shear wave velocity in an unbounded 

medium is exactly the same as the shear wave velocity in torsional waves in rods 

(Figure 2.2b).  In other words, the shear wave velocity is independent of lateral 

boundary constraint because it does not create expansion or contraction 

perpendicular to the direction of the wave propagation. 

2.2.3 Poisson’s Ratio 

Poisson’s ratio (ν) is the ratio between the horizontal and vertical axial 

strains in uniaxial loading (εh and εv, respectively) as: 

y

x- 
ε
ε

=ν  (2.10) 

where: εx is the axial horizontal strain and εy is the axial vertical strain. 

Poisson’s ratio (ν) can be calculated from the three elastic waves: VS, Vc 

and Vp.  The relationship between ν and the body waves VS and Vp is established 

using one of the equivalences among ν with other elastic constants as: 

)GK3(2
G2K3 

+
−

=ν  (2.11) 

where: G is the shear modulus and K is the bulk modulus.  The bulk modulus (K) 

is defined as the ratio of the isotropic stress (σο) over the volumetric strain (εV) 

and is represented mathematically by: 

zyx

o

V

o

0

o

V
V

 K
ε+ε+ε

σ
=

ε
σ

=
Δ
σ

=    (2.12) 

The volumetric strain is defined as the change of volume (ΔV) over the initial 

volume (V0) and is taken as the sum of the axial strains in every direction (εV 

= εx+ εy+ εz).  This simplification is only valid for small strains. 
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By using Equation 2.4, that defines the compression wave velocity in 

terms of the constrained Modulus (M), it is possible to substitute M by its 

equivalence based on the Bulk Modulus (K) and Shear Modulus (G) as: 

ρ

+
=

ρ
=

G
3
4KM Vp  (2.13) 

The relationship between VS and G was established in Equation 2.9.  

Thus, substituting Equations 2.9 and 2.13 into Equation 2.11 leads to:  

)2-(1
)-2(1  

V
V

S

p

ν
ν

=  (2.14) 

Equation 2.14 can be used to evaluate Poisson’s ratio (ν) from body wave 

velocities (Vp and VS) as:  
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=ν     (2.15) 

This equation has been a very useful tool in calculating values of Poisson’s ratio 

in this investigation.  Moreover, the relationship between Poisson’s ratio (ν) with 

Vp and Vc as well as with VS and Vc can be established, as expressed by:  

 
)2-)(1(1
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2.3 EXPERIMENTAL METHODS USED IN THE LABORATORY FOR DYNAMIC 

TESTING 

Experimental techniques used for dynamic testing in the laboratory are 

meant to evaluate (some) key dynamic characteristics of the soils that may be 

dynamically loaded at the field site.  Thus, the features of the dynamic problem 

such as strain level, duration, and frequency content have to be approximated as 

much as possible in the laboratory during dynamic testing.  Different scenarios of 

dynamic testing and possible dynamic events in terms of strain level and 

frequency content are presented below. 

Proper accounting for strain levels is very important in determining the 

most reliable and appropriate type of dynamic test that should be performed in the 

laboratory and in the field.  The strain levels and testing techniques are shown in 

Figure 2.3.  This figure illustrates the different test methods and type of analyses 

considered based on the imposed strain levels.  Additionally, this figure suggests 

possible applications and limitations of the different dynamic testing techniques.  

For reference and sensitivity, it is relevant to mention that the typical maximum 

shearing strain (γ) caused by ocean wave loading usually ranges from shearing 

strains (γ) of 1x10-3 to about 3x10-2; in the case of strong earthquakes, this range 

varies from γ = 3x10-2 to about 5x10-1(Anderson, 1974). 
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Figure 2.3 Strain Dependent Soil and Rock Properties, Testing Methods and 
Types of Analysis (from Huerta-Lopez, 2003)  

The requirements in terms of frequency content of the dynamic testing 

equipment are addressed in Figure 2.4 (Santamarina et al., 2001).  This figure 

shows the typical range of frequency for different mechanisms, laboratory, field 

testing and natural events.  In addition, it is important to mention that the average 

loading frequency of the ocean waves in operational or normal conditions at the 

Gulf of Mexico is about 0.083 Hz (Bea et al., 1999).  In the case of earthquakes, 

the dominant frequency usually ranges from 0.2 to 5 Hz (Newmark and 

Rosenblueth, 1971). 

Kolsky (1963) classified the different experimental techniques used to 

investigate the dynamic properties of materials in the laboratory in four 
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categories: (1) free vibrations, (2) resonance methods, (3) wave propagation 

methods, and (4) direct observation (slow cyclic) of stress-strain curves. In this 

study, the investigation of the dynamic properties of granular soil specimens 

covers essentially all of these categories by using in the same soil specimen, the 

combined resonant column and torsional shear equipment (RCTS) with 

piezoelectric transducers.  The RCTS equipment and piezoelectric transducers are 

extensively described in Chapter 3.  The first two categories are covered using the 

torsional resonant column testing (RC); additionally, category 4 is covered using 

torsional shear testing (TS).  Category 3, wave propagation methods, is 

considered through measurements of shear and compression waves by means of 

piezoelectric transducers. 

 

 

Figure 2.4 Frequency Range of the Different Events, Testing Methods and 
Mechanisms (from Santamarina et al., 2001)  
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2.3.1 Resonant Column and Torsional Shear 

The torsional resonant column test device (RC) is used to measure shear 

wave velocities or shear modulus in cylindrical specimens.  Description of the RC 

device used in this study is presented in Chapter 3.  The RC apparatus can be 

designed to generate a wide range of  strain amplitude testing capability. 

If a soil specimen is torsionally vibrated under the boundary conditions: 

fixed at the base and free at the top (fixed-free type), the usual range of shearing 

strains (γ) during testing occurs between 1×10-4 to 0.2% (Ni, 1987); whereas in 

free boundary conditions at the base and top (free-free type) the specimen exhibits 

shearing strains (γ) from 1×10-6 to 0.1% (Menq, 2003).  RC testing can be 

performed in both low-and-high amplitude testing. Low-amplitude testing 

corresponds to the linear strain range, whereas nonlinear strain range is possible 

to be reached during high-amplitude tests.   

Torsional shear testing (TS) consists of applying low frequency cyclic 

loading to the soil specimen with a number of cycles that depends on the duration 

of the event to be reproduced.  Resonant column and torsional shear testing 

(RCTS) can be performed in the same device and, hence, allow testing of the 

specimen at different driving frequencies. 

Figure 2.5 shows the nonlinear modulus reduction curve of shear modulus 

versus shearing strain (G-γ) and the associated nonlinear increase in material 

damping ratio versus shearing strain (DS- γ) for sand specimens using both free-

free and fixed free RCTS tests (Menq, 2003).  Figure 2.5 illustrates the 

capabilities of both the free-free and fixed-free RC devices in terms of shearing 
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strain level. 

 

Figure 2.5 Comparison of the Results of G-γ and DS-γ Using Free-Free and 
Fixed-Free Resonant Column and Torsional Shear Tests in Sand 
Specimens (from Menq, 2003)  

2.3.2 Piezoelectric Transducers Applied to Geotechnical Engineering 

Piezoelectric transducers are used in geotechnical engineering to measure 

body wave velocities.  The introduction of piezoelectric transducers has had a big 
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impact due to the versatility and convenience of these devices.  Among the 

benefits of using piezoelectric transducers for measurement of body wave 

velocities are their small size, the wide availability of their orientation and the 

relatively simple way to measure wave velocities based on direct-arrival-times.  

The small size of the transducers allows them to be embedded into the soil 

specimens used in laboratory.  Specimen diameters usually fall in the range from 

1.4 to 3 in. (3.56 to 7.6 cm) and the specimens typically have a height/diameter 

ratio of about two.  Additionally, the assumption that the surrounding soil remains 

in the elastic range due to the small-strain imposed by these devices is valid. 

A few of the shortcomings of piezoelectric transducers are their fragility, 

high-frequency nature and intolerance to water.  Therefore, care must be taken to 

make the transducers waterproof.  Comprehensive descriptions of the 

piezoelectric transducers used in this study are presented in Chapter 3.  

Early work with piezoelectric transducers applied to soil dynamics dates 

back to the 1960’s (Hamilton, 1963, Lawrence, 1963, Shirley et al. 1973).  

Lawrence (1963) described the apparatus to measure propagation velocities in 

sand, the transducers used were piezoelectric crystals.  Many of these former 

developments occurred at the Applied Research Laboratories of the University of 

Texas at Austin.  These initial measurements using piezoelectric transducers were 

focused on the compression wave velocities (Vp) and had the goal of 

characterizing the sea bottom.  Thus, Hamilton (1963) measured Vp in underwater 

sediments by placing piezoelectric transducer probes on the sea bottom using a 

submarine vehicle called “TRIESTE”.   
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In addition, Shirley et al. (1973) designed a sound speed profilemeter, 

which consisted of an instrumented corer barrel with piezoelectric crystals.  The 

piezoelectric transducers were set up in the corer head as shown in Figure 2.6.  

The type of transducers used by Shirley et al. (1973) were piezoelectric discs as 

illustrated in Figure 2.7.  These piezoelectric discs were made of Channellite 5500 

lead zirconate-titanate and were 0.75 in. (1.9 cm) in diameter.  It is relevant to 

mention that this instrumented corer was intruded into sea bottom and the soil 

profile was defined by measurements of Vp.   

 

Figure 2.6 Piezoelectric Transducers Installed in a Corer (from Shirley, 
Anderson and Hampton, 1973)  
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Piezoelectric 
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Figure 2.7 Piezoelectric Transducers Used in the Profilometer Desgined to 
Measure Vp (from Shirley and Anderson, 1974) 

Posterior measurements performed in these underwater sediments 

included measurements of shear wave velocity (VS).  The transducers designed 

and used for VS measurements were bender elements (Shirley and Anderson, 

1975, and Shirley and Hampton, 1978).  Shirley and Anderson (1975) specifically 

developed the bender elements, also called bimorphs, to measure VS and shear 

attenuation in sediments.  Figure 2.8 shows the bimorph transducers developed 

originally by Shirley and Anderson (1975).  A shear-wave signal, that was 
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obtained using these bender elements, is illustrated in Figure 2.9. 

 

Figure 2.8 Bender Elements or Bimorphs Transducers to Measure Vs (from 
Shirley and Anderson, 1975) 

 

Figure 2.9 Shear Wave Signal on Lucite Rod Using Bimorph Transducers (from 
Shirley and Anderson, 1975) 

Strassburger (1982) developed piezoelectric transducers at UT to measure 

VS and VP in sand.  The transducers were piezoelectric compression crystals, 



 25 

piezoelectric shear crystals and piezoelectric benders.  The transducers were 

installed in a test cell, which was filled with soil.  The test cell was an aluminum 

cylinder that  was 11 in. (28 cm) in height, 8.28 in. (21 cm) in diameter and 3/16 

in. (0.48 cm) in thickness.  The loading system inside the cell consisted of a 

bladder filled with dearied water.  Figure 2.10 illustrates the test cell and the 

general arrangement of the piezoelectric transducers.  Also, strain gauges were 

attached to the outside of the cylinder to measure the hoop stresses.  

Descriptions of the installation of piezoelectric transducers in different 

laboratory geotechnical testing devices such as the resonant column device, the 

oedometer, and the triaxial cell were presented by several authors as follows.  

Bender elements (BE) were set up in a Drnevich Resonant Column (RC) at the 

Norwegian Geotechnical Institute (NGI) and measurements of the small-strain or 

maximum shear modulus (Gmax) were obtained for clay specimens using both 

systems RC and BE (Dyvik and Madush, 1985).  Comparison of Gmax for five 

clay specimens, measured with both RC and BE systems, is presented in Figure 

2.11 (Dyvik and Madush, 1985).  It is important to mention that the clayey 

specimens tested were subjected to confining pressures above and below the 

estimated in situ stresses. 
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Figure 2.10 Test Cell Instrumented with Piezoelectric Transducers (from 
Strassburger, 1982) 

According to Figure 2.11, the values of Gmax measured using BEs were 

slightly larger than the Gmax measured using the RC device in the range of values 

of Gmax from 0 to about 60 MPa (1270 ksf).  Conversely, the values of Gmax 

measured using the RC device were slightly greater than the Gmax determined 

using the BE transducers in the range of values of Gmax from 90 (1905 ksf) to 
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about 130 MPa (2752 ksf).  

In addition, oedometers had been instrumented with bender elements (BE) 

(Dyvik and Olsen, 1987; Fam and Santamarina, 1997).  Therefore, the increment 

in the capabilities of an instrumented oedometer permitted the authors to monitor 

the stiffness of the soil specimens, from VS measurements, at different stages of 

consolidation and loading.  Figure 2.12 shows the general set-up of the BEs 

attached to the oedometer 

 

Figure 2.11 Comparison of the Small-strain Shear Modulus Measured Using 
Resonant Column and Piezoceramic Bender Elements (from Dyvik 
and Madshus, 1985) 
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Figure 2.12 Oedemeter Adapted with Bender Elements Installed (from Dyvik and 
Madshus, 1985) 

Finally, several researchers have adapted piezoelectric transducers to 

triaxial cells to monitor the variation in stiffness under different conditions of 

confining stress applied or deviator stress. 

De Alba et al. (1991) developed an instrumented cyclic triaxial chamber 

with piezoelectric transducers.  Bender elements (BE) were selected to measure 

shear wave velocities, while piezoelectric discs (PD) were used to measure the 

compression wave velocities, as shown in Figure 2.13.  The main objective of the 

cyclic triaxial instrumented with piezoelectric transducers was to correlate the 

liquefaction resistance of sand with shear wave velocity in Monterey 0 sand 

specimens. 
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Figure 2.13 Piezoelectric Transducers Used to instrument the Pedestal of a Cyclic 
Triaxial Chamber (from De Alba et al., 1991) 

Similarly, Brignoli et al (1996) added piezoelectric discs as compression 

wave transducers and two types of shear wave transducers (BE and shear plates) 

to a triaxial chamber.  The authors presented different types of shear wave arrivals 

and provide guidelines to selecting arrival time depending on the commonly 

produced type of signals.  Figure 2.14 shows the six different arrival waveforms 

obtained by BE and shear-plate transducers, as well as the suggested selection of 

the arrival time for every case.  It is observed that sometimes it is difficult to 

receive a clear S-wave arrival.  Possible situations are that the first arrival of 

energy does not correspond to the right polarity for the impact or that the 

amplitude of the first arrival is not associated with the largest in the received 

waveform. 

Also, parallel measurements of VS using resonant column, BE, and shear-
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plate transducers were performed over varying confining pressures (Brignoli 

et.al., 1996).  Figure 2.15 presents this comparison and clearly shows that the 

largest values of VS are measured using BEs, followed by VS values measured 

with shear-plate and, finally, the lowest values of VS corresponding to those 

determined with RC device.  The soil specimen for these comparisons was Ticino 

sand. 

 

Figure 2.14 Typical Shear Waves Measured with Bender Elements and Shear 
Plates and Suggestions of the Identification of the First Arrival (from 
Brignoli et al., 1996) 
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Jovicic and Coop (1998) used a triaxial chamber with BEs attached to the 

specimen membrane in order to determine the effect of anisotropy on Gmax in clay 

specimens.  In the same context, Fioravante (2000) installed BE and PD 

transducers in the base pedestal and top cap of a triaxial chamber.  This 

arrangement of transducers allows measurement of body waves in the typical 

vertical direction.  However, BEs were also set up around the sides of the 

specimen in order to measure polarized shear and compression waves in 

horizontal and oblique directions.  The main goal was to evaluate the effect of the 

anisotropy on the modulus (Mmax and Gmax) of two types of granular soils (Ticino 

and Kenya sands).   

Figure 2.16 illustrates the arrangement of piezoelectric transducers 

according to the desired polarized direction.  It is interesting to observe, the 

horizontal and oblique measurements of VS were carried out by the “Friction BE”.  

These transducers consisted of a plate in contact with the soil specimen and the 

BE is attached perpendicular to the plate which create frictional shear motion. 

Conversely,  compression waves were created by the BE called “Pulsate Bender” 

elements, since these transducers are attached parallel or tangent to the plate and 

basically beat the soil specimen in a compression manner. 
The experimental results of Fiovarante are expressed in terms of log Vp-

log 0
'σ  and log VS-log 0

'σ  relationships.  The range of isotropic confining 

pressure applied to Ticino Sand specimens was 3.6, 7.2, 14.4, 28.8 and 58 psi (25, 

50, 100, 200 and 400 kPa).  The horizontal Vs and Vp were faster than the 

velocities measured in the vertical direction.  The ratio of P-wave velocities 

(measured in horizontal over vertical directions) is Vp,H/Vp,V = 1.15 and the ratio 
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of the shear wave velocities expressed in similar way is VS,H/ VS,V = 1.05. 

 

Figure 2.15 Comparison of Variations of the Vs with Confining Pressure 
Measured Using RC, Shear Plates and BE (from Brignoli et al., 1994) 

 

Figure 2.16 Arrangement of Piezoelectric Transducers to Measure Polarized Body 
Waves at Different Orientations (from Fioravante, 2000) 
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2.4 SATURATION CRITERIA USED IN TESTING OF SOILS 

The B value is typically used in geotechnical laboratory testing to ensure 

proper saturation of soil specimens.  In this section, B value is defined, 

Skempton’s theory for pore water pressure coefficients is presented and the 

relationship between B values and degree of saturation (Sr) is examined. 

2.4.1 Pore Water Pressure Coefficients 

The theory of the pore water pressure coefficients A and B were 

developed by Skempton (1954) to establish the relationship between increments 

of pore water pressure (Δu) in soils and increments in major (Δσ1) and minor 

(Δσ3) principal stresses.  The relationship in axi-symmetric conditions (like a 

traditional triaxial cell) between excess pore water pressure (Δu) and the 

increment in principal stresses is defined by: 

( )[ ]313 ABu σΔ−σΔ+σΔ=Δ     (2.18) 

where A and B are the pore water pressure coefficients as discussed below.  The 

A and B parameters are determined experimentally in laboratory testing under 

undrained conditions. The level of increments on the principal stresses is chosen 

according to the type of problem to be considered.  As observed in Equation 2.18, 

the coefficient B is related only to the confining stress (Δσ3), while coefficient A 

modifies the deviator stress applied during testing.  In the scope of this study only 

the B coefficient is considered since no deviator stress is applied.  Thus, the B 

value is defined by Skempton (1954) as: 
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where: Δu is the increment in pore water pressure, 

Δσ3 is the increment in the confining (cell) pressure, 

n is the porosity of the soil, 

CW is the compressibility of water, and 

CS is the compressibility of the soil skeleton. 

2.4.2 Relationship between B Value and Degree of Saturation (Sr) 

The primary and most widely use of the B value in geotechnical 

engineering practice has been to estimate the degree of saturation of a soil 

specimen.  If a soil specimen is saturated (Sr=100%), the compression stiffness of 

the material skeleton (CS) is quite small compared to the compression stiffness of 

the water in the voids (CW).  Therefore, the values of B are close to 1 as can be 

seen.  Also, typical B values for different soil categories at different degrees of 

saturation are presented in Table 2.1 (Black and Lee, 1973).   

In addition, Figures 2.17 and 2.18 illustrate typical relationships between 

degree of saturation and B value.  However, it is important to point out that values 

of B for stiff and very stiff soil as seen in Table 2.1 were 0.91 or less (Wissa, 

1969).  Black and Lee (1973) performed measurements of the degree of saturation 

by means of B values in Ottawa sand specimens and found very low values 

(B<0.1) for degrees of saturation even close to 90%. 
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Table 2.1 B Values for Different Degrees of Saturation (Sr) (from Black and Lee, 
1973) 

Degree of Saturation (Sr) B values for 
Soil Categories 100% 99.5% 99.0% 

Soft 

NC clays 
0.9998 0.992 0.986 

Medium 

Compacted Clays 
0.9988 0.963 0.930 

Stiff 

clays and sands 
0.9877 0.69 0.51 

Very Stiff 

Dense sand 
0.913 0.20 0.10 

 

 

Figure 2.17 Degree of Saturation Related to B Value (from Head, 1986) 
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Figure 2.18 Degree of Saturation Related to B Value (from Black and Lee, 1973) 

2.5 CHARACTERISTICS OF SOIL AND WAVE PROPAGATION 

In this section, a discussion of the relationships between wave propagation 

velocities and soil characteristics, specifically degree of saturation and effective 

stress, are presented.  It is important to point out that these relations have been 

established experimentally in the linear range of strains.  The linear range of 

strains is defined as the zone of deformation where the dynamic properties of the 

soil are constant and independent of strain amplitude.  The linear range of 

deformations is also typically called small-strain or low-amplitude deformations.  

In the case of shearing strains (γ), the linear range generally corresponds to the 

values less than 10-3 % (γ <10-3 %). 
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2.5.1 Wave Velocity and Degree of Saturation  

It has been shown experimentally that constrained compression wave 

velocities (Vp) are very sensitive to the degree of saturation when it increases 

from about 99 to 100%.  This effect is shown in Figure 2.19 for Ottawa silica sand 

(Allen et al., 1980).  In this case, Vp increases from a low value, which is in the 

range of 1200 to 1700 fps (366 to 518 m/s) to 5000 fps (1524 m/s) as the degree 

of saturation increases from 99.4 to 100%.  Thus, it is clearly observed that the 

measurement of Vp can be very useful in determining if a soil specimen is nearly 

or completely saturated.  

 

Figure 2.19 Fluid Wave Velocity-Degree of Saturation-Void Ratio Relationships 
for Sands (from Allen et al., 1980) 
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In contrast, it has been observed that the shear wave velocity (VS) of soils 

is nearly unaffected by the presence of fluids (water, air, etc) in the soil pores 

(Richart et al., 1970).  In fact, the shear wave velocity depends primarily on the 

shear stiffness of the soil skeleton.  The influence of the degree of saturation on 

shear wave velocity comes mainly from the impact it has on the effective stress; 

since shear stiffness increases as effective stress increases.  This overall result is 

shown in Figure 2.20, where the degree of saturation has very little effect on the 

shear wave velocity of sands (Richart et al., 1970).  In this case, no significant 

capillary stress is assumed to have developed in the coarse sand. 

 

Figure 2.20 Variation of the Shear Wave Velocity with the Degree of Saturation 
(from Richart et al., 1970) 

Ishihara et al. (1998) established the relationship between body wave 

velocities (Vp and VS) and B value as: 
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where: G0 is the small-strain shear modulus, n is the porosity, and Cl is the 

compressibility of water.  Also, Ishihara et al. (1998) measured B values and body 
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waves velocities using an instrumented triaxial chamber with accelerometers.  

Soil specimens were formed with Toyoura sand by the air pluviation technique.  

Figure 2.21 shows the variation of body wave velocities, Vp and VS, with B value.  

It is observed that Vp was reduced from 1600 m/s to 400 m/s when the B value 

varied from 1 (saturated) to 0 (dry).  The results of Ishihara’s model that predict 

Vp is also shown in Figure 2.21, where Kb is the bulk modulus of the soil skeleton 

(obtained from Poisson’s ratio and VS at dry or nearly dry conditions), Ks is the 

bulk modulus of the soil particles, and K is the bulk modulus of the soil. 

 

Figure 2.21 Relationships between Body Wave Velocities and B Values for 
Toyoura Sand (from Ishihara et al., 1998) 
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2.5.2 Wave Velocity and Effective Stress 

The relationships between small-strain compression and shear wave 

velocities of the soil and isotropic effective stress were historically established 

using different experimental techniques.  The variations of small-strain Vp and VS 

with isotropic confining pressure in Ottawa sand, crushed sand, and crushed 

quartz silt was measured in longitudinal and torsional resonant column devices by 

Hardin and Richart (1963).  Zeevaert (1967) using a torsion pendulum measured 

the variation of VS with the isotropic confining pressure in Ottawa sand as shown 

in Figure 2.22. 

 

 

Figure 2.22 Comparison of the Variation of the Shear Wave Velocity with 
Isotropic Confining Pressure in Dry Ottawa Sand (from Zeevaert, 
1967) 
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Equations 2.21 and 2.22 represent empirically the phenomenological 

behavior of the body wave velocities varying with the effective isotropic 

confinement pressure.  These relationships follow a power law (Stokoe et al., 

1994): 
m

p CV 0
'

1σ=     (2.21) 
n
0

'
2S CV σ=     (2.22) 

where: 0
'σ  is the effective isotropic confinement pressure, 

 C1 is the material constant in compression, 

 C2 is the material constant in shear, 

m is the slope of log Vp-log 0
'σ  relationship obtained experimentally, and 

n is the slope of log VS-log 0
'σ  relationship obtained experimentally. 

The log VS–log 0
'σ  empirical relationship presented by Hardin and 

Drnevich (1972) and subsequently modified by Hardin (1978) is: 
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=     (2.23) 

where: A is a constant with the same units as Gmax,  

 F(e) is a void ratio term F(e) = 0.3 + 0.7 e2,  

 e is the void ratio,  

 OCR is the overconsolidation ratio,  

 k is a dimensionless exponent that is function of the plasticity index (PI) 

as shown in Table 2.2,  

 σ0′ is the mean effective stress,   

 Pa is atmospheric pressure with the same units as 0
'σ , and 
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 n is a dimensionless exponent that has a value around 0.25 (this value is 

often slightly smaller for clean sands and slightly larger for clays).   

 It is observed from Table 2.2 that PI = 0 implies k = 0.  Thus, for granular 

soils, which is the soil tested in this investigation, the OCR term disappears from 

Equation 2.23. 

Table 2.2 Values of the k Factor Used in Hardin’s Equation, 1972 

PI (%) k 
0 0 
20 0.18 
40 0.30 
60 0.41 
80 0.48 

≥ 100 0.50 

 

More detailed experimental studies based on biaxial and triaxial confining 

pressures (Roesler, 1979, Lee, 1993, Stokoe et al., 1994) showed that the body 

wave velocities depend on the principal stresses in the direction of wave 

propagation; therefore, the mathematical representation for Vp is (Stokoe et al, 

1994): 
ma

ap CV '
1σ=     (2.24) 

where: C1 material constant in compression, 

 σa′ is the effective principal stress in the direction of the wave 

propagation, and 

 ma is the slope of the log Vp-log 0
'σ  relationship.  
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On the other hand, the equation which defines VS in terms of the state of 

stresses is different from Equation 2.24 for Vp, since S-wave propagation under 

biaxial confinement is composed of two stress terms as shown in Equation 2.25: 

(Roesler 1979, Stokoe et al, 1994)   
nb'
b

ma'
a2S CV σσ=    (2.25) 

where: C2 material constant in shear, 

 σa′ is the effective principal stress in the direction of wave propagation,  

 σb′ is the effective principal stress in the direction of particle motion, 

 ma is the slope of the log VS-log σ’a relation, and 

 nb is the slope of the log VS-log σ’b relation. 

It should be noted that Equations 2.24 and 2.25 apply to body waves polarized 

along principal stress directions. 

Figure 2.23 shows the variation of VS and Vp under isotropic confining 

pressures. These results are in good agreement with previous experiments.  The 

compression wave velocity in the horizontal directions, Vxx and Vyy, were very 

close and greater than the compression wave velocity in the vertical direction 

(Vzz).  Additionally, the shear wave velocity Vxy (also called an SH-wave) was 

greater than the shear wave velocities in the other planes, Vyz and Vzx.  These 

differences under isotropic confinement were attributed to structural anisotropy. 

Furthermore, Figure 2.24 addresses the results of the biaxial confinement with 

changes in principal normal stress in the vertical direction.  Thus, the principal 

stresses in the X and Y directions were maintained at a constant value of 83 kPa 

(12.2 psi) until the test was completed.  In contrast, the principal stress in vertical 
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direction (Z) was varied from 41 to 145 kPa (6 to 21.3 psi).  It is observed that Vp 

depends only on the effective stress and the variation of Vp occurs exclusively in 

the vertical direction.  In contrast, Vp was insensitive to and constant in the 

horizontal direction.  In the case of the VS, the variation occurs when the particle 

motion or propagation direction was in the vertical direction. 

 

 

 

Figure 2.23 Variation of the Vp and VS Along the Three Principal Stress 
Directions Under Isotropic Loading (from Stokoe et al., 1994) 
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Figure 2.24 Variation of the Vp and VS Along the Three Principal Stress 
Directions Under Biaxial Loading with the Variation in σ in the 
Vertical Direction (from Stokoe et al., 1994) 

2.6 NONLINEAR DYNAMIC PROPERTIES OF SOILS 

Two types of models to represent nonlinear stress-strain behavior of soils 

have been used in soil dynamics: (1) the hyperbolic or exponential model and (2) 

the Ramberg-Osgood model (Ramberg and Osgood, 1943, Chen and Stokoe, 

1979, Ishihara, 1996 and Darendeli, 2001).  In this section, two modified 

hyperbolic models are presented; the widely used model suggested by Hardin and 

Drnevich (1972), and a more recent modified hyperbolic model proposed by 

Darendeli (2001).  In addition, the Ramberg and Osgood model is presented as the 
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application of the model to geotechnical materials (Ramberg and Osgood, 1943, 

Anderson, 1974, Ni, 1987).  In this section, the application of the models to fitting 

experimental normalized shear modulus reduction curves (G/Gmax-log γ) of soil 

specimens is illustrated. 

2.6.1 Hyperbolic Models 

The hyperbolic model suggested by Hardin and Drnevich (1972) is 

expressed mathematically by: 

r

max 1

1
G

G

γ
γ

+
=     (2.26) 

where: G is the shear modulus, 

γ is the shearing strain, 

max

max
r G

τ
=γ is the reference shearing strain,  

 τmax is the maximum shear stress, and 

 Gmax is the small-strain shear modulus. 

 Darendeli (2001) modified Hardin and Drnevich’s equation as: 
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where: rγ  is the reference shearing strain (however, in this case it is defined as γ at 

G/Gmax equal to 0.5), and 

a is the curvature coefficient. 

If the reference shearing strain (γr) increases the normalized shear modulus 

reduction curve (G/Gmax) extends its linear range to higher shearing strains (γ).  
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On the other hand, the effect of the variation of the curvature coefficient “a” in 

Equation 2.27 is illustrated in Figure 2.25.  It is observed that the only point of the 

G/Gmax curve insensitive  to the variation of “a” corresponds to Darandeli’s 

reference shearing strain (γ=γr).  In addition, the curvature coefficient “a” affects 

the G/Gmax curve in an opposite manner at strains below the γr compared to strains 

above γr as shown in Figure 2.25.  Thus, if the curvature coefficient increases, the 

curve G/Gmax exhibits a more linear behavior in the range of shearing strains 

lower than the reference strain (γ<γr).  As the “a” coefficient increases, the G/Gmax 

curve shows a faster decrement in the range of strain greater than the reference 

strain (γ>γr).   

 

Figure 2.25 Effect of Variation of the Curvature Coefficient “a” in the 
Normalized Shear Modulus Reduction Curve (from Darendeli, 2001) 

The application of the hyperbolic model modified by Darendeli (2001) to 

represent the normalized shear modulus reduction curve (G/Gmax-log γ) of an 

offshore clay specimen is presented in Figure 2.26 (Valle and Stokoe, 2003).  The 
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experimental data was measured using high-amplitude resonant column (RC) 

testing.  The clay specimen was tested in the intact condition (open squares) and 

in the remolded condition (open circles).   
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Figure 2.26 Comparison of the Normalized Shear Modulus Reduction Curves 
Using Modified Hyperbolic Model by Darendeli and the Vucetic and 
Dobry (1991) Curve for PI=30% in Offshore Cohesive Specimens 
(from Valle and Stokoe, 2003) 
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As shown in Figure 2.26, one fitting curve matches very well the 

experimental data in both conditions.  The fitting curve was obtained using the 

parameters a=0.92 and γr=0.1%.  Additionally, Figure 2.26 shows the nonlinear 

curve for the normalized shear modulus suggested by Vucetic and Dobry (1991) 

for cohesive soils with plasticity index (PI) equal to 30%.  This curve was 

selected since the tested clay specimen had a PI=25%.  The overall observations 

shows excellent agreement among the experimental data, the modified hyperbolic 

model by Darendeli (2001) and the suggested degradation curve for PI=30% by 

Vucetic and Dobry (1991). 

2.6.2 Ramberg and Osgood Model  

The Ramberg and Osgood (1943) model was originally developed to 

describe stress-strain relationships of metals such as: aluminum alloy and 

chromium nickel steels.  The Ramberg-Osgood model is presented as: 
1n

1

1
' m

)m1(n1
E
E −σ

−
+=     (2.28) 

where: E is the Young’s modulus, 

E’ is the tangent Young’s modulus, 

σ is the stress ratio defined as 
1s
s

=σ , 

s is the axial stress, 

s1 is the yield axial stress, 

m1 is a constant that varies from 0 to 1, and 

n is the shape parameter. 

The application of this model to geotechnical engineering is presented in 
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Equation 2.29.  This model is shown in terms of the normalized shear modulus 

(Anderson, 1974, Ni, 1987) as follows:   
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where: α is the shape factor that is suggested equal to 1, 

τ is the shear stress, 

τy is the yielding shear stress, and 

R is the correlation number for Ramberg-Osgood curve. 

Anderson (1974) applied this model to adjust the results in the nonlinear 

range of cohesive soil specimens as shown in Figure 2.27.  The values of the input 

parameters used by Anderson (1974) in the Ramberg and Osgood model were: 

R=3, α=1, and τy = 0.4 τmax.  The application of the modified hyperbolic model 

developed by Hardin and Drnevich (1972) is also presented in this figure. 

 



 51 

 

Figure 2.27 Comparison of the Ramberg and Osgood Model with the Modified 
Hyperbolic Model by Hardin and Drnevich in Cohesive Soil 
Specimens (from Anderson, 1974) 

2.7 SUMMARY 

Stress body waves occur in the interior of a medium and can be very 

useful in determining the elastic properties of soil in the laboratory, since body 
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waves are related to the elastic constants.  Experimental measurements of the 

body waves in dynamic laboratories can be divided in four categories: free 

vibrations, resonance methods, wave propagation methods, and stress-strain 

curves (Kolsky, 1963).  In this study, resonant column (RC) and torsional shear 

(TS) testing combined with piezoelectric transducers was the equipment used.  

These measurements basically fulfill all four categories of tests 

Piezoelectric transducers have been applied in soil dynamic measurements 

since 1960’s, especially in underwater sediments.  Bender elements or bimorphs 

were developed by Shirley and Anderson (1975) to measure Vs in sediments at 

the Applied Research Laboratories of the University of Texas at Austin.  Since 

that time, several studies have involved the combination of piezoelectric 

transducers with other laboratory system such as the resonant column device, the 

oedometers, and the traditional triaxial test.  The combination of the 

measurements by adding piezoelectric transducers to these tests have been 

possible due to their particular features such small size and versatility of 

orientation of the piezoelectric transducers. 

In traditional geotechnical engineering testing, to determine if a soil 

specimen is fully saturated, the degree of saturation of the soil is related to B 

values (Δu/Δσ3) measured before shear testing.  The pore water pressure 

coefficient B (Skempton, 1948) is close to unity when a soil specimen is fully 

saturated.  In addition, the B values are closely related to the compression wave 

velocity (Vp).  The compression wave velocity (Vp) is very sensitive to the degree 

of saturation.  For a fully saturated soil, Vp is approximately 5000 fps (1524 m/s) 



 53 

or slightly greater.   

Empirical equations to relate body wave velocities with isotropic confining 

pressure have been developed in isotropic and anisotropic conditions in terms of 

power law equations.  Some commonly used equations are discussed in this 

chapter.  The typical models used to represent the non-linear G/Gmax–log γ curves 

are the hyperbolic and the Ramberg-Osgood models.  These equations are also 

discussed in this chapter. 

. 
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Chapter 3  

Laboratory Testing Techniques 

3.1 INTRODUCTION 

One of the goals of this research is to perform measurements of the 

dynamic properties of cylindrical sand specimens in the laboratory by means of 

piezoelectric transducers, and combined resonant column and torsional shear 

(RCTS) tests.  Therefore, bender elements (BE) and piezoelectric discs (PD) were 

installed in the top caps and pedestals of a triaxial chamber and of a RCTS device.  

The description, development, and process of installation of these piezoelectric 

transducers are discussed in detailed in Section 3.2. 

The development of the Instrumented Triaxial Chamber (ITC) was an 

important stage of this investigation so that the performance of the piezoelectric 

transducers could be studied by testing dry, partially saturated, and saturated sand 

specimens.  The description of the ITC equipment and the instrumentation 

required to perform seismic measurements are presented in Section 3.3. 

One clear advantage of adapting BE transducers into the RCTS device is 

the versatility and redundancy in measuring shear wave velocities, VS, in soil 

specimens using the following three techniques: (1) wave propagation or pulse 

testing by BE measurements, (2) resonant method by torsional RC tests and (3) 

direct observation of stress-strain loops by TS tests.  The difference in the nature 

and characteristics of each measurement type creates an interesting framework in 
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which the results can be compared. 

Finally, measurements of the small-strain shear wave velocity, VS, using 

bender elements (BE) can also be performed while simultaneously applying slow 

cyclic loading of the granular specimens in the torsional shear (TS) test.  The 

opportunity to measure VS with BE and TS simultaneously is feasible by taking 

advantage of the wide difference in frequencies generated in each test method.  It 

is important to point out that TS testing allows measurements of the stiffness and 

material damping of the soil specimens covering the linear and nonlinear range in 

terms of shearing strains.  By independently measuring the shear wave velocity 

using BE transducers during TS testing, the opportunity arises to study the impact 

on small-strain stiffness of larger strains imposed during TS testing. 

3.2 BENDER ELEMENTS AND PIEZOELECTRIC DISCS USED IN THIS STUDY 

The main interest of geotechnical engineers in piezoelectric materials is 

based on their capability to work as transducers.  In addition, these type of 

materials, as mentioned in Chapter 2, can be used in nondestructive testing to 

characterize soil and rock.  Piezoelectricity is a property of certain materials that 

convert electrical energy into mechanical energy and vice versa. Several materials 

have the property of piezoelectricity (Shirley and Hampton, 1978, Krautkramer, 

1983, Strassburger, 1982) such as: lead zirconate-titanate (PZT), barium titanate 

(BaTiO3), lead metaniobate (PbNb2O6), lithium sulphate (LiSO4), quartz (SiO2), 

and lithium niobate (LiNb3).  The piezoelectric transducers used in this 

investigation were bender elements (BE) and piezoelectric discs (PD), and in the 

context of this study they are made of lead zirconate titanate (PZT-5A). 
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3.2.1 Piezoelectric Materials 

Piezoelectric materials are capable of performing as transducers once the 

electrodes are attached to them and electrical or mechanical energy is applied 

through them.  Voltage applied across the electrodes produces an electrical field.  

The magnitude of the electrical field is directly proportional to the amount of 

motion generated by this type of transducer. 

The materials that exhibit piezoelectric properties are dielectric crystals 

which have a lattice structure at the micro scale (Hixson, 2003).  Crystalline 

materials are anisotropic and the type of stresses induced by the crystal when 

voltage is applied depends on the symmetry that exists in the structure of the 

crystal (Mason, 1950).  Therefore, displacements of the piezoelectric transducers 

are directly related to the orientation of the structure of the crystal and the applied 

electric field.  In order to reference the direction of the piezoelectric effects 

(displacements or output voltages), a standard coordinate system is used.  This 

coordinate system is presented in Figure 3.1.  In Figure 3.1, the translational axes 

are identified with the numbers 1, 2, and 3, while the rotational axes correspond to 

the numbers 4, 5, and 6 and are considered counterclockwise around axes 1, 2, 

and 3, respectively.  
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Figure 3.1 Standard Coordinate System Used in Describing Piezoelectric 
Transducer Responses  

Characterization of the different piezoelectric materials can be established 

based on their intrinsic features such as dielectric constants, piezoelectric 

constants, elastic constants, electromechanical coupling factors, and Curie point 

being among the most important (Mason, 1950).  Dielectric materials can 

maintain an electrical field with low power dissipation.  They are poor conductors 

of electricity but efficient supporters of electrostatic fields.  The dielectric 

constant is the ratio of the extent of charge stored when the material is placed 

between two electrodes to the amount of charge stored when vacuum is between 

the electrodes (Van Vlack, 1959). 

The piezoelectric constants are defined as: d, constant that measures the 

strain in a free crystal for a given electrical field, e defines the stress induced by a 

given electrical field when the crystal is clamped, g is the open circuit voltage for 

a given stress, and h is the open circuit voltage for a given strain. 

Piezoelectric crystals can be used as motor generators.  Therefore, the 
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features previously mentioned vary depending on the type of support provided to 

the crystal.  In other words, these characteristics vary depending on whether the 

crystal is free or clamped.  Electromechanical coupling factors define the 

difference between free and clamped constants of a crystal. 

The Curie point is the temperature at which the polarization of the crystal 

is modified and losses its piezoelectric effect since the polarization arrangement 

becomes random.  Table 3.1 summarizes some of the relevant constants for lead 

zirconate titanate PZT-5A, the material used in this study (Hixson, 2003). 

3.2.2 Characteristics of Bender Elements and Piezoelectric Discs 

3.2.2.1 Bender Elements 

The bender elements (VS transducers) and piezoelectric discs (Vp 

transducers) used in this investigation are produced by Morgan Electro Ceramics 

in Bedford, Ohio. The bender transducers (BE), which are also commonly called 

bimorphs, are 12 mm in height, 8 mm in width and have a thickness of 0.6 mm, 

while piezoelectric discs (PD) have a diameter of 8 mm and a thickness of 2 mm.  

Each one of these transducers is shown in Figure 3.2.  One BE can be used as a 

source and the other as a receiver.  This general arrangement also applies to the 

PDs.  It is important to note that each BE or PD could be source or receiver 

without adding any special features. 
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Table 3.1 Characteristics and Constants of Lead Zirconate Titanate (PZT-5A) 

Properties to characterize Values
piezoelectric material SI (English Units)

1700
(NA)*(4)

400
(NA)
-225
(NA)
25.8
(NA)
-11.9
(NA)
0.49
(NA)
-0.35
(NA)
0.71
(NA)
2259

(7411.4)
4349

(14268.4)
7756

(484.0)
365

(657.0)

Density, kg/m3, (pcf)

Curie point, °C, (°F)

Lateral coupling factor (k31 )*(3)

Longitudinal coupling factor (k33 )*(3)

Shear Wave Velocity Vs, m/s, (fps)

Compression Wave Velocity Vp, m/s, (fps)

Piezoelectric constant d 31 (10-12m/V)*(2) 

Piezoelectric constant g 33 (10-3m/V)*(2) 

Piezoelectric constant g 31 (10-3m/V)*(2) 

Thickness coupling factor (kt )*(3)

Dielectric constant (ε33/ε0)
*(1 and 2)

Piezoelectric constant d 33 (10-12m/V)*(2) 

 

*Notes: 
1.  ε0 is the dielectric constant of free space = 8.85 x10-12 farads/meter 
2.  The subscripts of the dielectric constant, piezoelectric constants and coupling 

coefficients are related to the direction of the electromechanical action according to 
Figure 3.1. For instance, d31 is the electrical field applied in direction 1 related to the 
translational motion in direction 3  

3. 11
33

33
33t s

c4
dk

ε
π

= ,
11

33
3131 s

4
/dk

π
ε

=  ,
33

33
3333 s

4
/dk

π
ε

=   

where d is the piezoelectric constant, c is the effective elastic constant, ε is the 
dielectric constant and s is the elastic compliance. It is important to mention that the 
elastic compliance (s = strain/stress) is at a constant electric field. The effective 
elastic constant is the inverse of the elastic compliance (c = stress/strain). 

4. NA (Not Applicable) 
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Figure 3.2 Bender Element and Piezoelectric Disc Used in This Study  

Bender elements or bimorphs are devices that consist of two piezoelectric 

ceramic elements attached to an intermediate conductive shim with two metallic 

electrodes, one on each side of the complete ceramic unit.  This configuration is 

shown in Figure 3.3a.  The usual capacitance of these BEs is about 5.5 ×10-9 

farads.  Bender elements consist of two ceramic plates with opposite or equal 

polarity depending on the type of connection used.  Thus, BEs with opposite 

polarity are connected in series, while those with the same polarity are connected 

in parallel, as shown in Figure 3.4.  The connection in series (Figure 3.4a) means 

that the main lead of the coaxial cable is welded to one of the electrodes and the 

shielding part of the cable (ground) is welded to the other electrode.  Thus, when 

voltage is applied across the electrodes of the bender element, one of the ceramic 

plates elongates while the other shortens and the whole bender curves, as 

illustrated in Figure 3.3 c. 
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Figure 3.3 Bender Elements: (a) Structure, (b) Set-up, and (c) Performance 

If one end of the bender is fixed, the other end will move transversally and 

create shear waves (VS) propagating away from the moving end, as shown in 

Figure 3.3c.   

As mentioned above, BE transducers can also have a parallel connection 

as is presented in Figure 3.4b.  In this case, the two piezoelectric ceramic 

elements of the BE have the same polarity and should have access to the 
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intermediate conductive shim between the ceramics.  Figure 3.5 shows two 

parallel BE transducers, with special attention given to the area used to access the 

intermediate shim.  These parallel BEs are 15 mm in height, 6 mm in width and 

have a thickness of 0.6 mm.  The usual capacitance of these parallel BE is about 5 

×10-9 farads.  The connection in parallel means that the main lead of the coaxial 

cable is welded to the central shim and the shielding part of the cable is welded to 

both electrodes as presented in Figure 3.4b.  
 

 

Figure 3.4 Different Types of Connections of Bender Elements   

The main benefit of using a parallel connected BE is that this transducer 

creates motion more efficiently in comparison to a series connected BE.  The 
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force (f) created by the BE is directly proportional to the electrical field (ε), f α ε, 

and the electrical field is the ratio of voltage (V) to distance traveled by the 

electrical field, in this case the thickness of the ceramic (e).  Therefore, it can be 

observed that the electrical field produced by the voltage in a series connection (ε 

= V/2e) is half of the electrical field produced by the same voltage in a parallel 

connection (ε = V/e).  In other words, a parallel-connected BE is a better source 

transducer than a series-connected BE since it produces the same motion with half 

of the voltage.  In this study, only series BE were used to perform the 

measurements of VS. 

 

Parallel Bender Elements

15 mm

6 mm

Access to
Intermediate 
Shim

Parallel Bender Elements

15 mm

6 mm

Access to
Intermediate 
Shim

 

Figure 3.5 Bender Elements with Parallel Configuration   
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3.2.2.2 Piezoelectric Discs 

Piezoelectric discs (PD) consist of a disc with conductive layers at the top 

and bottom surfaces (Figure 3.6a).  The usual capacitance of these PD is about 6.5 

×10-12 farads.  The discs expand and contract longitudinally when voltage is 

applied and have only one polarity since there is only one way to connect the 

transducer; that is, in a similar fashion as the BE in series as shown in Figure 

3.6b.  The longitudinal movement of the piezoelectric discs creates predominantly 

compression waves (Vp) as illustrated in Figure 3.6 c. 

 

 

Figure 3.6 Piezoelectric Disc: (a) Structure, (b) Set-up, and (c) Performance 

3.2.3 Installation of Bender Elements and Piezoelectric Discs  

Electrical insulation and waterproofing are crucial factors in the 
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performance of the bender elements and piezoelectric discs.  The electrical 

insulation and waterproofing are provided by application of a polyurethane 

coating.  The coating used was M-coat, type A.  This coating is fabricated by the 

Measurements Group, Inc (M&M) in Raleigh, North Carolina.  

Electrical shielding of the BE and PD (Figures 3.3b and 3.6 b) is achieved 

with conductive paint and carefully grounding the transducers.  Conductive paint 

is also known as “rf” (radio frequency) conductive paint and consists of acrylic 

latex coating with silver or nickel particles in suspension for conductivity.  The 

conductive paint applied to the transducers in this study was Silver Print II that is 

manufactured by GC/Waldom Electronics in Rockford, Illinois.  Thus, after 

application of the polyurethane coating to the crystal, it must be electrically 

shielded by application of conductive paint and connected to a properly grounded 

electrical wire. 

Electrical shielding is very important in order to avoid electromagnetic 

coupling and cross-talk between the piezoelectric transducers.  Also, it is 

important to note that, without electrical shielding and grounding, the receiving 

signal acts like the charging of a capacitor (Santamarina et al., 2001).  

3.3 INSTRUMENTED TRIAXIAL CHAMBER (ITC) 

Bender elements and piezoelectric discs were installed in the pedestal and top 

cap of a standard triaxial chamber.  Each top cap and base pedestal of the triaxial 

chamber are 1.4 in. (3.56 cm) in diameter.  The BE transducers intrude 3 to 5 mm 

into the base and top of the soil specimen.  Figure 3.7 shows the general set up of 

piezoelectric transducers installed in the base pedestal and top cap of a triaxial 
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chamber.  Figure 3.8 shows a picture of the actual transducers.  The main purpose 

of testing with the triaxial chamber adapted with piezoelectric transducers was to 

measure Vp, VS and B values at different stages of the saturation process.  These 

measurements were used to determine the relationship between Vp and B value 

and also to study further small-strain VS measurements.  The instrumented triaxial 

chamber (ITC) testing was the first stage in: 

(1)  evaluating the performance of bender elements and piezoelectric discs 

with the driving and recording instrumentation,  

(2) checking the values of the body wave velocities (Vp and VS) for a well 

known granular material (washed mortar sand which has been tested at the 

University of Texas for several decades), and 

(3) achieving full saturation in sandy specimens to correlate the B values 

during the process of saturation with body wave velocities (Vp and VS). 

The input signal applied to the BE and PD transducers had an amplitude of 

100 volts.  The driving frequency applied to the BE ranged from 5 to 10 kHz.  

The driving frequency for the PD ranged from 2 to 17 kHz in dry sand specimens 

and from 3 to 200 kHz for fully saturated sand specimens.  The range of 

frequencies used depends primarily on the resonant frequency of the crystals-soil 

system which varies with the confining pressure applied to the soil specimen, the 

stiffness of the soil surrounding the crystal, and the degree of saturation of the 

soil. 
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Figure 3.7 Laboratory Set-Up of the Bender Elements and Piezoelectric Discs 
Used in the ITC 

The resonant frequency of the piezoelectric transducers was selected to be 

applied as the input signal to the source transducers in order to maximize the 

motion generated in the soil. 

The instrumentation, which is used to perform the small-strain seismic 

testing in the instrumented triaxial chamber (ITC), is shown in Figures 3.9 and 

3.10.  The piezoelectric transducers were excited using 2 to 5 cycles of a 

sinusoidal signal in the frequency range mentioned above.  The input signal to the 

transducers was generated by a function generator (HP 3314A) and was increased 

10 times by an amplifier (Krohn-Hite model DC8-10R) in order to obtain a signal 
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with an amplitude of 100V.  

 
 

 

Figure 3.8 Photograph of the Piezoelectric Transducers Installed in the Base 
Pedestal and Top Cap of the ITC 

Input and output signals of the piezoelectric transducers were displayed in 

two channels (Channels 1 and 2) of a Tektronix Oscilloscope Model TDS 2014, 

which was connected to a personal computer through a GPIB card to record the 

signals for further analysis.  A Valydine pore water pressure transducer (Model 

DP 15-48) was used to measure the pore water pressure in the soil specimens.  

The pore water pressure transducer was connected to Channel 3 of the 

oscilloscope in order to view the pore water pressure data.  These data were also 

recorded on a personal computer for further analysis. 
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Figure 3.9 General Set-Up Used During Testing with Piezoelectric Transducers 
in the Instrumented Triaxial Chamber  

 

 

Figure 3.10 Photograph of the General Set-Up Used During Testing with 
Piezoelectric Transducers in the Instrumented Triaxial Chamber  



 70 

Figure 3.11 shows the performance of the piezoelectric transducers by 

presenting typical signals of shear and compression waves, respectively.  It can be 

observed that the amplitudes of the output or received signal of the BE transducer 

(shear waves) was about 40 mV while the output amplitude of the PD transducer 

(compression waves) was about 10 mV.   
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Figure 3.11 Performance of the Piezoelectric Transducers Installed in The 
Instrumented Triaxial Chamber-Typical Signals Obtained with :(a) 
BE Transducers and (b) PD Transducers  

However, it is important to mention that these amplitudes correspond to a 

confining pressure of 15 psi (103.5 kPa), and the output amplitude of the BE 

transducer may diminish as confining pressure increases, due to the increased 

(a) (b) 
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restriction of motion imposed by stiffer soil around the transducers.  Thus, for 

testing at high confining pressures, the BE connected in parallel as the source 

represent a good configuration. 

3.4 COMBINED RESONANT COLUMN AND TORSIONAL SHEAR (RCTS) 

EQUIPMENT 

Combined resonant column and torsional shear equipment (RCTS) is used 

to determine shear modulus (G) and material damping ratio in shear (D) of the 

granular specimens in the linear and nonlinear ranges (Stokoe et al., 1994).  It is 

important to note that the RCTS device has been in use at the University of Texas 

(UT) for more than 25 years and extensive descriptions have been given in the 

past (Isenhower, 1979; Ni, 1987; and Hwang, 1997).  Also, the torsional shear 

(TS) portion of the RCTS device is used to cyclically load in torsion the granular 

specimens.  The RCTS equipment is a fixed-free type of equipment, where the 

specimen is fixed at the bottom and torsional excitation is applied at the top by an 

electromagnetic system. This equipment is shown in Figure 3.12. 

There is a significant difference between the range of frequencies used in 

the resonant column (RC) and torsional shear (TS) parts of the device.  The RC 

test is typically performed above 20 Hz (up to a frequency of 500 Hz) while the 

TS test is usually performed at frequencies ranging from 0.1 to 5 Hz.  

Additionally, transducers used for each test to monitor motion are also different, 

with accelerometers used in the RC test and proximeters used in the TS test. 
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Figure 3.12 Combined Resonant Column and Torsional Shear Device (from 
Stokoe et al., 1994)  

3.4.1 Shear Modulus, Shear Wave Velocity, and Material Damping Ratio 
from the Resonant Column (RC) Test 

The dynamic properties of the soil specimens that can be determined using 

the resonant column (RC) test are shear modulus (G) and material damping ratio 

(D).  The shear modulus (G) is determined from the shear wave velocity (VS) that 

is measured in the RC tests using the dynamic equation that governs torsional 

resonance motion.  The test consists of measuring the variation of the amplitude 

of the top of the specimen using for varying frequencies.  As a result, a response 

curve is obtained as shown in Figure 3.13.  It is important to observe that in 

Figure 3.13 the peak value of the response curve corresponds to the resonant 

frequency, which is crucial in calculating the stiffness of the specimen.  Thus, the 
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dynamic equation, which governs the RC test in torsional motion, is: 

S

n

S

n

0 V
Ltan

V
L

I
I ωω

=     (3.1) 

where: I is the mass polar moment of inertia of the soil specimen,  

I0 is the mass polar moment of inertia of the top cap and drive system,  

ωn is the circular natural frequency (ωn = 2 π fn), and  

L is the length of the soil specimen.   

In RC testing, fr is used in place of fn since the material damping ratio is 

almost always less than 10% so that fn ≥ 0.99 fr.  Once VS is determined from 

Equation 3.1, the shear modulus of the specimen is calculated by: 

G = (γt/g)VS
2    (3.2) 

where: γt is the total unit weight of the specimen, and  

g is the acceleration of gravity.   
 

  fr=ωr/2π
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Figure 3.13 Dynamic Response Curve Obtained with Resonant Column 
Equipment (from Stokoe et al., 1994)  
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Material damping in the RC test is evaluated using the free-vibration 

decay curve (at all strain levels) and the half-power bandwidth method (at very 

small strains) from the dynamic soil response.  The material damping ratio in 

shear (D) is defined as ratio between the damping coefficient (c) and the critical 

damping coefficient (ccr) of a system.  The damping coefficient, c, is the energy 

dissipated in a cycle of free vibration or in a cycle of harmonic vibration (Chopra, 

2001).  The critical damping coefficient, ccr, is the value of the damping 

coefficient of a system that, if excited, returns to its equilibrium position without 

multiple oscillations (without passing zero displacement more than once).  D 

represents the fraction of critical damping.  D can be calculated using the free 

vibration method by: 
2/1

22

2

4
D ⎥

⎦

⎤
⎢
⎣

⎡
δ+π

δ
=     (3.3) 

where: δ= ln (z1/z2) is the logarithmic decay, and z1 and z2 are amplitudes of two 

successive cycles in the free vibration decay curve shown in Figure 3.14. 

The half-power bandwidth method can also be used to determine the 

material damping ratio.  By taking the solution of the steady-state deformation 

due to a sinusoidal excitation of a damped single-degree-of-freedom system 

(Chopra, 2001), the solution at 0.707 times the amplitude of resonance is: 

22
2

D1D2)D21(2
fr
f

−±−=⎟
⎠
⎞

⎜
⎝
⎛   (3.4) 

For small-damping ratios measured in the linear range (generally γ< 0.001%), the 

square terms are neglected which gives: 
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2/1)D21(
fr
f

±≈⎟
⎠
⎞

⎜
⎝
⎛     (3.5) 

Based on a Taylor series expansion and subtracting the smaller root of the 

equation from the larger root gives (Chopra, 2001): 

( )
r

12

f
ffD2 −

≈      (3.6) 

where: f1 and f2 are the two frequencies that correspond to the amplitude of 0.707 

times the resonant frequency amplitude, Ar, as presented in Figure 3.15 
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Figure 3.14 Free Vibration Decay Curve Used to Evaluate Material Damping in 
the RC Test (after Stokoe et al., 1994) 
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Figure 3.15 Half-Power Bandwidth Method for Measuring Small-Strain Material 
Damping (from Stokoe et al., 1994)  

3.4.2 Shear Modulus and Material Damping Ratio by Torsional Shear Test 
(TS) 

The TS test approach consists of obtaining shear stress (τ) versus shear 

strain (γ) hysteresis loops from which the shear modulus (G) is calculated from 

the slope of a line that joins the two ends of the hysteresis loop, as shown in 

Figure 3.16.  The usual frequency range varies from 0.1 to 5 Hz.  Also, the 

equivalent hysteretic damping is obtained from the area of the hysteresis loop (the 

energy dissipated in a vibration cycle, AL) divided by the peak strain energy 

stored during a load cycle (AT) times 4π as presented in Figure 3.16. 
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Figure 3.16 Hysteresis Loop Measured in the Torsional Shear Test (from Stokoe 
et al., 1994)  

3.4.3 Resonant Column Test (RC) with Bender Elements and Piezoelectric 
Discs  

In the same configuration as the Instrumented Triaxial Chamber (ITC) 

shown in Figure 3.7, the BE and PD transducers were mounted in two pedestals 

and two top caps used for RCTS testing.  All the BEs mounted in the pedestals 

and top caps were connected in a series configuration.  Figure 3.17 shows one top 

cap and base pedestal used in the RCTS device with the piezoelectric transducers 

installed.  Figure 3.18 shows a sand specimen with one of the instrumented top 

caps and base pedestals that is ready to be tested in RCTS device.  The first 

concern that arose after observing the installation of the transducers in the top 

caps utilized in the RCTS device was how the presence of these transducers and 

the associated wires might impact the mass moment polar of inertia of the top 

caps and the freedom of movement of the free end of the specimen. 
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Figure 3.17 Photograph of a Base Pedestal and Top Cap Used in RCTS Testing 
with BEs and PDs Installed 

 

Figure 3.18 Photograph of a Sand Specimen Set Up in RCTS Device with 
Piezoelectric Transducers  
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To clarify the impact of the piezoelectric transducers in the RCTS device 

the following theoretical exercise was performed.  The BE and PD transducers 

increase the weight of the top caps, therefore the mass polar moment of inertia of 

the top caps with the transducers increases by about 3%, as shown in Table 3.2.  

Thus, assuming that the resonant frequency does not change and considering only 

a difference in the mass moment polar of inertia between a top cap with 

piezoelectric transducers and a top cap without transducers, values of Gmax and VS 

measured with the top cap with transducers would be less than 1% greater than 

the Gmax and VS obtained with the top cap without transducers, as seen in Table 

3.2.  In fact, different resonant frequencies would be measured in each case so 

that no difference in Gmax and VS might occur.   
 

Table 3.2 Theoretical Difference in the VS and Gmax Determined Using RC 
Testing: Only Considering the Difference of the Mass Polar Moment 
of Inertia Between the Top Caps 

Diameter 
(in)

Weight   
(g)

Mass Polar 
Moment of Inertia 

(ft-lb-sec2)

Shear Wave 
Velocity, 
Vs   (fps)

Shear 
Modulus, 
G   (ksf)

Top Cap 
without 
Transducers

2.5 240.65 0.000089 820.76 2166.09

Top Cap 
with 
Transducers

2.5 247.80 0.000092 821.24 2168.61
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The theoretical calculations presented in Table 3.2 correspond to a 

specimen that has a diameter of 2.5 in. (6.35 cm), a height of 5.7 in. (14.48 cm) 

and a resonant frequency of 94 Hz.  Thus, the presence of the BE and PD 

transducers in the top caps represent a small impact on the values of Gmax and VS, 

in comparison to similar values obtained with normal top caps and are ignored 

hereafter. 

Although the Gmax measurement may only be slightly affected, the small-

strain material damping ratio (Dmin) might be affected.  This effect can not be 

theoretically evaluated but has to be evaluated experimentally.  The experiment 

was performed as follows.  A washed mortar sand specimen (Specimen DE) was 

subjected to RC tests exclusively to evaluate the effect of the top cap with 

transducers on the material damping ratio at low strains (Dmin).  Specimen DE was 

formed using the undercompaction method (following the procedure presented in 

Chapter 4).  The sand specimen was 2.48 in. (6.29 cm) in diameter and 5.70 in. 

(14.47 cm) in height, and had an initial void ratio of 0.61.   

Specimen DE was tested using the RCTS device under four different 

confining pressures: 7, 14, 28 and 56 psi (48, 97, 193, and 387 kPa).  Tests were 

performed with both types of top caps (with and without piezoelectric 

transducers).  Thus, the sand specimen was tested first with the top cap 

instrumented with piezoelectric transducers using the sequence of confining 

pressures noted above.  After removing the cell pressure but keeping a 7 psi (48 

kPa) vacuum pressure, the forming mold was set up around the sand specimen 

and the instrumented top cap was replaced by a top cap without transducers.  
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Unfortunately, during this operation the specimen changed slightly its geometry 

and density and the void ratio was reduced to 0.60.   

Table 3.3 presents the variation of material damping ratio (Dmin) with 

confining pressure for Specimen DE using both the normal top cap (without 

piezoelectric transducers) and instrumented top cap.  The variation of VS and Gmax 

with confining pressure is also presented in the same way.  The Dmin 

corresponding to the instrumented top cap is about 6% greater than the Dmin 

obtained with the normal top cap.   

Table 3.3 Results of VS, Gmax and Dmin with RC tests on Specimen DE with 
Normal Top Caps and Instrumented Top Caps  

Isotropic 
Confining 
Pressure,      
psi  (kPa)

Shear 
Modulus, 

Gmax       

ksf (MPa)

Shear Wave 
Velocity, Vs 

fps (m/s)
Dmin    (%)

Shear 
Modulus, 

Gmax       

ksf (MPa)

Shear Wave 
Velocity, Vs 

fps, (m/s)
Dmin    (%)

7 1670 720 0.77 1524 688 0.82
(48) (80) (219) (73) (210)
14 2231 833 0.63 2121 812 0.66

(97) (107) (254) (102) (247)

28 3359 1021 0.53 3089 979 0.56

(193) (161) (311) (148) (298)

56 4972 1241 0.50 4603 1194 0.53

(387) (238) (378.3) (221) (364)

Top Cap without Transducers Top Cap with Transducers
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Nevertheless, VS measurements using the instrumented top cap are about 

5% greater than the VS measurements corresponding to the top cap without 

transducers. This difference in stiffness is not explained by the slightly 

densification of the specimen when the instrumented top cap was replaced by a 

normal top cap as mentioned above.  It is still felt that the “disturbance” caused by 

replacing the top caps was the main contributor to the changes in VS.  More 

importantly, changes in Dmin were essentially the same magnitude.  These changes 

in VS and Dmin are small and are ignored in all subsequent testing.  

3.5 TORSIONAL SHEAR TEST (TS) SYNCHRONIZED WITH BENDER ELEMENTS 

(BE) MEASUREMENTS  

The torsional shear (TS) test was synchronized with measurements 

performed using the bender elements (BE) in the same soil specimen, taking 

advantage of the difference in frequencies between the two systems.  Figure 3.19 

shows a sketch of the two systems (TS and BE systems).  System A corresponds 

to the instrumentation necessary to perform BE measurements and System B is 

the TS instrumentation.  To synchronize System A with System B, the function 

generators of both systems were connected as explained below.  It is important to 

mention that two arrangements were considered during these measurements.  The 

first arrangement consisted on synchronizing two function generators with the BE 

(System A), while three function generators were considered for the second 

arrangement as explained in the preceding sections. 



 83 

Function Generator Function Generator

BNC 
Board

Transmitter
Bender
Element

Bender
Element

Receiver

Proximitors

Computer

Oscilloscope

Amplifier

driving 
signal

drive 
coils

System B

Operational
Amplifier

(bender elements) ( torsional cyclic shear)

Filter
Wave Tek

Computer

DC Shifter

System A

DAQ Card

Amplifier
Function Generator Function Generator

BNC 
Board

Transmitter
Bender
Element

Bender
Element

Receiver

Proximitors

Computer

Oscilloscope

Amplifier

driving 
signal

drive 
coils

System B

Operational
Amplifier

(bender elements) ( torsional cyclic shear)

Filter
Wave Tek

Computer

DC Shifter

System A

DAQ Card

Amplifier

 

Figure 3.19 Torsional Shear (TS) Test Synchronized with Bender Elements (BE) 
Measurements: Arrangement with Two Function Generators  

3.5.1 Function Generators Synchronized  

To synchronize the signals obtained by the different TS and BE systems, it 

is necessary to connect two or three function generators.  The function generators 

were connected through their terminals: trigger (Trig), output (Out) and 

synchronized (Sync).  The three available function generators are all Hewlett 

Packard Model 3314A function generators.  Figure 3.20 shows the arrangement of 

two synchronized function generators. The primary function generator (FG#1) is 

part of the RCTS equipment and the secondary function generator (FG#2) 

provides the input signal to the BE transducers.  Thus, FG#2, which cyclically 

excites the source bender, was connected from its trigger terminal to the 
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synchronized terminal of the main function generator of the RCTS device.  This 

arrangement allows one trigger of the BE at every cycle of TS loading.  In other 

words, there is one signal of the BE traveling through the specimen at each 

loading cycle of the TS test. 

Trigger Sync Out

Trigger Sync Out

Input Signal
Applied to the BE Transducers

FG #1

FG #2

Trigger Sync OutTrigger Sync Out

Trigger Sync OutTrigger Sync Out

Input Signal
Applied to the BE Transducers

FG #1

FG #2

 

Figure 3.20 Arrangement of Two Function Generators Which Allowed One BE 
Measurement During Each TS Cycle  

In the arrangement of three function generators, which is shown in Figure 

3.21, FG#1 is part of RCTS device and FG#2 controls the triggering of FG#3 that 

cyclically excites the BE.  FG#1 was connected to FG#2 from the Sync terminal 

of FG#1 to the trigger terminal of FG#2.  The output terminal of FG#2 was 

connected to the trigger terminal of FG#3.  It is important to point out that the 

output signal of FG#2 had to be a square signal and, depending on the frequency 

used, represents the number of triggers sent to FG#3.  The main benefit of the 

arrangement with three function generators is the capability to control more than 

one BE measurement during every cycle of TS loading 
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Figure 3.21 Arrangement of Three Function Generators Which Allowed Multiple 
BE Measurements During Each TS Cycle  

Figure 3.22 shows a diagram of the TS system and bender elements 

system acting simultaneously on a soil specimen.  In this figure, the low-

frequency TS excitation is observed as well as the input and output signals of BEs 

obtained at every cycle.  The results presented in Figure 3.22 corresponded to the 

arrangement with two function generators.  TS testing was performed at 0.5 Hz 

while the BE measurements were conducted using an input frequency of 6.25 

kHz. 

3.5.2 Acquisition System Used in the Torsional Shear and Bender Element 
Experiment  

The electrical signals generated when conducting the two types of tests 

(TS and BE) were acquired using a data acquisition card from National 

Instruments serial DAQ Card 6063-E connected to a BNC-Board (BNC 2110) 
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manufactured by National Instruments.  
 

 

Figure 3.22 Torsional Shear (TS) Test Synchronized with Bender Element (BE) 
Arrangement Using Two Function Generators  

The DAQ Card has a sample rate of 50 ksamples/sec.  The signals 

acquired in the BNC-Board were the driving voltage of the TS testing on Channel 

0, the input voltage of the BE on Channel 2 and the output voltage of the BE on 

Channel 6.  The control of the acquisition of signals was carried out through a 

program written in LabView 6.1® which performs continuous acquisition of the 

signals using an analog trigger.  Thus, TS testing was performed in the usual 

interactive manner (Ni, 1987, and Hwang, 1997) and the function generator that 

sends the TS driving voltage also triggered the acquisition of the input signal 
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applied to the source BE and the output signal received by the other BE.   

It is important to mention that in order to avoid the phenomenon of 

crosstalk noise between Channels 2 and 6 in the BNC-Board (BNC 2110), the 

difference of voltage between signals had to be diminished.  The input signals 

which cyclically load the BE transducers were connected to Channel 2 of the 

BNC Board before being amplified ten times and had an amplitude of 10 V, 

which is the direct output signal from the function generator (FG#1).  In contrast, 

the output or received signals that were connected to Channel 6 of the BNC Board 

exhibited amplitudes of about 40 mV.  Clearly, there was a large difference in 

voltage between Channels 2 and 6 which created the phenomenon of crosstalk 

between Channels 2 and 6.  The solution was to attenuate the input signal on 

Channel 2 using a voltage divider.  The design of the voltage divider consisted of 

two resistors in series that decrease the original amplitude from 10V to 100 mV.  

The attenuator (or voltage divider) is presented in Figure 3.23 and the 

mathematical representation given by Equation 3.7 (Hayes and Horowitz, 1989). 
 

R1

R2

Vin
Vout

R1

R2

Vin
Vout

 

Figure 3.23 Circuit of the Voltage Divider Used in the BE Measurements  
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The values of the resistors used were R1 = 5.13 kΩ and R2 = 51.6 Ω. This 

attenuator diminished the input voltage by 100 times so that the crosstalk would 

be removed.  Figure 3.24 shows a photograph of the voltage divider used to 

decrease the amplitude of the input signal; it can be observed that the resistors are 

mounted in a banana connector.  In addition, Figure 3.25 displays the three 

coaxial cables connected to the BNC Board and it shows the attenuator used on 

Channel 2. 

 

R1= 5.13 kΩ

R2= 51.6 Ω

R1= 5.13 kΩ

R2= 51.6 Ω

 

Figure 3.24 Photograph of the Voltage Divider Used to Remove Crosstalk in the 
TS and BE Measurements  
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A successful reduction in the phenomenon of crosstalk noise was obtained 

by reducing the difference of voltages between Channels 2 and 6 of the BNC 

Board.  This successful measurement is presented in Figure 3.26.   

 

Attenuator

BE Output

TS Voltage
BE Input

BNC Board

Attenuator

BE Output

TS Voltage
BE Input

BNC Board
 

Figure 3.25 Photograph of BNC Board with Three Signals Connected; the 
Attenuator is Connected to the Input Signal of One BE Transducer  

The signals shown in the Figure 3.26 were acquired continuously during 

20 seconds.  Ten cycles of TS testing at 0.5 Hz were recorded.  In addition, three 

cycles with an input signal at 6.5 kHz were applied to the BE near the peak strain 

during each TS cycle.  The resulting BE output was recorded around the peak of 

each TS cycle.  It is important to note that the input signal to the BE had an 

amplitude of 100 mV after attenuating the input signal level.  The good 
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performance of the electrical shielding of the transducers and the effectiveness of 

the voltage divider are more clearly shown in Figure 3.27.  This figure presents 

the direct-travel-time record that corresponds to the 8th cycle of TS testing. 
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Figure 3.26 Direct-Travel-Time Measurements Using Bender Elements During 
Ten Cycles of Torsional Loading (f=0.5 Hz) for Washed Mortar Sand 
Specimen BT2: One BE Measurement is Performed at the Peak of 
Each TS Loading Cycle 
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Figure 3.27 Direct-Travel-Time Measurements by Bender Elements 
Simultaneously with Cycle No. 8 of Torsional Loading for Washed 
Mortar Sand Specimen BT2  

3.6 SUMMARY 

The installation of BE and PD transducers was performed successfully in the top 

caps and base pedestals used for testing soil specimens in the Instrumented 

Triaxial Chamber  (ITC) and the combined Resonant Column and Torsional Shear 

(RCTS) Equipment.  BE and PD transducers allowed direct-travel-time 

measurements of constrained compression and shear waves in the small-strain 

range.  With the travel distance known, the values of VS and Vp were determined.  
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These measurements represent an important complement to RCTS testing.  

Calibration of the piezoelectric transducers to determine more accurately the 

direct-travel-times in the soil is presented in Chapter 4. 

The ITC represents the first stage of this investigation to evaluate the 

performance of BE and PD transducers using the driving and recording 

instrumentation developed in this study.  Tests in the ITC also allow values of VS 

and Vp obtained in a known sandy material to be measured and compared with 

other testing techniques.  In addition, the ITC allowed monitoring and correlating 

the process of saturation of sand specimens with seismic measurements of 

compression waves (Vp).  These results are presented and discussed in Chapters 5 

and 6. 

In this chapter, a detailed description of the BE and PD transducers is 

presented.  The development of the ITC and an overview of RC and TS testing 

with BE are presented.  The instrumentation used to carry out the seismic testing 

with BEs and PDs is described.  The same instrumentation is used in both the ITC 

and RCTS device.  The RCTS device with BE transducers allowed measurements 

of small-strain VS with three different techniques.  Furthermore, each technique 

involved significantly different driving frequencies and shearing strain levels.  

The range of frequencies usually applied during TS testing is from 0.1 to 5 Hz.  In 

the case of the RC test, the range may vary from 60 to 130 Hz depending on the 

confining pressure.  In contrast, BE transducers involve cyclically loading from 2 

to 10 kHz, while PD transducers are loaded applying frequencies in the range 

from 2 to 200 kHz. 
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Chapter 4  

Sand Specimens and Equipment Calibration  

4.1 INTRODUCTION 

The dynamic soil stiffnesses determined in this study were the constrained 

compression wave velocity (Vp), the constrained modulus (M), the shear wave 

velocity (VS), and the shear modulus (G).  All of these stiffnesses were measured 

at small strains; that is, at strain amplitudes less than 0.001% in the range where 

they are independent of strain amplitude.  Washed mortar sand was the material 

used to form all specimens. 

This chapter is organized in three main topics which are the index 

properties of the test soil, the procedure used to build sandy soil specimens in the 

laboratory, and the calibrations of the piezoelectric transducers.  Therefore, the 

chapter is divided as: Section 4.2, soil description; Section 4.3, specimen 

formation procedure; and Section 4.4, calibration of the piezoelectric transducers. 

It is important to point out that shear wave velocity (VS) and shear 

modulus (Gmax) at small-strains were measured by three different techniques: (1) 

direct-travel-time measurements using bender elements (BE), (2) resonant column 

(RC) tests, and (3) torsional shear (TS) tests.  On the other hand, constrained 

compression wave velocities (Vp) were determined only by direct-travel-time 

measurements using piezoelectric discs (PD).  The laboratory equipments used to 

perform the wave measurements were the instrumented triaxial cell (ITC) and the 
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combined resonant column and torsional shear (RCTS) device with piezoelectric 

transducers.   

The description and identification of the test soil is presented in Section 

4.2.  Standard tests such as grain size distribution, specific gravity, and maximum 

void ratio were performed.  Section 4.3 shows the procedure to form the soil 

specimen in the laboratory.  Sand specimens were constructed using the 

undercompaction method in a narrow range of densities, which varied from 102 to 

108 pcf (1.64 to 1.73 gr/cm3).  The specimens were tested in the dry, partially 

saturated, and fully saturated conditions using the different test devices.   

Calibration of the piezoelectric transducers was necessary to accurately 

determine the body wave velocities of the soil specimens.  The calibration 

procedure is described in Section 4.4.  The main goal in calibrating the 

transducers was to evaluate any travel time delays in the electronics without soil.  

Within the calibration process, the effect of the input frequency, which is applied 

to the source transducer, on the measured travel times, was studied.  Finally, the 

possible variation of the arrival-time determination due to varying numbers of 

cycles, used to excite the source transducers, was also evaluated. 

4.2 TEST SOIL 

Washed mortar sand was used to construct all soil specimens tested in this 

study.  This soil was selected because of numerous tests that have been performed 

in the past on this granular soil at the University of Texas (UT) with different 

experimental techniques (Ni, 1987, Lee and Stokoe, 1986, Lewis, 1990, Lee, 

1993, Laird, 1994, Menq, 2003).  Washed mortar sand is classified as poorly 
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graded sand, SP, based on the Unified Soil Classification System, USCS.  The 

sand is obtained from the flood plain of the Colorado River in Austin, Texas.  

Table 4.1 presents the index properties of washed mortar sand reported in 

previous studies at UT (Lee, 1993, Laird, 1994).  Similarly, the index properties 

determined as part of this study are given in Table 4.2.   

In the past, washed mortar sand used in other UT investigations has been 

classified as poorly graded sand (SP).  In 1994, Laird reported the following index 

properties for washed mortar sand: specific gravity (Gs) of 2.65, a mean grain size 

(D50) of 0.41 mm and an effective grain size D10 of 0.25 mm.   

Table 4.1 Index Properties of Washed Mortar Sand Reported in Former Studies 
(from Lee, 1993). 

Unified Soil Classification  SP 

Grain Character Sub-angular to sub-rounded 

Specific Gravity  2.67 

Maximum Dry Density, γt 106.6 pcf (18.4 kN/m3) 

Minimum Dry Density, γd,min 90.6 pcf (14.2 kN/m3) 

Maximum Void Ratio, emax 0.839 

Minimum Void Ratio, emin 0.563 

Particle Size Distribution: 

Median Grain Size, D50 0.35 mm 

Effective Grain Size, D10 0.25 mm 

  Uniformity Coefficient Cu=(D60 / D10) 1.71 

Coefficient of Curvature Cc =(D30)2/(D60*D10) NR 

% Passing #200 Sieve < 1% 
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Table 4.2 Table 4.2 Index Properties of Washed Mortar Sand Used in this Study  

Unified Soil Classification  SP 

Grain Character Sub-angular to sub-rounded 

Specific Gravity  2.67 

Maximum Dry Density, γd,max 117.7 pcf (18.4 kN/m3) 

Minimum Dry Density, γd,min 95.7 pcf (14.2 kN/m3) 

Maximum Void Ratio, emax 0.74 

Minimum Void Ratio, emin 0.51 

Particle Size Distribution: 

Median Grain Size, D50 0.31 mm 

Effective Grain Size, D10 0.16 mm 

Uniformity Coefficient, Cu=(D60 / D10) 2.32 

Coefficient of Curvature, Cc =(D30)2 / (D60*D10) 1.12 

% Passing #200 Sieve < 1% 

The grain size distribution curve of the washed mortar sand, used in this 

study is shown in Figure 4.1.  The sieve analysis test was repeated four times to 

verify the homogeneity of the batch of soil used in the course of the investigation.  

Additionally, Figure 4.2 shows the comparison of gradation curves from previous 

studies with the gradation curves obtained in this investigation.  Clearly, the grain 

size curves measured in this study are slightly shifted to the right in comparison to 

grain size curves from former studies, in other words the sand fraction used in this 

investigation contain smaller particles.  Moreover, the sand portion used in this 

study is slightly less uniform in grain size distribution when compared with the 

sand tested in previous investigations (Cu is slightly larger for the sand in this 

study). 



 97 

100

80

60

40

20

%
 S

oi
l P

as
sin

g

0.01
2345678

0.1
2345678

1
2345678

10

Grain Size (mm)

D10=0.155 mm

D30=0.25 mm

D60=0.36 mm

D50=0.31 mm

Cu=2.32 
Cz=1.12 

 

Figure 4.1 Gradation Curve of Washed Mortar Sand Used in This Study  
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Figure 4.2 Comparison of the Gradation Curve of Washed Mortar Sand from 
Previous Studies and This Study  
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It is important to point out that emax was determined following the ASTM 

Standard 4254-91 (Minimum Index Density).  The maximum void ratio was 

measured four times; ranging from 0.72 to 0.75.  In the case of the minimum void 

ratio, two techniques were used to evaluate emin: the Modified Japanese (MJM) 

Method and the Multiple Sieve Pluviation (MSP) Method. 

The Modified Japanese Method (MJM) for maximum dry density consists 

of tapping the sides of a standard compaction mold, which contains the soil placed 

in 10 layers (Dr. Rathje personal communication, 2005).  After pouring each soil 

layer, the side of the mold was tapped 100 times using a hammer, while the mold 

was held with the other hand. The number of taps was distributed in 20 series of 5 

taps.  The tap series were applied at different positions, since the molded was 

turned 90°.  The rate of tapping used was about 5 Hz with a distance of tapping 

approximately equal to 5 cm.  Finally, a total of 1000 taps were applied at 

different positions of the side mold.  Three attempts of measuring this value were 

carried out using this method and the calculated minimum void ratio, emin, was 

found to be about 0.51.  The compaction mold with collar and the plastic hammer 

used to carry out the MJM for minimum void ratio test are presented in Figure 

4.3. 



 99 

 

Figure 4.3 Mold and Hammer Used to Determine emin Using the Modified 
Japanese Method 

In addition, emin was determined using a Multiple Sieve Pluviometer 

(MSP) built at UT by Choi et al., (2004).  The MSP method was developed by 

Miura and Toki (1982), and several studies of maximum density of soils have 

been successfully undertaken for dry and uniform graded granular soils using the 

MSP (Vaid and Neguseey, 1984; Lo Presti et al., 1992; and Choi et al., 2004).   

The MSP method consists of raining the sand at certain rate through a 

hopper and a set of diffusers.  The hopper with an opening system controls the 

rate of discharging, while the set of diffusers (sieves or meshes) allow the 

deposition uniformly in the mold. The main factors that control the level of 



 100 

densification, according to Lo Presti et al.; (1992) are: 

1) The deposition intensity (DI), which is the weight of soil falling per unit 

area per unit time.  Thus, DI is controlled by the diameter of the funnel 

used and it has been observed that the smaller diameters impact in higher 

densities (Lo Presti et al., 1992).  Researchers have observed that smaller 

diameters used in the discharge of the granular material reduce the particle 

interference (lower loss of kinetic energy). 

2) The relative diffuser ratios (RDR) are the ratio of the sieve opening size (L 

of the uppermost sieve) divided by the mean grain size (D50) and 

maximum grain size Dmax.  It has been observed that the smaller RDR 

used generates higher densities.  Usually L /D50 is in the range from 4.4 to 

17.6, while L /Dmax ranges from 1.8 to 7.8. 

3) Height of drop (Hd) is the distance between the lowermost sieve  and the 

top of the mold.  The height of drop is directly proportional to the kinetic 

energy of the particles.  However, Vaid and Negussey (1984) found a 

critical height (Hd) beyond which no increment of the kinetic energy is 

noticeable in the decrement of the void ratio.  For sands, Hd is about 50 cm 

and for gravels Hd is about 75 cm.    

A photograph of the MSP device used in this study is shown in Figure 4.4.  As 

presented in the figure, the MSP consists of a conical hopper (funnel with a 

diameter of 10 cm), an upper acryclic column, a set of diffusers (sieves), and a 

lower acrylic column.  The set of diffusers is composed of one sieve US Standard 

No.4 (L = 4.75 mm) and five US Standard sieves No.10 (L = 2 mm).  Thus, the set 
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of diffusers consists of six sieves, as suggested by Lo Presti et al. (1992).  Each 

sieve is rotated horizontally 45 degrees with respect to the other sieves.  The RDR 

for washed mortar sand are L /D50 equals to 15.32 and L /Dmax equals to 2.64.  It is 

important to note that the RDR for washed mortar sand felt in the usual range 

reported by Lo Presti et al. (1992).  On the other hand, the mold used in this study 

to measure the highest density was a standard compaction mold (volume of 1/30 

ft3) as shown in Figure 4.4.   
 

 

Figure 4.4 Multiple Sieving Pluviation (MSP) Apparatus (after Choi et. al, 2004) 

Five attempts to measure emin were undertaken using the MSP method by 

raining about 5 kg (11 lbs) of washed mortar sand.  The calculated minimum void 

ratio (emin) ranges from 0.505 to 0.519.  The average emin was found to be 0.51.  
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This value agrees with the result obtained using the Modified Japanese Method 

for maximum density.  

Finally, the values of emax of 0.73 and emin of 0.51, determined in this 

study for washed mortar sand are compared in Figure 4.5 with results from other 

investigators.  This figure shows the variation of emax and emin with the uniformity 

coefficient (Cu) from studies reported in the US and Japan (after Menq, 2003).  As 

observed, the measured emax and emin fall in the range marked by Menq (2003) for 

the emax and emin trends.  It is important to note that Menq (2003) focused his 

investigation on gravels and sands and the data presented in Figure 4.5 considers a 

wide range of Cu values, varying from 1 to 200.   
 

This studyThis study

 

Figure 4.5 Variation of emax and emin with Uniformity Coefficient (Cu) of 
Granular Materials (after Menq, 2003)  
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Similarly, Figure 4.6 presents the variation of the difference between emax 

and emin with their corresponding Cu from former UT studies.  The data reported 

from the US and Japan studies (after Menq, 2003) are also included in this figure.  

As seen, the difference of emax and emin calculated for this study is in reasonable 

agreement with the trend found in former UT studies.  

 

This StudyThis Study

 

Figure 4.6 Variation between (emax-emin) and Uniformity Coefficient (Cu) of 
Granular Materials (after Menq, 2003) 

4.3 SPECIMEN PREPARATION TECHNIQUE 

The undercompaction procedure was used to prepare all soil specimens in 

this study (Ladd, 1978).  The procedure consists of tamping the granular soil 



 104 

specimen in layers, with each layer below the top layer being compacted to a 

density lower than the overall dry unit weight desired for the specimen.  The 

layers below the top layer are not compacted with a constant effort.  Every layer is 

compacted to a selected percentage of the desired dry unit weight.  In this study, 

all the specimens were constructed in the dry condition.  The main reasons for 

using the undercompaction procedure to form the specimens for this investigation 

were: 

1. to improve the uniformity of the density over the height of the soil 

specimen, and 

2. to avoid possible segregation of finer particles. 

In this study, five layers were used to form the specimens.  Specimens 

used in the RCTS device had a diameter of about 2.5 in. (6.35 cm), while 

specimens formed for testing in the ITC had a diameter of about 1.4 in. (3.56 cm). 

In all specimens, each layer had the same weight of soil and was tamped 

with varying numbers of impacts in order to achieve a predetermined height.  The 

impacts were applied with a 1-in-diameter (2.54 cm) rod and a weight of 330 g.  

The number of impacts per layer generally varied from 5 to 10.  The 

predetermined height of each layer, hn, was computed using the equation 

suggested by Ladd (1978) as: 
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where: ht is the total height of the specimen, 

 nt is the total number of layers, 

 n is the layer number, and 
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 Un is the undercompaction percentage of layer n which is determined 

using Equation 4.2 (Ladd, 1978) as follows: 
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where: Uni is the selected initial undercompaction percentage for the first layer, 

Unt is the selected undercompaction percentage for the final layer (usually 

zero), 

 nt is the total number of layers, and 

 n is the layer being considered. 

It is important to note that the undercompaction percentage is considered 

to vary linearly with height (Ladd, 1978).  Also, Uni was selected equal to 15%, as 

suggested for loose conditions.  Loose conditions were selected since this 

investigation is being used as a possible fore-runner to the study of liquefaction in 

the RCTS device in the laboratory. 

Tables 4.3 and 4.4 present the desired (final) heights of each layer of the 

specimens formed for testing in ITC and RCTS device, respectively.  The value of 

the relative density, Dr, selected in this study was around 40% since the desired 

dry unit weight is about 100 pcf.  These conditions correspond to dry sand 

specimens in a loose state.  The tamping rod and mold, used to build sand 

specimens with a nominal diameter of 1 in. (2.54 cm), are shown in Figure 4.7.  

Also, Figure 4.8 shows the tools used to form specimens with a nominal diameter 

of 1.4 in. (3.56 cm). 
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Table 4.3 Specimen Formation Specifications Using the Undercompaction 
Method for the ITC Specimens 

Layer 
No. Un (%) 

Height 
(cm) 

1 15.00 2.58 
2 14.75 4.81 
3 14.50 7.04 
4 14.25 9.28 
5 14.00 11.51 

 

Table 4.4 Specimen Formation Specifications Using the Undercompaction 
Method for the RCTS Specimens  

Layer 
No. Un (%) 

Height 
(cm) 

1 15.00 2.58 
2 14.75 4.81 
3 14.50 7.04 
4 14.25 9.28 
5 14.00 11.51 
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Funnel

Mold

Tamper

Funnel

Mold

Tamper
 

Figure 4.7 Mold and Funnel Used to Form the Sand Specimen Set Up in the 
RCTS Device 

 

Figure 4.8 Mold and Funnel Used to Form the Sand Specimen Set Up in the ITC  
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4.4 CALIBRATION OF BENDER ELEMENTS AND PIEZOELECTRIC DISCS 

The measurement of body wave velocities traveling through the granular 

specimens was performed based on direct-arrival times.  Therefore, the correct 

evaluation of the wave velocities depends on how accurately the time that the 

waves traveled through the soil (and not in the instrumentation) can be 

determined.  Thus, calibration of the piezoelectric transducers consists mainly of 

two issues: (1) determining any time delays caused by the electronics in the range 

of frequencies used during testing and, (2) characterizing the polarity of the 

output signal for a given input signal to the source transducer.  In other words, 

measurement of the response of the transducers in direct contact, without the soil, 

is crucial to determine: 

1) the time of delay between the input and output signals of the 

transducers when no stress waves are passing through the soil 

specimen, 

2) the identification of the polarity of the output signal for a given input, 

and  

3) the effect of the applied frequency to the source transducer on the 

response time. 

4.4.1 Time of Calibration between Signals  

Determination of the calibration time, tcalib, of the response of the 

transducers without a soil specimen was performed by measuring the input signal 

to the source and the output signal from the receiver transducer when they are in 

direct contact.  In the case of the BEs, the transducers were in contact tip to tip as 
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shown in Figure 4.9.   

 

 

Figure 4.9 Photograph of Bender Elements in Direct Contact for Calibration 
Purposes   

The input and output signals are considered as the first change in 

curvature.  Therefore, the shear wave velocity (VS) measured using bender 

elements in a soil specimen is determined as follows: 

VS= Leff/ts     (4.3) 

where: ts = ts
*- tcalib, 

ts is the travel time of the shear wave through the specimen, 

ts
* is the total travel time of the shear wave measured with the electronics, 

tcalib
 is the response time of the BE transducer system (transducers and 

coaxial cables), and 

Leff is the effective distance between the two points of measurement.  
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In practice and in this study, the effective distance was taken as the tip-to-

tip distance between the BEs.  It is important to mention that the BE intrudes into 

the specimens about 5 mm.  However, the exact length of intrusion of the BE is 

measured in each case.  

Similarly to the shear waves, the compression wave velocity is determined 

as follows: 

Vp = Leff/tp     (4.4) 

where: tp = tp
*- tcalib, 

tp is the travel time of the compression wave through the specimen, 

tp
* is the total travel time of the compression wave measured with the 

electronics, 

tcalib
 is the response time of the PD transducer system (transducers and 

coaxial cables), and 

Leff is the effective distance between the two points of the measurement, in 

this case the distance between PDs. 

In the same way as the BEs, the piezoelectric discs (PD) transducers were 

placed in direct contact, as shown in Figure 4.10, to measure the response time 

(tcalib) of the PD calibration system.  Figures 4.11 through 4.13 show examples of 

the calibration of the BE transducers, while Figures 4.14 through 4.16 present 

examples of calibration for the PD transducers. 
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Figure 4.10 Piezoelectric Discs in Direct Contact for Calibration Purposes  
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Figure 4.11 Determination of the Calibration Time (tcalib) of Two Bender 
Elements in Contact for an Input Frequency of 5 kHz  
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Figure 4.12 Determination of the Calibration Time (tcalib) of Two Bender 
Elements in Contact for an Input Frequency of 8 kHz   
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Figure 4.13 Determination of the Calibration Time (tcalib) of Two Bender 
Elements in Contact for an Input Frequency of 10 kHz   



 113 

-100

-50

0

50

100

A
m

pl
itu

de
 o

f t
he

 In
pu

t S
ig

na
l, 

V
ol

ts

0.00060.00040.00020.0000-0.0002

Time (sec)

0.06

0.04

0.02

0.00

-0.02

-0.04

A
m

plitude of the O
utput Signal, V

olts
Input Signal

Output Signal

Δt= 3.2 E-6 sec

Start Time

Arrival Time

Piezoelectric Discs

Input Frequency= 7 kHz

Calibration

 

Figure 4.14 Determination of the Calibration Time (tcalib) of Two Piezoelectric 
Discs in Contact for an Input Frequency of 7 kHz   
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Figure 4.15 Determination of the Calibration Time (tcalib) of Two Piezoelectric 
Discs in Contact for an Input Frequency of 8 kHz   
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Figure 4.16 Determination of the Calibration Time (tcalib) of Two Piezoelectric 
Discs in Contact for an Input Frequency of 10 kHz   

As shown in these figures, the values of tcalib were determined from the 

first change in curvature for both type of transducers.  Also, it can be observed 

that usually the tcalib for PD transducers is smaller than the tcalib obtained for the 

BE transducers. 

In addition to evaluating tcalib based on the initial “breaks” in the input and 

output waveforms, attempts were made to determine the relation of the time shift 

(tcalib) among corresponding peaks between the input and output signals.  Figure 

4.17 shows a four-cycle input signal and its corresponding four-cycle output 

signal for one set of PDs.  The calibration times for the corresponding peaks are 

presented in tabular form in the figure.  The peaks are identified by letters from A 

through H.  As shown in this figure, there is no clear trend or consistency in the 
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observed arrival times.  One possible explanation of this discrepancy is due to the 

source-receiver interaction of the transducers in motion; the time discrepancy 

among peaks was observed in the range of frequency from 2 to 11kHz for PDs, 

and from 2 to 10 kHz in the case of BEs.   

Similarly to the PDs calibration signals, the calibration times for 

corresponding peaks using one set of BEs are shown in Figure 4.18.  In this case 

the peaks are named by letters from A through F.  Travel times determined with 

corresponding peaks were once again not consistent. Therefore, only the first 

arrival time was considered in this study to evaluate the body wave velocities. 
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Figure 4.17 Determination of the Time of Calibration (tcalib) by from Different 
Peaks of the Signals for Two Piezoelectric Discs in Contact  
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Figure 4.18 Determination of the Time of Calibration (tcalib) from Different Peaks 
of the Signals for Two Bender Elements in Contact  

4.4.2 Identification of the Polarity of the Arriving Wave 

Knowledge of the polarity of the input signal applied to the source 

transducers is crucial in identifying the arrival time in the output signals.  In other 

words, it is necessary to know the polarity of the output signal for a given polarity 

of the input signal.  This task should be carried out for each set of source-receiver 

transducers.  Figures 4.19 through 4.21 show measurements of the calibration of 

BE that correspond to those shown in Figures 4.11 through 4.13, but in this case 

using opposite polarity in the input signal.  In the same way, Figures 4.22 through 

4.24 present direct-arrival-time measurements of PD that correspond to those 

showed on Figures 4.14 through 4.16, also with reversed polarity of the input 

signal.  The polarity of the output signal (polarity of the arriving stress wave) in 

these figures is opposite to the polarity of the input signal in both PD and BE. 
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Figure 4.19 Determination of the Time of Calibration (tcalib) of Two Bender 
Elements in Contact Tip to Tip with Reversed Polarity of the Input 
Signal (Input Frequency, 5 kHz) 
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Figure 4.20 Determination of the Time of Calibration (tcalib) of Two Bender 
Elements in Contact Tip to Tip with Reversed Polarity of the Input 
Signal (Input Frequency, 8 kHz)  
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Figure 4.21 Determination of the Time of Calibration (tcalib) of Two Bender 
Elements in Contact Tip to Tip with Reversed Polarity of the Input 
Signal (Input Frequency, 10 kHz)  
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Figure 4.22 Determination of the Time of Calibration (tcalib) and Orientation of the 
Polarity of the Output Signal of Two Piezoelectric Discs in Contact 
with Reversed Polarity of the Input Signal (Input Frequency, 7 kHz)  
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Figure 4.23 Determination of the Time of Calibration (tcalib) and Orientation of the 
Polarity of the Output Signal of Two Piezoelectric Discs in Contact 
with Reversed Polarity of the Input Signal (Input Frequency, 8 kHz)  
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Figure 4.24 Determination of the Time of Calibration (tcalib) and Orientation of the 
Polarity of the Output Signal of Two Piezoelectric Discs in Contact 
with Reversed Polarity of the Input Signal (Input Frequency, 10 kHz)  
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However, there are also cases where the polarity of the output signal is 

similar to the polarity of the input signal as observed in Figure 4.25 and Figure 

4.26.  These figures correspond to one specific set of transducers installed in the 

ITC.  It is important to note that the polarity of the output signal depends on the 

orientation of the cable connection and the position of the transducers when they 

are mounted in their housing.  Thus, the identification of the direction of the 

polarity of the receiver transducer is a very important step in the calibration 

process for each set of source-receiver transducers.  Figure 4.25 presents the 

calibration of one set of PDs, while Figure 4.26 shows the calibration signal of 

one-set of BEs. 
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Figure 4.25 Determination of the Time of Calibration (tcalib) and Orientation of the 
Polarity of the Output Signal of Two Piezoelectric Discs in Contact  
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Figure 4.26 Determination of the Time of Calibration (tcalib) of Two Bender 
Elements in Contact Tip to Tip   

4.4.3 Frequency Effect on the Arrival Times  

The effect of the variation of the input frequency applied to the source 

transducers on the values of tcalib was evaluated in two parts.  In the initial part of 

the study, the range of frequencies considered was from 2 to about 11 kHz.  In the 

second part of this study, the PDs mounted in the ITC were calibrated using 

frequencies ranging from 3 to 200 kHz in order to improve the measurements of 

P-waves in fully saturated sand specimens.  

Corresponding to the initial part of the study, Figures 4.27 through 4.30 

show the typical variation of tcalib with different values of input frequency for PD 

and BE transducers.  Figures 4.27 and 4.28 correspond to the transducers used in 
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the ITC device and Figures 4.29 and 4.30 to those used in the RCTS.  It can be 

observed from Figures 4.27 and 4.29 that tcalib varies from about 1.6 to 3 μsec for 

the PD transducers.  It can also be observed from these figures that the tcalib is the 

same for the ITC and the RCTS device.  On the other hand, tcalib ranges from 

about 4 to 7 μsec for BE transducers according to Figures 4.28 and 4.30.  For both 

piezoelectric transducers (BE and PD), the trend of tcalib when the input frequency 

is increased is to increase, although there is quite a bit of scatter.  The general 

trend can be approximated as linear, with a slight increase as the frequency 

increases.  This increase is higher for the BE transducers; however; in a pragmatic 

way tcalib is about 2 μsec for the PDs and 5 μsec for the BEs. 
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Figure 4.27 Variation of the Calibration Time (tcalib) with Input Frequency for 
Piezoelectric Discs in the ITC (First Part of this Study)  
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Figure 4.28 Variation of the Calibration Time (tcalib) with Input Frequency for 
Bender Elements in the ITC (First Part of this Study)  
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Figure 4.29 Variation of the Calibration Time (tcalib) with Input Frequency for 
Piezoelectric Discs in the RCTS  
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Figure 4.30 Variation of the Calibration Time (tcalib) with Input Frequency for 
Bender Elements in the RCTS  

For the second part of this study, the variation of tcalib applying a broader 

range of frequencies (3 to 200 kHz) on the PDs mounted in the ITC, was 

performed.  In the case of BEs, the range of frequency applied during calibration 

is not as wide as for PDs, because after 12 kHz of driving frequency the BE 

output signal was very irregular and small.  Figure 4.31 presents the variation of 

tcalib with frequency for PDs in ITC.  This set of data was identified as 

Measurement #3.  In addition, Figure 4.31 includes the comparison of 

Measurement #3 at high frequencies with the measurements presented in Figure 

4.29.  As observed, tcalib for PDs exhibits an evident decrement after 20 kHz of 

driving frequency.  Thus, the linear tendency presented in the first part of this 

study was considered valid for a range in frequency between 2 and 20 kHz.  A 
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tcalib constant of 1.5 μsec is considered for frequencies ranging from 20 to 200 

kHz.  On the other hand, Figure 4.32 shows the variation of tcalib for BEs in the 

frequency range of 1 to 12 kHz.  Clearly, the data from Measurements #3 agree 

with the measurements of tcalib presented in Figure 4.28 for BEs in the ITC. 
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Figure 4.31 Variation of the Calibration Time (tcalib) with Input Frequency for 
Piezoelectric Discs in the ITC (Second Part of this Study)  
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Figure 4.32 Variation of the Calibration Time (tcalib) with Input Frequency for 
Bender Elements in the ITC (Second Part of this Study) 

Concerning the relevance of these variations and the magnitude of tcalib, it 

is important to define how large the values of tcalib are in comparison to the 

expected travel times of the stress waves in the sand between the source and 

receiver transducers.  Thus, it is important to analyze the slowest and the fastest 

expected measured wave velocities of the soil specimens.  The fastest expected 

compression wave velocity (Vp) corresponds to fully saturation conditions, which 

should be close to 5000 fps (1524 m/s).  The travel time at this condition for the 

ITC specimens is about 74 μsec.  The calibration time for PDs, tcalib equal to 

2μsec, represents 3% of the total traveling time; hence, tcalib is a small fraction of 

the total travel time.  Of course, tcalib is an even smaller fraction of the measured 

travel time when the sand is partially saturated and is less than 1% when the sand 
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is dry. 

In the case of  BEs, the fastest VS measured in dry washed mortar sand 

specimens in the RCTS device under a confining pressure of 56 psi (387 kPa) is 

1268 fps (386 m/s).  It is important to note that 56 psi (387 kPa) is the highest 

confining pressure used in this study.  The travel time that corresponds to this 

velocity is 352 μsec.  Therefore, if the tcalib for BEs is considered to be 5 μsec then 

this velocity represents 1.5% of the expected fastest travel time and is a smaller 

fraction at lower confining pressures with longer travel times. 

4.4.4 Effect of the Number of Cycles on the Arrival Times  

The number of cycles used in the input signal to perform PD and BE 

testing was varied to determine if the number of cycles affected the measured 

arrival time.  These measurements were obtained using the piezoelectric 

transducers mounted in the RCTS device.  Compression waves generated with 

three different numbers of cycles, N=1, 2, and 3, are plotted together in Figure 

4.33.  The crosstalk is observed in the output signals just after the start point 

marked with the first arrow (from left to right) in the figure.  It is easy to see the 

numbers of input cycles in the crosstalk region, which is indicated in the figure.  

Nevertheless, the output signals, for the PDs in the RCTS clearly show a small 

crosstalk effect, since the amplitudes of the crosstalk are much smaller than the 

amplitudes of the output signals.  In addition, the different number of cycles (N= 

1, 2, and 3) applied by the input signal can be distinguished in the output signals 

just after the arrows that mark the arrival times.  As seen in the figure, the P-wave 

arrival times in all the cases were not affected by the number of cycles of the 
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input signal. 
A

m
plitude of the  O

utput Signal

Time, sec

Input Signal
Frequency= 17 kHz
Vp=L /t=0.446 ft/2.51E-4 s
Vp=1776 fps

Start Time Arrival Time

σ0
'= 28 psi (193.3kPa)

Δt= 2.51 E-4 s
Output Signal with an Input Signal N =1
Output Signal with an Input Signal N =2
Output Signal with an Input Signal N =3

N=1

N=2

N=3

Crosstalk N=1

Crosstalk N=2

Crosstalk N=3

0.01 V

0.01 V

 

Figure 4.33 Comparison of the Output Signal from the PD Transducers Using 
Different Number of Cycles (N) in the Input Signal  

Similarly, the signals of the shear waves, measured with BE transducers, 

are presented in Figure 4.34.  As seen in Figure 4.34, the BE output signals do not 

exhibit any crosstalk.  Also, the number of cycles used in the input signals is 

observed in a consistent way in the output signals. 
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Figure 4.34 Comparison of the Output Signal from the BE Transducers Using 
Different Number of Cycles (N) in the Input Signal  

Just as with the P-wave, changing the number of cycles (N) from 1 to 3 in 

the input signal did not affect the arrival time in the S-wave.  However, changes 

in the total waveform did occur according to the number of applied cycles as one 

would expect.  

4.5 SUMMARY 

The soil tested during this study was washed mortar sand.  Description and 

characterization of this sand was carried out as presented in Section 4.2.  

Basically, all the soil specimens were formed using the undercompaction method 

(Ladd, 1978).  The portion of the washed mortar sand used in this study has 
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slightly smaller particles in comparison with previous investigations (Lee. 1993, 

and Laird, 1994).  Washed mortar sand is classified as poorly graded sand (SP), 

according to the Unified Soil Classification System, and the most relevant 

features are a mean grain size (D50) of 0.35 mm, a uniformity coefficient (Cu) of 

2.32 and a coefficient of curvature (Cc) of 1.12.  Measurements of emax and emin 

were undertaken.  The loosest density was measured following the ASTM 

Standard 4254-91, while the densest density was determined following the 

Modified Japanese Method and using a Multisieve Pluviation Apparatus (after 

Choi et. al, 2004) 

Bender elements (BEs) and piezoelectric discs (PDs) were calibrated so 

that wave propagation velocities could be properly measured by the direct-travel-

time method.  The calibration procedure was performed with the transducers in 

direct contact with each other.  The main issues of concern were: (1) the time 

delay in the electronics, (2) the identification of the polarity in the output signal 

for each set of source and receiver transducers, and (3) the variation of the 

calibration factor with frequency.  The arrival times were determined using the 

criterion of first change in curvature.  

The time delay in the electronics, tcalib, was measured for both types of 

piezoelectric transducers (BE and PD).  The results showed that tcalib is about 

5μsec for BEs in the range of frequency from 2 to 10 kHz and 2 μsec for PDs in 

the range of frequency from 2 to 11 kHz.  The variation of tcalib with frequency 

shows some scatter; however, it generally increases as frequency increases.  In the 

case of PDs in the ITC, the variation of tcalib was also determined in the range of 
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frequency from 2 to 200 kHz.  It was observed that tcalib is about 1.5 μsec and 

practically constant from 20 to 200 kHz.  Nevertheless, the calibration times for 

PDs represent 2 to 3% of the total travel time for Vp in saturated sand specimens.  

In the case of the BE, the calibration time is about 1.5% of the total travel time of 

the expected fastest VS.   

Finally, the effect of the number of cycles on the determination of the 

arrival time was reviewed.  After observing the experimental exercise of varying 

the number of cycles in the input signal applied to the piezoelectric source, it was 

concluded that the measured arrival times were not affected by the number of 

cycles applied to the input signal. 
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Chapter 5  

Wave Velocity Measurements Using Dry Sand Specimens 

5.1 INTRODUCTION 

The results of the wave velocity measurements of body waves in dry 

washed mortar sand specimens that were performed with two different devices are 

presented in this chapter.  The devices are: (1) the combined resonant column and 

torsional shear (RCTS) and (2) the instrumented triaxial chamber (ITC).  

Piezoelectric discs and bender-element transducers were mounted in both the RC 

and ITC.  Thus, small-strain shear wave velocities (VS) were measured in the ITC 

using bender elements (BE) and in the combined RCTS device using both the 

resonant column (RC) and BE.  Constrained compression wave velocities (Vp) 

were measured in the RC and ITC using piezoelectric discs (PD).   

This chapter is organized into five sections.  The first part of the chapter 

(Sections 5.2 through 5.5) covers the results obtained from two dry sand 

specimens tested in the RCTS device with the adapted piezoelectric transducers.  

The second part of the chapter is basically composed of Section 5.6, which 

includes all testing data (VS and Vp) for dry sand specimens performed using the 

ITC device.   

Section 5.2 shows the results of resonant column testing at different 

confining pressures for two washed mortar sand specimens in the dry condition.  

Similarly, Section 5.3 presents the small-strain shear wave velocity (VS) measured 
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with BEs at different confining pressures, in the same sand specimens used for 

RC testing.  In other words, VS was measured with two different devices (RC and 

BE) in the same sand specimens at different confining pressures.   

In the same way, Section 5.4 presents the variation of compression wave 

velocity (Vp) measured with piezoelectric discs (PD) at different confining 

pressures.  Section 5.5 includes the estimation of Poisson’s ratio based on Vp and 

VS measurements obtained from PDs and BEs mounted on RC device, 

respectively. 

In Section 5.6, measurements of shear wave velocity in dry sand that were 

tested with the instrumented triaxial chamber (ITC) and BE transducers are 

presented.  Ten sand specimens were tested.  Section 5.6 is divided in two parts; 

the first part includes measurements of VS obtained from six specimens 

(Specimens No. 1 through No. 6) at the first stage of the saturation process (dry 

condition).  It should be mentioned that the ITC was used to study the degree of 

saturation (Sr) and B values at different stages of the saturation process in the sand 

specimens.  The second part of the Section 5.6 presents the results of shear wave 

velocity measurements obtained from four sand specimens (No. 7 through No. 10) 

tested with the ITC under a broad range of confining pressures.  In addition, the 

effect of loading-unloading cycles on the shear wave velocity (VS) is included in 

this section. 

The results of compression wave velocity (Vp) for dry specimens 

measured with the ITC and PD transducers are presented in Section 5.7.  This 

section also consists of two parts.  Similar to Section 5.6, the first part of Section 
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5.7 includes Vp measurements of the first six sand specimens (No. 1 through No. 

6) at the beginning of the saturation process (dry conditions).  The second part 

consists of Vp measurements on Specimens No. 7 through No. 10 over a broader 

range of confining pressures.  The effect of loading-unloading cycles on Vp is also 

included in this section.  Finally, in Section 5.8 values of Vp and VS obtained from 

the ITC are compared in dry conditions for the ten sand specimens. 

5.2 MEASUREMENTS OF VS IN THE RC DEVICE 

In this study, two dry washed mortar sand specimens (BR1 and BR2) were 

tested using the RC device.  These tests were performed to establish the effect of 

confining pressure on the small-strain S-wave velocity.  The initial index 

properties and geometry of the dry sand specimens are presented in Table 5.1.  

Dry densities of the specimens range from 103.1 to 104.0 pcf (1.65 to 1.67 

g/cm3), that correspond to relative densities of 55 to 64%. 

Table 5.1 Characteristics of Dry Specimens BR1 and BR2 

Spec Diameter Height Unit Weight Void Ratio Relative Density
No. in. (cm) in. (cm) pcf (gr/cm3) e Dr, (%)

2.49 5.60 103.1 0.62 55.0
(6.32) (14.22) (1.65)
2.47 5.35 104.0 0.60 64.0

(6.27) (13.6) (1.67)

BR1

BR2
 

 

Figure 5.1 shows the variation of VS with σo for specimen BR1.  Figure 

5.2 presents similar results for specimen BR2.  Additionally, the values of small-

strain VS and resonant frequencies for both soil specimens (BR1 and BR2) are 
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tabulated in Tables 5.2 and 5.3, respectively.  As observed in Figures 5.1 and 5.2, 

the small-strain VS increases as the confining pressure increases.  Shear wave 

velocity (VS) varies from 713 to 1222 fps (217 to 372 m/s) for Specimen BR1, 

while for Specimen BR2, VS ranges from 534 to 1190 fps (163 to 363 m/s). 

In the case of specimen BR1, the confining pressure was varied from 7 to 

56 psi (48 to 387 kPa).  The resonance frequency variation over this pressure is 

82.7 to 136.8 Hz, respectively.  Specimen BR2 was subjected to confining 

pressures ranging from 2 to 56 psi (14 to 387 kPa) with the corresponding 

resonance frequency ranging from 62.4 to 138.9 Hz. 

Empirical relationships of log VS-log σo were fitted to the experimental 

data.  Equations 5.1 through 5.3 are the expressions used to model the variation of 

shear wave velocity (VS) with isotropic confining pressure, σ0, as: 
Sn

a

0
sS P

A  V ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ σ
×=     (5.1) 

where: As is the shear wave velocity at 1 atm (2117 psf=100 kPa),  

 ns is a dimensionless exponent, and 

Pa is the atmospheric pressure (Pa=100 kPa=14.7 psi). 

The shear wave velocity is adjusted for void ratio as: 
Sn

a

0
seS P

A  V ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ σ
×=     (5.2) 

where: Ase is the shear wave velocity at 1 atm.  For a soil with e =1, Ase is 

represented as: 

)e(FA A sse ×=     (5.3) 

where: e is the void ratio, and 
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F(e) = 0.3 + 0.7e2.  

These equations were taken from Hardin’s equation (1978) for the log 

Gmax-log σo relationship.  The VS-σo relationships are best-fit to the test data using 

Equations 5.1 through 5.3 and are presented by solid lines in Figures 5.1 and 5.2.  

The best-fit parameters obtained from these results are shown numerically in 

Table 5.4.   
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Figure 5.1 Variation of Small-Strain Shear Wave Velocity with Isotropic 
Confining Pressure for Dry Specimen BR1  
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Table 5.2 Variations of VS with Confining Pressure for Dry Specimen BR1 

Measurement Confining Pressure Vs (RC) Resonant Frequency Wavelength
No. psi (kPa)  fps (m/s) Hz λs, ft (m)

7 713 82.7 8.6
(48) (217) (2.6)
14 857 99.4 8.6

(97) (261) (2.6)
21 927 107.5 8.6

(145) (283) (2.6)
28 1010 117.2 8.6

(193) (308) (2.6)
35 1049 121.7 8.6

(242) (320) (2.6)
56 1222 136.8 8.9

(387) (372) (2.7)
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Figure 5.2 Variation of Small-Strain Shear Wave Velocity with Confining 
Pressure for Dry Specimen BR2  
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Table 5.3 Variations of VS with Confining Pressure for Dry Specimen BR2 

Measurement Confining Pressure Vs (RC) Resonant Frequency Wavelength
No. psi (kPa)  fps (m/s) Hz λs, ft (m)

2 534 62.4 8.6
(13.8) (163) (2.6)

4 629 73.4 8.6
(27.6) (192) (2.6)

7 727 86.1 8.4
(48.3) (222) (2.6)

14 867 103.6 8.4
(97) (264) (2.6)
28 1000 116.8 8.6

(193) (305) (2.6)
56 1190 138.9 8.6

(387) (363) (2.6)

1

2

3

4

5

6
 

 

Table 5.4 Best-Fit Parameters for the Variation of VS with Confining Pressure 
for Dry Specimens BR1 and BR2 Tested Using RC Device  

Specimen Initial Relative
No. Void Ratio F(e) Density

e
As, fps   
(m/s)

Ase, fps   
(m/s)

ns

BR-1 0.62 0.57 55.0 836 634 0.28
(255) (193)

BR-2 0.60 0.55 64.0 867 646 0.23
(264) (197)

Shear WaveVelocity  (RC)
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5.3 MEASUREMENTS OF VS WITH BE AND RC TESTS 

The same specimens tested in the RC device (BR1 and BR2) were also 

tested using BE transducers.  Direct travel-time measurements of VS were 

performed at the same isotropic pressures applied during RC testing.  The 

sequence of testing consisted of performing BE testing at each confining pressure 

just after the RC testing was finished.  Therefore, VS values for specimens were 

obtained using two different methods (RC and BE measurements) at each 

confining pressure.  Identification of the S-wave arrival time in the output signal 

in the BE tests was performed by locating the point of the first significant 

deflection of the proper polarity.  Once again, the log VS-log σo relationship for ns 

equal to 0.25 is shown in these figures for ease in performing relative 

comparisons.  

5.3.1 Seismic Testing Using Bender Elements Adapted to the RCTS Device 

The variation of VS with isotropic confining pressure measured with BEs 

for sand specimen BR1 are presented in Figure 5.3.  In addition, Table 5.5 

presents the values of VS, the input frequency applied to the source transducers, 

and the number of wavelengths (λ) between the source and receiver for the shear 

wave measurements at each confining pressure.  It is observed in Table 5.5 that 

VS measured with the BEs for specimen BR1 ranges from 749 to 1268 fps (228 to 

386 m/s).  The input frequencies applied to the source BE varied from 8 to 10 

kHz. 
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Figure 5.3 Variation of Small-Strain Shear Wave Velocity with Confining 
Pressure for Dry Specimen BR1 Using BE Tests   

Table 5.5 Variation of VS with Confining Pressure for Dry Specimen BR1  

Measurement Confining Pressure Input Frequency Wavelength (BE) Vs Vs (RC)
No. psi (kPa) BE (kHz) λs ,ft,(cm)  fps (m/s)  fps (m/s)

7 8 0.094 749 713
(48) (2.85) (228) (217)
14 8 0.112 895 857

(97) (3.41) (273) (261)
21 10 0.097 969 927

(145) (2.95) (295) (283)
28 10 0.106 1062 1010

(193) (3.24) (324) (308)
35 10 0.112 1124 1049

(242) (3.43) (343) (320)
56 10 0.127 1268 1222

(387) (3.86) (386) (372)

5

6

1

2

3

4
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Similarly, Figure 5.4 shows the log VS-log σo relationship for Specimen 

BR2.  The associated values of VS, input frequency, and wavelength are presented 

in Table 5.6.  In this case, the BE measurements of VS are in the range of 563 to 

1252 fps (172 to 382 m/s).  The input frequencies used to excite the source BE 

varied from 5 to 10 kHz.  The log VS-log σo relationships obtained from Equation 

5.1 are included in both figures and the best-fit parameters (As, Ase, and ns) 

calculated from the BE measurements are presented in Table 5.7.  The As 

coefficient ranges from 887 to 909 fps and the exponent ns varies from 0.23 to 

0.27. 
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Figure 5.4 Variation of Small-Strain Shear Wave Velocity with Confining 
Pressure for Dry Specimen BR2 Using BE Tests  
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Table 5.6 Variation of VS with Confining Pressure for Dry Specimen BR2  

Measurement Confining Pressure Input Frequency Wave Length (BE) Vs Vs (RC)
No. psi (kPa) BE (kHz) λ s (ft)  fps (m/s)  fps (m/s)

2 5 0.113 563 534
(13.8) (3.43) (172) (163)

4 6 0.108 648 629
(27.6) (3.29) (198) (192)

7 8.5 0.090 761 727
(48) (2.73) (232) (222)
14 8.5 0.107 911 867

(97) (3.27) (278) (264)
28 8.5 0.123 1046 1000

(193) (3.75) (319) (305)
56 10 0.125 1252 1190

(387) (382) (363)

5

6

1

2

3

4

 

Table 5.7 Best-Fit Parameters for the Variation of VS with Confining Pressure 
for Dry Specimens BR1 and BR2 Tested Using BEs  

Specimen Initial Relative
No. Void Ratio F(e) Density

e Dr (%)
As, fps   
(m/s)

Ase, fps   
(m/s)

ns

BR-1 0.62 0.57 55.0 887 672 0.27
(270) (205)

BR-2 0.60 0.55 64.0 909 677 0.23
(277) (206)

Shear WaveVelocity  (BE)

 

5.3.2 Comparison of VS Values Measured with BE and RC Tests  

The results of the VS measurements obtained from the BE and RC tests are 

compared below.  The results obtained form these two specimens using both the 

RC and BE technique are combined and compared in Figures 5.5 and 5.6 for 

Specimens BR1 and BR2, respectively.  As observed in these data, the specimens 

exhibited the same trends of VS increasing as confining pressure increased with 
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both experimental techniques, as expected.  Clearly, the slope of the log VS-log σo 

relationships, obtained with the two techniques (BEs and RC), are very close to 

each other and are very close to the line defined by Equation 5.1 for ns = 0.25.  

For a given specimen the best-fit values of ns are the same, with ns of 0.27 for 

Specimen BR1 and ns of 0.23 for Specimen BR2.  The values of As vary slightly 

between specimens but show a stronger trend (variation) with testing technique as 

discussed below. 
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Figure 5.5 Comparison of the Variation of Small-Strain Shear Wave Velocity 
with Confining Pressure for Specimen BR1 Using RC and BE Tests  
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Figure 5.6 Comparison of the Variation of Small-Strain Shear Wave Velocity 
with Confining Pressure for Specimen BR2 Using RC and BE Tests  

Comparisons of As values show that the measurements of VS with the BEs 

are slightly larger than the values obtained in the RC tests.  The difference in the 

velocities ranges from about 3 to 7% for a given specimen.  This difference is 

possibly explained by the differences in the driving frequency (f) and in the 

shearing strain amplitude (γ) applied to the specimen by the different 

measurement techniques.  The driving frequency used in the BE tests ranges from 

5 to 10 kHz.  In contrast, the resonant frequency (measurement frequency) in the 

RC tests ranges from about 60 to 140 Hz, depending on the applied confining 
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pressure.   

On the other hand, BE testing subjects the specimen to smaller shearing 

strains when compared to the shearing strains applied in RC testing.  As seen in 

Figure 5.7, the log VS-log σo relationships measured by BE and RC tests for both 

specimens BR1 and BR2 differ only slightly.  Therefore, it is not possible (or 

necessary) to determine the impact of each factor (f and γ).  However, it is 

feasible to evaluate part of the difference that might be attributed to dispersion in 

wave velocity caused by excitation frequency and material damping.  Aki and 

Richards (1980) express this effect as: 
( )
( ) ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
ω
ω

π
+=

ω
ω

2

1

2

1 ln
Q
11  

c
c

   (5.4) 

where: ( )
( ) c

c

2

1

ω
ω is the ratio of two phase velocities at two different frequencies ω1 

and ω2, and 

 Q is the quality factor, that is related to the material damping (D) as 

Q=100/2(D) 

Therefore, for Specimen BR2 at a confining pressure of 14 psi (97 kPa) 

the ratio VS(BE)/VS(RC) was found to be 1.05.  The material damping ratio (D) 

measured for this specimen with RC test was 0.79%.  The frequency used for BE 

was 8.5 kHz and for RC was 104 Hz.  Thus the VS(BE)/VS(RC) calculated using 

Equation 5.4 is 1.022.  
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Figure 5.7 Comparison of the Variation of Small-Strain Shear Wave Velocity 
with Confining Pressure for Specimens BR1 and BR2 Using BE and 
RC Tests   

5.4 MEASUREMENTS OF VP WITH PIEZOELECTRIC DISCS IN THE RC DEVICE 

Variation of the compression wave velocity (Vp) with confining pressure 

was measured using PDs, in a similar way as VS was measured in the RC and BE 

tests.  These measurements were performed on the same two dry sand specimens, 

BR1 and BR2.  PD measurements were performed immediately after the BE 

measurements at each confining pressure were obtained.  Equation 5.4 was used 

to represent the log Vp-log σ0 relationship patterned (after Equation 5.1, Hardin, 

1978): 
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pn
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0
pp P

A  V ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ σ
×=     (5.5) 

where: Ap is the compression wave velocity at 1 atm,  

 np is a dimensionless exponent, and 

Pa is the atmospheric pressure (Pa=100kPa=14.7 psi). 

The compression wave velocity is adjusted for void ratio as: 
pn

a

0
pep P

A  V ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ σ
×=     (5.6) 

where: Ape is the compression wave velocity at 1 atm (2117 psf=100kPa).  For a 

soil with e =1, Ape is expressed as:  
F(e)A  A ppe ×=     (5.7) 

where: e is the void ratio, and 

F(e) = 0.3 + 0.7e2.  

The variation of compression wave velocity with confining pressure for 

Specimen BR1 is presented in Figure 5.8 and is tabulated in Table 5.8.  The input 

frequency used to excite the PD as well as the corresponding wavelength (λ) for 

each confining pressure is also included in this table.  Similar data are plotted in 

Figure 5.9 for Specimen BR2 and tabulated in Table 5.9.  It can be observed that, 

for Specimen BR1, Vp varies from 1320 to 2021 fps (402 to 616 m/s) for 

confining pressures ranging from 7 to 56 psi (48.3 to 386.6 kPa) while the 

compression wave velocity for Specimen BR2 ranges from 981 to 2039 fps (299 

to 621 m/s) for confining pressures ranging from 2 to 56 psi (13.8 to 386.6 kPa). 
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Figure 5.8 Variation of Compression Wave Velocity with Isotropic Confining 
Pressure for Specimen BR1 

Table 5.8 Variation of Vp with Confining Pressure for Specimen BR1 Using PD 
Measurements 

Measurement Confining Pressure Input Frequency Vp Wavelength
No. psi (kPa) PD (kHz)  fps (m/s) λp, ft (cm)

7 12 1320 0.110
(48) (402) (3.4)
14 11 1554 0.141

(97) (474) (4.3)
21 11 1650 0.150

(145) (503) (4.6)
28 13 1791 0.138

(193) (546) (4.2)
35 16 1863 0.116

(242) (568) (3.5)
56 17 2021 0.119

(386.6) (616) (3.6)

1

2

3

4

5

6
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Figure 5.9 Variation of Compression Wave Velocity with Isotropic Confining 
Pressure for Specimen BR2 

Table 5.9 Variation of Vp with Confining Pressure for Specimen BR2 Using PD 
Measurements 

Measurement Confining Pressure Input Frequency Vp Wavelength
No. psi (kPa) PD (kHz)  fps (m/s) λp, ft (cm)

2 7 981 0.140
(14) (299) (4.3)

4 6.5 1174 0.181
(28) (358) (5.5)

7 10 1320 0.132
(48) (402) (4.0)
14 11 1571 0.143

(97) (479) (4.4)
28 13 1792 0.138

(193) (546) (4.2)
56 17 2039 0.120

(387) (621) (3.7)

1

2

3

4

5

6
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The best-fit parameters Ap, Ape and np calculated from the log Vp-log σo 

plotted in Figures 5.8 and 5.9 are presented in Table 5.10.  The values of Ap for 

Specimens BR1 and BR2 were found to be 1557 fps and 1566 (475 and 477 m/s), 

respectively.  Also, the corresponding np for Specimens BR1 and BR2 was 

calculated as 0.20 and 0.22, respectively.  On the other hand, Figure 5.10 shows a 

comparison of the log Vp-log σo relationships for Specimens BR1 and BR2.  As 

seen in this figure, the results obtained for both specimens (BR1 and BR2) are in 

excellent agreement, as expected.  The range in confining pressure applied to 

specimen BR1 was from 7 psi to 56 psi (48 kPa to 386 kPa).  On the other hand, 

the confining pressure applied to Specimen BR2 was varied from 2 to 56 psi (14 

to 386 kPa) 
 

Table 5.10 Best-Fit Parameters for the Variation of Vp with Confining Pressure 
for Dry Specimens BR1 and BR2 Tested Using the RC Device  

Specimen Initial Relative
No. Void Ratio F(e) Density

e Dr (%)
Ap, fps   
(m/s)

Ape, fps   
(m/s)

np

BR-1 0.62 0.57 55.0 1557 1181 0.20
(475) (360)

BR-2 0.60 0.55 64.0 1566 1162 0.22
(477) (354)

Compression WaveVelocity  
(PD)
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Figure 5.10 Comparison of the Variation in Compression Wave Velocity with 
Isotropic Confining Pressure for Specimens BR1 and BR2 

5.5 ESTIMATION OF POISSON’S RATIO FROM VP AND VS IN THE RC DEVICE 

The variation of Poisson’s ratio (ν) with confining pressure was calculated 

using Equation 5.8 for Specimens BR1 and BR2.   
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The values of Vp measured with PDs and VS measured with BEs were 

used to evaluate the Poisson’s ratio (ν) of the sand specimens.  The variation of 

ν with σ0 for specimens BR1 and BR2 is presented in Figure 5.11 and the 

corresponding values shown in Table 5.11.  It is clear that the value of Poisson’s 

ratio decreases slightly as the confining pressure increases.   
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Figure 5.11 Variation of Poisson’s Ratio with Isotropic Confining Pressure for 
Specimens BR1 and BR2 
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Table 5.11 Estimation of Poisson’s Ratio for Dry Sand Specimens BR1 and BR2 
Using Vp and VS 

Measurement Confining Pressure Vp Vs Poisson's Confining Pressure Vp Vs Poisson's 
No. psi (kPa) fps (m/s)  fps (m/s) Ratio psi (kPa) fps (m/s)  fps (m/s) Ratio

7 1320 749 0.26 2 981 563 0.25
(48) (402) (228) (14) (294) (187)
14 1554 895 0.25 4 1174 648 0.28

(97) (474) (273) (28) (358) (226)
21 1650 969 0.24 7 1320 761 0.25

(145) (503) (295) (48) (402) (253)
28 1791 1062 0.23 14 1571 911 0.25

(193) (546) (324) (97) (486) (312)
35 1863 1124 0.21 28 1792 1046 0.24

(242) (568) (343) (193) (546) (354)
56 2021 1268 0.18 56 2039 1252 0.20

(387) (616) (386) (387) (608) (390)

5

6

SPECIMEN BR1 SPECIMEN BR2

1

2

3

4

 
 

Specimen BR1 shows a variation in ν from 0.26 to 0.18 as confining 

pressure increases from 7 to 56 psi (48 to 387 kPa).  In the case of Specimen BR2, 

ν decreases from 0.28 to 0.20 as confining pressure increases from 2 to 56 psi (14 

to 387 kPa).  It does not seem reasonable to expect ν to continue to decrease to 

zero at high confining pressures.  The reason ν is decreasing with increasing σ0 is 

that np is smaller than ns; hence, Vp is tending towards VS as σ0 increases.  The 

value of ν is nearly constant for confining pressures in the range of 2 to 28 psi (14 

to 193 kPa) with an average value of 0.25.  This value seems reasonable and the 

decrease at higher pressures may be related to some difficulties with the P-wave 

measurements at the higher pressures. 

5.6 VS MEASUREMENTS WITH BES IN THE ITC 

The compression and shear wave velocities of ten sand specimens were 

measured with the Instrumented Triaxial Chamber (ITC) in three conditions: dry, 
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partially, and fully saturated.  It is important to note that the initial and main 

objective of testing in the ITC was to monitor the saturation process of soil 

specimens using body wave velocities.  This section presents exclusively the 

seismic measurements of VS in the ITC that were obtained in dry conditions.  The 

ten sand specimens tested under dry conditions using the ITC were divided into 

the following two categories: 

1) In the initial part of this study, the sand specimens tested in the ITC involved 

seismic measurements in the dry condition at only one specific confining 

pressure.  The seismic measurements under the dry condition represented the 

initial measurements prior to beginning the saturation process for the sand 

specimens.  Specimens No. 1 through No. 6 correspond to this category.   

2) In the second part of this study, the sand specimens were initially tested in the 

dry condition with multiple seismic measurements in the ITC over a broad 

range of confining pressures and driving frequencies. Specimens No. 7 

through No. 10 fall into this category, termed second category. 

The initial index properties and geometry of the ten dry sandy specimens 

are shown in Table 5.12.  The dry densities of the specimens range from 102.5 to 

107.9 pcf (1.66 to 1.73 g/cm3).  These dry densities correspond to relative 

densities ranging from 84.5 to 50.0%, respectively.  Additionally, the void ratio of 

the specimens varied from 0.54 to 0.62. 

5.6.1 Measurements of VS with BEs in the ITC for Specimens No. 1 to No. 6 
(First Category) 

The first six sand specimens involved seismic measurements at one 



 155 

pressure (Category 1), just before starting the saturation process.  These 

measurements were carried out just after setting up the sand specimens on the 

base pedestals of the ITC and filling the chamber with water to provide 

confinement.  Thus, once the chamber was full of water and the isotropic 

confining pressure was applied to the soil specimen, the seismic measurements 

were performed. 

Table 5.12 Characteristics of Sand Specimens in the Dry State Tested in the 
Instrumented Triaxial Chamber (ITC) 

Spec Diameter Height Unit Weight Void Ratio Relative Density
No. in. (cm) in. (cm) pcf (gr/cm3) e Dr, (%)

1.4 4.40 107.9 0.54 84.5
(3.6) (11.2) (1.73)
1.4 4.40 104.2 0.60 60.0

(3.6) (11.2) (1.67)
1.38 4.34 106.4 0.57 72.7
(3.5) (11.0) (1.71)
1.4 4.35 104.9 0.59 65.0

(3.6) (11.0) (1.68)
1.4 4.48 105.6 0.58 69.5

(3.6) (11.4) (1.69)
1.4 4.40 103.6 0.61 55.9

(3.6) (11.2) (1.66)
1.4 4.35 102.7 0.62 50.0

(3.6) (11.0) (1.65)
1.4 4.34 102.9 0.61 55.9

(3.6) (11.0) (1.65)
1.38 4.30 102.5 0.62 50.0
(3.5) (10.9) (1.64)
1.38 4.30 103.4 0.61 55.9
(3.5) (10.9) (1.66)

8

9

10

1

4

3

6

2

5

7

 

The seismic measurements of VS for Specimens No. 1 to No. 6 are 

presented in Table 5.13.  The rest of the seismic measurements, under wet 
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conditions obtained during the saturation process, are discussed in Chapters 7 and 

8.  As seen in the table, VS ranged from 912 to 920 fps (278 to 281 m/s) at an 

isotropic confining pressure of 15 psi (103.5 kPa).  For Specimens No. 1 and No. 

2, values of VS of 828 and 806 fps (252 and 246 m/s), respectively were 

determined at a confining pressure of 10 psi (69 kPa).  The input frequency for the 

BE measurements ranged from 5 to 8 kHz. 

Table 5.13 Shear Wave Velocity Measurements for the First Six Sand Specimens 
in the Dry State Tested Using the Instrumented Triaxial Chamber 
(ITC) 

Spec Height Isotropic Confining VS Wavelength 
No. in. (cm) Pressure, psi (kPa)  fps (m/s) λS ,ft,(cm)

4.40 10 6.5 828 0.127
(11.2) (69.0) (252) (3.9)
4.40 10 5 806 0.161

(11.2) (69.0) (246) (4.9)
4.34 15 7 912 0.130

(11.0) (103.5) (278) (4.0)
4.35 15 7 920 0.131

(11.0) (103.5) (280) (4.0)
4.48 15 7.5 916 0.122

(11.4) (103.5) (279) (3.7)
4.40 15 8 916 0.115

(11.2) (103.5) (279) (3.5)

5

6

Input Frequency, 
kHz

1

2

3

4

 

5.6.2 Measurements of VS with BEs in the ITC for Specimens No. 7 to No. 
10 (Second Category) 

Specimens No. 7, No. 8, and No. 10 were tested with varying confining 

pressures in dry condition using the same loading sequence that was applied to 

Specimen BR2.  Specimen No. 9 was tested at different values of confining 

pressure in order to obtain values of body wave velocities over a broader range of 
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confining pressures.  In addition, two cycles of loading and unloading were 

applied to Specimens No. 7 and No. 8 to observe the effect of loading-unloading 

cycles on the body wave velocities.  The results obtained during the loading and 

unloading process are presented in Tables 5.14 through 5.17 for both Specimens 

No. 7 and No. 8.   

The variations of the shear wave velocity (VS) with two cycles of loading 

and unloading are presented in Figures 5.12 and 5.13 for Specimens No. 7 and 

No. 8, respectively.  The data show no significant effect of the loading-unloading 

cycles on VS.  The results of both specimens are very consistent, which leads to 

the conclusion that the loading-unloading cycles cause no significant changes in 

density or soil structure. 

100

2

3

4

5

6
7
8
9

1000

2

3

4

5

6

Sh
ea

r W
av

e 
V

el
oc

ity
, f

ps

0.1 1 10 100 1000

Isotropic Confining Pressure, psi

VS=(As)*(σ0/Pa)0.25

Vs BE (Specimen No.7, ITC) Load
Vs BE (Specimen No.7, ITC) First Unload
Vs BE (Specimen No.7, ITC) Reload
Vs BE (Specimen No.7, ITC) Second Unload

VS=896*( σ0/Pa)0.25

 

Figure 5.12 Variation of Shear Wave Velocity with Two Loading and Unloading 
Cycles of Pressure for Dry Specimen No. 7 
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Figure 5.13 Variation of Shear Wave Velocity with Two Loading and Unloading 
Cycles of Pressure for Dry Specimen No. 8 

However, the first point of the log VS-log σo relationships for Specimens 

No. 7 and No. 8, corresponding to a confining pressure of 2 psi (28 kPa), is 

clearly higher than the general trend.  In fact, the Vp measurements in Section 5.7 

indicate that it is probably the first two points (at 2 and 4 psi (14 and 28 kPa)) in 

the pressure sequence.  One possible explanation for this variation is that the sand 

has locked-in stresses at these low pressures which cause the specimens to behave 

as an overconsolidated soil.  A possible explanation for this response to be evident 

in the ITC specimens and not the RC specimens is that the ITC specimens are 

smaller than the RC specimens (1.4 in. (3.6 cm)) diameter versus 2.5 in. (6.3 
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cm)).  Therefore, the cross-sectional area of the compaction rod (diameter equal to 

1 in. (2.54 cm)) was a much larger fraction of the cross-sectional area of the ITC 

specimens.  The power law equations for the VS-σo relationships (Hardin, 1978) 

given by Equations 5.1 to 5.3 were also fitted to the data in Figures 5.12 through 

5.15.  The results of the best-fit lines are presented in these figures. 

Similarly, the variation of shear wave velocity (VS) with confining 

pressure for dry Specimens No. 9 and No. 10 are presented in Figures 5.14 and 

5.15, respectively.  Specimen No. 9 was tested over a range of confining pressure 

from 9 to 63 psi (62 to 435 kPa), while Specimen No. 10 was tested from 2 to 56 

psi (14 to 387 kPa).  
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Figure 5.14 Variation of Shear Wave Velocity with Isotropic Confining Pressure 
for Dry Specimen No. 9 
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It is evident that all the data presented in Figure 5.14 for Specimen No. 9 

follow the same trend during the entire range of the applied confining pressures.  

In contrast, the seismic measurements for Specimen No. 10 are consistent with the 

behavior observed in Specimens No. 7 and No. 8 at a confining pressure of 2 and 

4 psi (14 and 28 kPa).  The results are consistent with the discussion above 

concerning an apparent overconsolidation effect at low confining pressures (2 and 

4 psi (14 and 28 kPa)). 
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Figure 5.15 Variation of Shear Wave Velocity with Isotropic Confining Pressure 
for Dry Specimen No. 10 
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Tables 5.14 and 5.15 show the VS measurements of Specimen No. 7 for 

the complete loading-unloading sequence of the confining pressure.  Similarly, 

Tables 5.16 and 5.17 show the values of VS measured on Specimen No. 8 for the 

complete loading-unloading sequence.  

Table 5.14 Shear Wave Velocity Measurements for Specimen No. 7 in the Dry 
State Tested with the Instrumented Triaxial Chamber (ITC), First 
Cycle of Loading-Unloading 

Measurement Confining Pressure Input Frequency Wavelength VS

No. psi (kPa) BE (kHz) λS ,ft,(cm) fps (m/s)
2 5 0.118 591

(13.8) (3.6) (180)
4 5 0.130 648

(27.6) (3.9) (197)
7 5 0.148 740

(48.3) (4.5) (225)
14 6 0.150 900

(96.6) (4.6) (274)
28 5.5 0.189 1038

(193.3) (5.7) (316)
56 6 0.208 1251

(386.6) (6.4) (381)
28 5.5 0.188 1031

(193.3) (5.7) (314)
14 6 0.148 890

(96.6) (4.5) (271)
7 5 0.149 743

(48.3) (4.5) (226)
4 5 0.129 645

(27.6) (3.9) (197)
2 5 0.118 590

(13.8) (3.6) (180)

1

2

3

4

5

6

7

8

9

10

11
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Table 5.15 Shear Wave Velocity Measurements for Specimen No. 7 in the Dry 
State Tested with the Instrumented Triaxial Chamber (ITC), Second 
Cycle of Loading-Unloading 

Measurement Confining Pressure Input Frequency Wavelength VS

No. psi (kPa) BE (kHz) λS ,ft,(cm) fps (m/s)
4 5 0.129 644

(27.6) (3.9) (196)
7 5 0.145 726

(48.3) (4.4) (221)
14 6 0.146 877

(96.6) (4.5) (267)
28 5.5 0.186 1025

(193.3) (5.7) (312)
56 6 0.208 1245

(386.6) (6.3) (380)
28 5.5 0.186 1025

(193.3) (5.7) (312)
14 6 0.150 899

(96.6) (4.6) (274)
7 5 0.148 738

(48.3) (4.5) (225)
4 5 0.128 638

(27.6) (3.9) (195)
2 5 0.119 593

(13.8) (3.6) (181)

14

13

12

15

16

21

17

18

19

20

 
 

As seen in Tables 5.14 and 5.15, the shear wave velocity for the first 

loading sequence varied by generally less than 1% from the values of VS 

measured in the first unloading sequence.  In the second loading-unloading cycle 

(Table 5.15), close agreement was again found between the loading and unloading 

measurements. 

Tables 5.16 and 5.17 show the variation of VS measured on Specimen No. 

8 for the first and second loading-unloading cycles, respectively.  Again, very 
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good agreement was found at the corresponding pressures for both cycles of 

loading. 

Table 5.16 Shear Wave Velocity Measurements for Specimen No. 8 in the Dry 
State Tested with the Instrumented Triaxial Chamber (ITC), First 
Cycle of Loading-Unloading 

Measurement Confining Pressure Input Frequency Wavelength VS

No. psi (kPa) BE (kHz) λS ,ft,(cm) fps (m/s)
2 5 0.119 594

(13.8) (3.6) (181)
4 5 0.131 656

(27.6) (4.0) (200)
7 5 0.147 734

(48.3) (4.5) (224)
14 5.5 0.164 902

(96.6) (5.0) (275)
28 5.5 0.189 1041

(193.3) (5.8) (317)
56 6 0.208 1245

(386.6) (6.3) (380)
28 5.5 0.189 1041

(193.3) (5.8) (317)
14 6 0.147 880

(96.6) (4.5) (268)
7 5 0.147 736

(48.3) (4.5) (224)
4 5 0.126 632

(27.6) (3.9) (193)
2 5 0.118 590

(13.8) (3.6) (180)

1

2

3

4

5

6

7

8

9

10

11
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Table 5.17 Shear Wave Velocity Measurements for Specimen No. 8 in the Dry 
State Tested with the Instrumented Triaxial Chamber (ITC), Second 
Cycle of Loading-Unloading 

Measurement Confining Pressure Input Frequency Wavelength VS

No. psi (kPa) BE (kHz) λS ,ft,(cm) fps (m/s)
4 5 0.126 632

(27.6) (3.9) (193)
7 5 0.145 723

(48.3) (4.4) (220)
14 6 0.149 892

(96.6) (4.5) (272)
28 5.5 0.185 1019

(193.3) (5.6) (311)
56 6 0.208 1245

(386.6) (6.3) (380)
28 5.5 0.186 1022

(193.3) (5.7) (311)
14 6 0.151 906

(96.6) (4.6) (276)
7 5 0.145 726

(48.3) (4.4) (221)
4 5 0.126 630

(27.6) (3.8) (192)
2 5 0.118 591

(13.8) (3.6) (180)

12

13

14

19

20

21

15

16

17

18

 
 

Also, Tables 5.18 and 5.19 present the result of VS varying with confining 

pressure for Specimens No. 9 and No. 10, respectively.  For Specimen No. 9, VS 

varies from 791 fps to 1279 fps (241 to 390 m/s) in the range of confining 

pressure from 9 to 63 psi (62 to 435 kPa).  On the other hand, VS varies from 591 

fps to 1250 fps (180 to 381 m/s) in the range of confining pressure from 2 to 56 

psi (14 to 387 kPa) for Specimen No. 10.  As seen in all cases, the input frequency 

applied to the BEs fell in a very narrow range, from 5 to 6 kHz. 
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Table 5.18 Shear Wave Velocity Measurements for Specimen No. 9 in the Dry 
State Tested in the Instrumented Triaxial Chamber (ITC) 

Measurement Confining Pressure Input Frequency VS Wavelength
No. psi (kPa) BE (kHz) fps (m/s) λs ,ft (cm)

9 5 791 0.158
(62.1) (241) (4.8)

11 5 838 0.168
(75.9) (255) (5.1)

14 5 889 0.178
(96.6) (271) (5.4)

21 5 958 0.192
(145.0) (292) (5.8)

35 5 1070 0.214
(241.6) (326) (6.5)

63 5 1279 0.256
(434.9) (390) (7.8)

1

2

3

4

5

6
 

Table 5.19 Shear Wave Velocity Measurements for Specimen No. 10 in the Dry 
State Tested in the Instrumented Triaxial Chamber (ITC) 

Measurement Confining Pressure Input Frequency VS Wavelength
No. psi (kPa) BE (kHz) fps (m/s) λs ,ft (cm)

2 5 591 0.118
(13.8) (180) (3.6)

4 5 652 0.130
(27.6) (199) (4.0)

7 5 758 0.152
(48.3) (231) (4.6)

14 5 894 0.179
(96.6) (273) (5.5)

28 5 1044 0.209
(193.3) (318) (6.4)

56 6 1250 0.208
(386.6) (381) (6.3)

1

2

3

4

5

6
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5.7 VP MEASUREMENTS WITH PDS IN THE ITC 

5.7.1 Measurements of Vp with PD in the ITC for Specimens No. 1 to No. 6 
(First Category) 

The results of P-wave velocity measurements for the first six sand 

specimens, which consist of one measurement under dry conditions (Category 1), 

are presented in Table 5.20.  As observed in the table, Vp ranges from 1620 to 

1644 fps (494 to 501 m/s) under a confining pressure of 15 psi (103.5 kPa).  For 

the two specimens tested at a confining pressure of 10 psi (69 kPa), Vp values of 

1543 and 1583 fps (470 and 483 m/s) were measured.  In the case of the PD 

transducers, the driving frequencies applied to the source transducer ranged from 

3 to 9 kHz. 

Table 5.20 Compression Wave Velocity Measurements for the First Six Sand 
Specimens in the Dry State Tested Using the Instrumented Triaxial 
Chamber (ITC) 

Spec Height Isotropic Confining Vp Wavelength 
No. in. (cm) Pressure, psi (kPa) fps (m/s) λp ,ft,(cm)

4.40 10 4 1583 0.396
(11.2) (69.0) (483) (12.1)
4.40 10 3 1543 0.514

(11.2) (69.0) (470) (15.7)
4.34 15 4.5 1642 0.365

(11.0) (103.5) (500) (11.1)
4.35 15 4 1642 0.410

(11.0) (103.5) (500) (12.5)
4.48 15 9 1644 0.183

(11.4) (103.5) (501.0) (5.6)
4.40 15 5 1620 0.324

(11.2) (103.5) (494) (9.9)

4

5

6

Input Frequency, 
kHz

1

2

3
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5.7.2 Measurements of Vp with PDs in the ITC for Specimens No. 7 to No. 
10 (Second Category) 

Compression wave velocities were also measured during the application of 

the two loading-unloading cycles of confining pressure for Specimens No. 7 and 

No. 8.  These results are shown in Figures 5.16 and 5.17 for Specimens No. 7 and 

No. 8, respectively.  Additionally, these results are presented in Tables 5.21 

through 5.24.  As seen in the figures, the P-wave velocity does not exhibit any 

significant variation due to the application of the loading-unloading cycles since 

consistent values of Vp were obtained during the complete variation in confining 

pressure.  The results lead to conclude that there is no evidence of possible 

changes in density or soil structure caused by the cycles of loading-unloading.  

However, the results of the P-wave seismic measurements at 2 and 4 psi (lowest 

confinement pressures) are much higher than expected.  Once again, one possible 

explanation for this variation is that the sand has locked-in stresses, at these low 

confining pressures, which was possibly caused during the formation of the 

specimens due to the size of the compaction rod (cross-sectional area) in 

comparison with the diameter of the specimens in the ITC.   Moreover, Figures 

5.18 and 5.19 shows the variation of Vp with effective stress for Specimens No.9 

and No.10, respectively. 

The power law equations for the Vp-σo relationships (Hardin, 1978) given 

by Equations 5.4 to 5.6 were fitted to the data in Figures 5.16 through 5.19.  

Moreover, the best-fit line and parameters are presented in these figures.   
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Figure 5.16 Variation of Compression Wave Velocity with Two Loading and 
Unloading Cycles of Pressure for Specimen No. 7 
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Figure 5.17 Variation of Compression Wave Velocity with Two Loading and 
Unloading Cycles of Pressure for Specimen No. 8 
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Figure 5.18 Variation of Compression Wave Velocity with Isotropic Confining 
Pressure for Dry Specimen No. 9 
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Figure 5.19 Variation of Compression Wave Velocity with Isotropic Confining 
Pressure for Dry Specimen No. 10 
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Table 5.21 Compression Wave Velocity Measurements for Specimen No. 7 in the 
Dry State Tested with the Instrumented Triaxial Chamber (ITC), First 
Cycle Loading-Unloading  

Measurement Confining Pressure Input Frequency Wavelength Vp
No. psi (kPa) PD (kHz) λp ,ft,(cm) fps (m/s)

2 2.5 0.493 1232
(13.8) (15.0) (375)

4 3 0.428 1283
(27.6) (13.0) (391)

7 3 0.444 1331
(48.3) (13.5) (406)

14 3 0.527 1581
(96.6) (16.1) (482)

28 4 0.444 1775
(193.3) (13.5) (541)

56 5 0.411 2057
(386.6) (12.5) (627)

28 4 0.441 1763
(193.3) (13.4) (537)

14 3 0.529 1587
(96.6) (16.1) (484)

7 3 0.444 1331
(48.3) (13.5) (406)

4 3 0.423 1270
(27.6) (12.9) (387)

2 2.5 0.494 1236
(13.8) (15.1) (377)

9

10

11

5

6

7

8

1

2

3

4
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Table 5.22 Compression Wave Velocity Measurements for Specimen No. 7 in the 
Dry State Tested with the Instrumented Triaxial Chamber (ITC), 
Second Cycle Loading-Unloading 

Measurement Confining Pressure Input Frequency Wavelength Vp
No. psi (kPa) PD (kHz) λp ,ft,(cm) fps (m/s)

4 3 0.426 1279
(27.6) (13.0) (390)

7 3 0.445 1336
(48.3) (13.6) (407)

14 3 0.529 1587
(96.6) (16.1) (484)

28 4 0.448 1792
(193.3) (13.7) (546)

56 5 0.407 2035
(386.6) (12.4) (620)

28 4 0.448 1792
(193.3) (13.7) (546)

14 3 0.525 1574
(96.6) (16.0) (480)

7 3 0.442 1326
(48.3) (13.5) (404)

4 3 0.428 1283
(27.6) (13.0) (391)

2 2.5 0.496 1240
(13.8) (15.1) (378)

21

17

18

19

20

12

13

14

15

16
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Table 5.23 Compression Wave Velocity Measurements for Specimen No. 8 in the 
Dry State Tested with the Instrumented Triaxial Chamber (ITC), First 
Cycle Loading-Unloading 

Measurement Confining Pressure Input Frequency Wavelength Vp
No. psi (kPa) PD (kHz) λp ,ft,(cm) fps (m/s)

2 2.5 0.494 1236
(13.8) (15.1) (377)

4 3.5 0.370 1293
(27.6) (11.3) (394)

7 4 0.349 1394
(48.3) (10.6) (425)

14 4 0.391 1563
(96.6) (11.9) (476)

28 4.5 0.399 1796
(193.3) (12.2) (548)

56 5.5 0.375 2064
(386.6) (11.4) (629)

28 4 0.451 1805
(193.3) (13.8) (550)

14 3 0.528 1583
(96.6) (16.1) (483)

7 3 0.466 1399
(48.3) (14.2) (426)

4 3 0.431 1293
(27.6) (13.1) (394)

2 2.5 0.489 1223
(13.8) (14.9) (373)

9

10

11

5

6

7

8

1

2

3

4
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Table 5.24 Compression Wave Velocity Measurements for Specimen No. 8 in the 
Dry State Tested with the Instrumented Triaxial Chamber (ITC), 
Second Cycle Loading-Unloading 

Measurement Confining Pressure Input Frequency Wavelength Vp
No. psi (kPa) PD (kHz) λp ,ft,(cm) fps (m/s)

4 3.5 0.368 1289
(27.6) (11.2) (393)

7 4 0.349 1394
(48.3) (10.6) (425)

14 4 0.399 1598
(96.6) (12.2) (487)

28 4.5 0.401 1806
(193.3) (12.2) (550)

56 5.5 0.377 2076
(386.6) (11.5) (633)

28 4 0.451 1806
(193.3) (13.8) (550)

14 3 0.525 1576
(96.6) (16.0) (480)

7 3 0.466 1399
(48.3) (14.2) (426)

4 3 0.430 1289
(27.6) (13.1) (393)

2 2.5 0.493 1233
(13.8) (15.0) (376)

21

17

18

19

20

13

14

15

16

12
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Table 5.25 Compression Wave Velocity Measurements for Specimen No. 9 in the 
Dry State Tested with the Instrumented Triaxial Chamber (ITC) 

Measurement Confining Pressure Input Frequency Vp Wavelength
No. psi (kPa) PD (kHz) fps (m/s) λp ,ft, (cm)

9 3 1393 0.464
(62.1) (425) (14.2)

11 3 1449 0.483
(75.9) (442) (14.7)

14 3 1591 0.530
(96.6) (485) (16.2)

21 4 1673 0.418
(145.0) (485) (12.7)

35 4.5 1874 0.416
(241.6) (485) (12.7)

63 5.0 2154 0.431
(434.9) (485) (13.1)

5

6

1

2

3

4

 

Table 5.26 Compression Wave Velocity Measurements for Specimen No. 10 in 
the Dry State Tested with the Instrumented Triaxial Chamber (ITC) 

Measurement Confining Pressure Input Frequency Vp Wavelength
No. psi (kPa) PD (kHz) fps (m/s) λp ,ft, (cm)

2 3.5 1230 0.351
(13.8) (375) (10.7)

4 3 1279 0.426
(27.6) (390) (13.0)

7 3 1335 0.445
(48.3) (407) (13.6)

14 4 1557 0.389
(96.6) (475) (11.9)

28 4.5 1809 0.402
(193.3) (551) (12.3)

56 5 2069 0.414
(386.6) (631) (12.6)

5

6

3

4

1

2
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5.8 COMPARISON OF THE MEASUREMENTS OF VP AND VS WITH THE ITC IN 

DRY CONDITIONS FOR THE TEN SAND SPECIMENS (FIRST AND SECOND 

CATEGORIES) 

A comparison of the shear wave velocity measurements obtained with the 

Instrumented Triaxial Chamber for the ten specimens (Specimens No. 1 through 

No. 10) in dry state is presented in Figure 5.20.  As observed in Figure 5.20, the 

measurements obtained with the ITC on both phases of the study (Category 1 and 

2) are in general agreement with each other.   

However, the body wave velocities of Specimen No. 1 from ITC appear to 

be greater than the rest of the values.  A possible explanation for this discrepancy 

could be the density of this particular specimen, which among all the specimens 

have the highest dry density (γd =107.9 pcf).  The void ratio that corresponds to 

this density is equal to 0.54. 

On the other hand, Figure 5.21 shows a comparison between the 

compression wave velocities obtained for the same ten specimens in the ITC.  The 

best-fit parameters obtained to adjust the power law Equations 5.4 and 5.5, taken 

from Hardin (1978), are presented in Table 5.27.  The exponents obtained (using 

ITC data) are in general agreement with those obtained to fit the experimental 

data for Specimens BR1 and BR2.  It was found that ns is about 0.25 for the log 

VS-log σo relationships, while np is about 0.20 for the log Vp-log σo relationships.   
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Figure 5.20 Comparison between Shear Wave Velocities Obtained with the ITC 
for the Ten Specimens in Dry Conditions 
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Figure 5.21 Comparison between Compression Wave Velocities Obtained with 
the ITC for the Ten Specimens in Dry Conditions 
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Table 5.27 Best-Fit Parameters for the Variations of Vp and VS with Confining 
Pressure for Dry Specimens No. 7 through No. 10 

Specimen

No. Void Ratio F(e)

e
As, fps  
(m/s)

Ase, fps 
(m/s)

ns
Ap, fps   
(m/s)

Ape, fps  
(m/s)

np

7 0.62 0.57 896 676 0.25 1567 1182 0.20
(273) (206) (478) (360)

8 0.61 0.56 881 665 0.26 1592 1201 0.19
(269) (203) (485) (366)

9 0.62 0.57 892 673 0.25 1577 1190 0.21
(272) (205) (481) (363)

10 0.61 0.56 902 676 0.24 1569 1175 0.21
(275) (206) (478) (358)

Shear Wave Velocity 
(BE)

Compression Wave Velocity 
(PD)

 

 

5.9 SUMMARY 

The results of the experimental testing performed with BE and PD 

transducers combined in Instrumented Triaxial Chamber (ITC) and Resonant 

Column and Torsional Shear Equipment (RCTS) was performed successfully.  

The soil specimens were fabricated with dry washed mortar sand.   

Results of two tests performed using RC combined with BE and PD 

subjected to different confining pressures were presented.  Basically, the log VS-

log σo and the log VP-log σo relationships were established.  It is interesting to 

point out that the log VS-log σo was determined twice, using both BE transducers 

and RC testing.  The VS values obtained with BE were about 3 to 7% greater than 

those obtained with RC.   

The ITC results in dry conditions were presented in two categories: (1) 



 181 

Specimens No. 1 to No. 6 which have only one measurement of small-strain Vp 

and VS at one confining pressure, and (2) Specimens No.7 to No. 10 which have 

measurement of small-strain Vp and VS in a wide range of confining pressure and 

using a broader range of input frequency from 3 to 200 kHz.  It is important to 

note that BEs seismic testing gives good results in the input frequency range from 

2 to 8 kHz. 

Specimens No. 7 and No. 8 were tested under two cycles of loading-

unloading sequence from 2 to 56 psi (14 to 387 kPa).  No evident effect on the 

soil stiffness was observed due to the loading-unloading cycles.  On the other 

hand, Specimens No. 9 and No. 10 were tested varying the input frequency from 

about 3 to 200 kHz (see Appendix A) at different confining pressures.  In general, 

the ITC results agree with the log VS-log σo obtained previously with BE and RC 

testing.  However, it was found an evident mismatch of the values obtained at low 

confining pressures possibly caused for OCR effect induced during the specimen 

formation.   

 

 



 182 

Chapter 6  

Comparisons of the Wave Velocity Measurements Using Dry 
Sand Specimens with Former Laboratory Studies 

6.1 INTRODUCTION 

Wave velocities of dry washed mortar sand measured in previous studies 

are presented in this chapter.  In addition, the results from previous studies are 

compared with the results from this investigation.  The chapter is organized in 

four sections.  Sections 6.2 presents a summary of previous studies related to 

stiffness measurements in washed mortar sand in the linear range using the RCTS 

device as reported by Ni (1987), Kim (1991) and Laird (1994).  The 

measurements of body wave velocities obtained with large cubical sand specimen 

in a triaxial calibration chamber (Lee, 1993) are presented in Section 6.3.   

The measurements from earlier studies are compared with the results 

obtained during this investigation in Sections 6.4 and 6.5.  The stiffness of the 

sand specimens in terms of maximum shear modulus (Gmax) obtained with RC and 

BE tests is compared in Section 6.4 with the Gmax values obtained from earlier 

investigations using the RC test.  The variation of body wave velocities with 

isotropic confining pressure with BEs and PDs (Specimens BR1 and BR2 and 

ITC results for Specimens No. 7 through No. 10), are compared with the VS and 

Vp measured in the calibration chamber by Lee, 1993 in Section 6.5. 
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6.2 PREVIOUS MEASUREMENTS OF VS WITH RCTS DEVICE 

Variations of small-strain shear wave velocity and shear modulus (Gmax) 

with confining pressure have been widely studied in the past at UT for washed 

mortar sand.  A summary of the results obtained by Ni (1987), Kim (1991) and 

Laird (1994) are included in this section for comparison purposes. 

The variation of the stiffness of washed mortar sand specimens with 

isotropic confining pressure has usually been presented in terms of the maximum 

shear modulus (Gmax).  The testing device has been the resonant column device.  

Figures 6.1 through 6.3 show the variation of Gmax with isotropic confining 

pressure obtained by Ni (1987), Kim (1991) and Laird (1994), respectively.  In 

each figure, the variation of the maximum shear modulus with confining pressure 

is represented by Hardin’s equation (1978) as:  
Gn

a

0
Gmax P

A  G ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ σ
×=    (6.1) 

where: AG is the coefficient of stiffness at 1 atm, and  

nG is a dimensionless exponent. 

Taking into account the variation in void ratio Gmax is adjusted as: 
Gn

a

0
Gemax P

A  G ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ σ
×=    (6.2) 

where: AGe is the coefficient of stiffness at 1 atm and adjusted for void ratio 

equals to one, AGe is defined as:   

)e(FA  A GGe ×=    (6.3) 

where: F(e) is the void ratio function defined by F(e) = 0.3+0.7e2. 

The best-fit parameters (AGe and nG ) obtained using Equations 6.1 through 6.3 
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are also presented in each figure and in Table 6.1.  In addition, the power law 

equation to represent the log Gmax-log σo for an exponent, nG, equal to 0.5 is 

shown as a dashed line in each figure for reference purposes. 

Figure 6.1 presents the experimental data reported by Ni (1987) for Gmax 

varying with the isotropic confining pressure.  It is important to note that these 

data correspond to a washed mortar sand specimen with a void ratio of 0.69.  Ni 

(1987) used the raining (pluviation) method, to build solid cylindrical sand 

specimens.   
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Figure 6.1 Typical Variation of Maximum Shear Modulus with Confining 
Pressure for Dry Washed Mortar Sand from Ni (1987)  

As observed, the range of confining pressure considered in this study is 
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from 10 to 55 psi (69 to 380 kPa) and the Gmax varies from 2000 to 4000 ksf (96 

to 192 MPa).  The best-fit parameters, nG and AG, calculated using Equation 6.1 

were 0.44 and 2340 ksf (112 MPa), respectively. 

Kim (1991) presented a log Gmax-log σo relationship for a sand specimen 

with a void ratio of 0.60 as shown in Figure 6.2.  This sand specimen was formed 

using the pluviation technique with a multiple-sieve apparatus.  The experimental 

results obtained by Kim (1991) exhibit a variation of the Gmax from 1290 to 7500 

ksf (62 to 360 MPa) for confining pressures ranging from 3 to 164 psi (21 to 1132 

kPa).  In this case, the best-fit parameters, AG and nG, obtained using Equation 6.1 

are 2598 ksf (125 MPa) and 0.44, respectively 
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Figure 6.2 Typical Variation of Maximum Shear Modulus with Confining 
Pressure for Dry Washed Mortar Sand from Kim (1991)  
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In Figure 6.3, the experimental data obtained by Laird (1994) is presented.  

As observed from these data, the range of confining pressures was from 3 to about 

500 psi (21 to 3452 kPa).  Laird’s (1994) log Gmax-log σo relationship corresponds 

to a sand specimen with an initial void ratio of 0.77, which was built using the 

undercompaction technique.  Gmax exhibited values ranging from about 1000 ksf 

to 13000 ksf (50 to 623 MPa) for confining pressures from 3 to about 500 psi (21 

to 3452 kPa).   
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Figure 6.3 Typical Variation of Maximum Shear Modulus with Confining 
Pressure for Dry Washed Mortar Sand from Laird (1994) 
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It is interesting to point out that in this case, the log Gmax-log σo 

relationship is (slightly) bilinear with two trends that are dependent on the 

confining pressure range.  The first trend corresponds to the confining pressure 

range from 16 to 66 psi (110 to 456 kPa) with best-fit parameters AG and nG equal 

to 2309 ksf (111 MPa) and 0.43, respectively.  The second trend corresponds to 

the range of confining pressures from 128 to 502 psi (884 to 3465 kPa) with AG 

being equals to 2143 ksf (103 MPa) and the exponent nG equals to 0.48. 

A comparison of the variation of Gmax with confining pressure from the 

three previous UT studies is shown in Figure 6.4.  The best-fit parameters 

obtained from these measurements are presented in Table 6.1.  The general trend 

of Gmax with σ0 obtained with RC device agrees closely in all studies.  In fact, the 

experimental data exhibit essentially the same slope (nG = 0.43 to 0.44) at 

confining pressures less than 100 psi (690 kPa).  The log Gmax-log σo relationship 

reported by Laird (1994) is slightly lower than the rest possibly because of the 

lower density of the sand specimen (specimen with the largest void ratio).  These 

data are presented in the pressure range from 15 to 66 psi (110 to 456 kPa) for 

comparison purposes. 
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Figure 6.4 Comparison of the Variation of Maximum Shear Modulus with 
Confining Pressure for Dry Washed Mortar Sand Specimens from 
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Table 6.1 Best-Fit Parameters for the Variation of Gmax with Isotropic Confining 
Pressure for Dry Washed Mortar Sand Specimen from Previous 
Studies  

AG, ksf   
(MPa)

AGe, ksf  
(MPa)

nG
AG, ksf   
(MPa)

AGe, ksf  
(MPa)

nG

Ni (1987) 0.69 0.63 2340 1482 0.44 NA NA NA
(112) (71)

Kim (1991) 0.61 0.56 2598 1455 0.44 NA NA NA
(125) (70)

2309 1651 0.43 2143 1532 0.48
(111) (79) (103) (73)

Study F(e)
Shear Modulus Gmax

σ'0 range 16-66 psi (110-
455kPa)

σ'0 range 128-502 psi (880-
3460 kPa)

Void 
Ratio, e

0.77Laird (1994) 0.72

 

Note: NA Not Applicable 

To view how well the F(e) term accounts for the effect of void ratio in 

these different studies, a plot of Gmax × F(e) versus σo  is presented in Figure 6.5. 

As seen in the figure, the values of the maximum shear modulus exhibit a 

significant improvement since they present less scatter due to the void-ratio 

adjustment.  This same comparison can be made by comparing the values of AGe 

from the three studies.  As can be seen the two specimens that were constructed 

by pluviation have nearly the same values of AGe (1482 and 1455 ksf) while the 

specimen constructed by under-compaction has slightly higher value of AGe (1651 

ksf).  One possible reason for this difference is the creation of a somewhat 

different material skeleton by the two construction methods, with the stiffer 

material skeleton created by under-compaction.  No matter what the explanation 

might be, it seems that one could expect a 5 to 10 % difference in Gmax values 

between different studies as shown in Figure 6.5.  This general difference in Gmax 
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is important when considering the comparison presented in the following sections. 
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Figure 6.5 Variation of the Void-Ratio-Adjusted Maximum Shear Modulus 
(Gmax×F(e)) with Confining Pressure for Dry Washed Mortar Sand 
Specimens from Previous Studies    

Nevertheless, the general trend of Gmax obtained from previous data with 

RCTS device agrees very well.  In fact, the experimental data from Ni (1987) and 

Kim (1991) exhibited exactly the same slope (nG = 0.44). 

6.3 MEASUREMENTS OF VS AND VP WITH THE CALIBRATION CHAMBER 

Measurements of the body wave velocities (Vp and VS) were also 
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performed in a triaxial calibration chamber, where cubical specimens of dry 

washed mortar sand with dimensions of 7 ft (2.15 m) on each side were subjected 

to different states of stress (Stokoe et al., 1991, Lee, 1993).  The seismic 

measurements were performed using geophones embedded in the cubical sand 

specimen.  The chamber had the capacity of applying isotropic, biaxial, and true 

triaxial states of stresses.  The granular soil was placed in the chamber by raining 

(pluviation) through air.  The sample density was 101.3 pcf (1.62gr/cm3), with a 

standard variation of 2 pcf (0.03gr/cm3).  The mean void ratio of the cubical sand 

specimens was 0.65 (Lee, 1993).   

Figure 6.6 presents the variation of Vp and VS with isotropic confining 

pressure measured in the calibration chamber.  The results presented in this figure 

correspond to a wave propagating in vertical direction (PV) for the case of Vp and 

for the shear wave velocity it corresponds to an SVH-wave generated in the YZ 

plane (VYZ).  In other words, SVH is the shear wave velocity propagating in 

vertical direction with horizontal particle motion.  

Additionally, the log VS-log σo relationship for ns equal to 0.25, reviewed 

in Chapter 5, is also shown in Figure 6.6.  The best-fit parameters obtained using 

Equations 5.1 through 5.6 to adjust the calibration chamber data (SVH and PV) are 

presented in Table 6.2.  It is interesting to note that the parameters ns and np for 

shear and compression waves, respectively, varying with confining pressure are 

exactly the same (0.23), which leads to a constant Poisson’s ratio with confining 

pressure of 0.16. 
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Figure 6.6 Measurements of the Variation of Body Wave Velocities with 
Isotropic Confining Pressure for a Dry Washed Mortar Sand 
Specimen Tested in a Large Calibration Chamber (after Lee, 1993) 
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Table 6.2 Best-Fit Parameters for the Variation of VS and Vp with Confining 
Pressure for a Dry Washed Mortar Sand Specimen from Calibration 
Chamber Tests.  

As, fps  
(m/s)

Ase, fps  
(m/s)

ns
Ap, fps   
(m/s)

Ape, fps 
(m/s)

np

Lee (1993) 0.77 0.72 898 697 0.23 1425 1100 0.23
(273) (212) (433) (334)

Compression  Wave 
Velocity

Study
Void 
Ratio, 

e
F(e)

Shear Wave Velocity 

 

6.4 COMPARISON OF BE AND RC RESULTS WITH THE PREVIOUS RC DATA 

The RC results for Specimens BR1 and BR2, which are presented in 

Chapter 5, can also be presented in terms of maximum shear modulus (Gmax) and 

compared directly with the results in Section 6.2.  Figures 6.7 and 6.8 presents the 

experimental data obtained from this study using the RC device.  Similarly, 

Figures 6.9 and 6.10 show the Gmax variation with confining pressure measured 

with BEs for Specimens BR1 and BR2.   

All experimental data was once again fitted using Equations 6.1 to 6.3 and 

the best-fit parameters are presented in each figure (AG and nG) and tabulated in 

Table 6.3 (AG, AGe, and nG).  For Specimen BR1, the log Gmax-log σo relationship 

obtained with RC device was fitted with AG of 2290 ksf (110 MPa) and nG of 

0.51.  In the case of the log Gmax-log σo relationship for Specimen BR2 the 

parameters AG and nG are equal to 2455 ksf (118 MPa) and 0.47, respectively. 
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Figure 6.7 Variations of Maximum Shear Modulus with Confining Pressure for 
Dry Washed Mortar Sand Specimen BR1 from RC Testing 
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Figure 6.8 Variations of Maximum Shear Modulus with Confining Pressure for 
Dry Washed Mortar Sand Specimen BR2 from RC Testing 

Similarly, Figures 6.9 and 6.10 present the variation of Gmax with isotropic 

confining pressure from BE measurements for the same Specimens BR1 and BR2.  

The best-fit parameters were found as: (1) AG equal to 2541 ksf (122 MPa) and nG 

equal to 0.52 for Specimen BR1, and (2) AG equal to 2693 ksf (129 MPa) and nG 

equal to 0.47.  Comparing the AG values from BR1 and BR2 (using both RC and 

BE tests) with similar tests from previous studies, it is clear that the best-fit 

parameters from this study are very close to the results reported by Ni (1987) and 

Kim (1991). 
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Table 6.3 Best-Fit Parameters for the Variation of Gmax with Confining Pressure 
for Dry Washed Mortar Sand Specimens BR1 and BR2 from RC and 
BE Testing  

Specimen Void F(e)
No. Ratio

e
AG, ksf   
(MPa)

AGe, ksf  
(MPa)

nG
AG, ksf   
(MPa)

AGe, ksf  
(MPa)

nG

BR-1 0.62 0.57 2290 1303 0.52 2541 1446 0.51
(110) (62) (122) (69)

BR-2 0.6 0.55 2455 1355 0.47 2693 1486 0.47
(118) (65) (129) (71)

Shear Modulus (RC) Shear Modulus (BE)

 

 

102

2

3

4
5
6

103

2

3

4
5
6

104

2

3

4
5
6

105

M
ax

im
um

 S
he

ar
 M

od
ul

us
, G

m
ax

, k
sf

10-1 100 101 102 103 104

Isotropic Confining Pressure, psi

  Bender Elements
Specimen BR1

  e = 0.62
 

Washed Mortar Sand
Dry Specimens

Gmax=(AG)*(σ0/Pa)0.5

Gmax=2541*( σ0/Pa)0.52

 

Figure 6.9 Variations of Maximum Shear Modulus with Confining Pressure for 
Dry Washed Mortar Sand Specimen BR1 from BE Testing 
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Figure 6.10 Variations of Maximum Shear Modulus with Confining Pressure for 
Dry Washed Mortar Sand Specimen BR2 from BE Testing 

Figure 6.11 presents the comparison between Gmax varying with isotropic 

confining pressure from previous RC tests data and similar RC measurements 

obtained in this investigation.  Clearly, the log Gmax-log σo relationships obtained 

in this investigation match closely with the log Gmax-log σo measurements 

obtained from previous investigations.  Figure 6.12 presents the results from 

Figure 6.11 but in terms of the void-ratio-adjusted Gmax.  Once again, the log 

Gmax-log σo for Specimens BR1 and BR2 agree with similar results from previous 

investigations. 
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Figure 6.11 Comparison of the Variation of Maximum Shear Modulus with 
Confining Pressure Measured from RC Testing of Specimens BR1 
and BR2 and from Previous RC Tests 
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Figure 6.12 Comparison of Void-Ratio-Adjusted Maximum Shear Modulus with 
Confining Pressure Measured from RC Testing of Specimens BR1 
and BR2 and from Previous RC Tests 

Figure 6.13 shows the comparison between the previous log Gmax-log σo 

relationships with the log Gmax-log σo measurements obtained in this investigation 

but in this case using BE transducers for Specimens BR1 and BR2.  It is evident 

that the log Gmax-log σo relationships obtained in this investigation with BE 

transducers is about 5 to 10% greater than the log Gmax-log σo obtained from 

previous RC tests.  However, these same data in terms of void-ratio-adjusted Gmax 
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(Figure 6.14) shows better agreement and less scatter among all data. 
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Figure 6.13 Comparison of Maximum Shear Modulus with Confining Pressure 
Measured from BE Testing for Specimens BR1 and BR2 and from 
Previous RC Tests 
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Figure 6.14 Comparison of Void-Ratio-Adjusted Maximum Shear Modulus with 
Confining Pressure Measured from BE Testing of Specimens BR1 
and BR2 and from Previous RC Tests 

6.5 COMPARISON BETWEEN BE, RC AND CALIBRATION CHAMBER DATA 

6.5.1 Comparisons Among BE, RC, and Calibration Chamber VS 
Measurements 

The variation of VS with confining pressure using BE and RC tests (for 

Specimens BR1 and BR2) and their comparison with VS values obtained from the 

Calibration Chamber (Lee, 1993) are presented in Figure 6.15.  As seen in the 

figure, the log VS-log σo relationship measured in the Calibration Chamber is very 
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similar to the set of data obtained with BE, with a maximum difference of 3%.  

On the other hand, log VS-log σo relationship obtained from the Calibration 

Chamber experiment is about 5% grater than the relationship determined with RC 

testing.  It is interesting to note that the Calibration Chamber measurements apply 

lower shearing strains to the specimens when compared with the strain levels 

applied with the RC tests and this difference could possibly be a contributing 

factor in the comparisons.  
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Figure 6.15 Comparison of the Variation of Small-Strain Shear Wave Velocity 
with Confining Pressure from RC, BE, and Calibration Chamber 
Tests 
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Similarly, Figure 6.16 exhibits the variation of VS with confining pressure, 

using BE measurements in the ITC (Specimens No. 7 through No. 10), and their 

comparison with VS values obtained from the Calibration Chamber (Lee, 1993).  

As seen from these data, the log VS-log σo relationship measured in the 

Calibration Chamber match very well with the ITC results.  However, the first 

point of the dataset of VS measured in the ITC is clearly above the general trend.  

This higher value of VS at low confining pressure (2 psi) is possibly due to 

overconsolidation produced during the sand specimen construction, as discussed 

in Chapter 5. 
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Figure 6.16 Comparison of the Variation of Small-Strain Shear Wave Velocity 
with Confining Pressure from ITC (BE) and Calibration Chamber 
Tests 
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6.5.2 Comparisons Between PD and Calibration Chamber Vp 
Measurements 

 
In Figure 6.17, the variations of Vp with confining pressure measured 

using piezoelectric discs (PD) and the Calibration Chamber (Lee, 1993) in the 

vertical direction (Pv) are shown.  The log Vp-log σ0 relationship obtained with 

the PDs is about 5% to 10% greater than the same relationship determined in the 

Calibration Chamber.  The effect of frequency might be one possible contributor 

to this difference since both measurements were made at different frequencies but 

at small-strain levels.  In the Calibration Chamber, the range of frequencies used 

for the geophones sources was 250 to 1000 Hz. 
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Figure 6.17 Comparison of the Variation of Vp with Isotropic Confining Pressure 
for Specimens BR1 and BR2 and Vp Measurements in the Calibration 
Chamber 
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 Finally, the log Vp-log σ0 relationship obtained with PD measurements in 

ITC for Specimens No. 7 to No. 10 is compared with results from the Calibration 

Chamber (Lee, 1993) in Figure 6.18.  It is evident that the PD results in the ITC 

are about 5% to 10% greater than the results obtained in the Calibration Chamber.  

Once again, the overconsolidation effect on the sand specimens in the ITC at the 

first two pressure levels (confining pressures at 2 and 4 psi) can be observed.  The 

overconsolidation of the specimen was likely produced during sample preparation 

using the under-compaction technique, as discussed in Chapter 5. 
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Figure 6.18 Comparison of the Variation of VP with Isotropic Confining Pressure 
for Specimens No. 7 through No. 10 and Vp Measurements in the 
Calibration Chamber 
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6.6 SUMMARY 

Previous studies involving measurements of the stiffness of dry washed 

mortar sand in the laboratory are presented in this chapter.  The previous studies 

involved the RC device (Ni, 1987, Kim, 1990, and Laird, 1994) and a Calibration 

Chamber capable of applying isotropic, biaxial, and triaxial states of stress (Lee, 

1993).  The results of two tests performed using the RC device combined with BE 

and PD measurements (presented in Chapter 5, Specimens BR1 and BR2) were 

compared with previous measurements.  The RC results of Specimens BR1 and 

BR2 in terms of maximum shear modulus (Gmax) are in good agreement with 

similar RC test results from previous studies, as shown in Figures 6.11 and 6.12.  

The log Gmax-log σο relationship calculated from the small-strain VS values 

measured by BE testing for Specimens BR1 and BR2 are 5 to 10% higher than the 

log Gmax-log σο with RC testing from the previous investigations. 

Values of VS measured with BE and RC tests for Specimens BR1 and BR2 

are compared with VS measurements in the Calibration Chamber.  The BE 

measurements match very closely with the Calibration Chamber results, with a 

maximum difference of about 3%.  The RC measurements were found to be about 

5% lower than the Calibration Chamber.  In addition, the BE measurements in the 

ITC were also compared with the VS measurements in the Calibration Chamber 

and both sets of data were in good agreement. 

Finally, the variation of Vp with confining pressure measured using 

piezoelectric discs (PD) was 5% to 10% greater than the log Vp-log σο 

relationship obtained by Lee (1993) in the Calibration Chamber.  The same 
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relative differences were found for the log Vp-log σο relationship measured with 

the PDs in the ITC when were compared with the similar relationship measured in 

the Calibration Chamber. 
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Chapter 7  

Wave Velocity Measurements of Saturated Sand Specimens 

7.1 INTRODUCTION 

Results of ten washed mortar specimens tested at full saturation using the 

instrumented triaxial chamber (ITC) are presented in this chapter.  Body wave 

velocities (Vp and VS) were measured at B values nearly equal to one (fully 

saturated).  These seismic measurements were used to verify that the specimens 

were indeed fully saturated.  They were also used to study body wave propagation 

through fully saturated sand specimens. 

The ten washed mortar sand specimens used to obtain the results presented 

in this chapter are the same specimens presented in Chapter 5, which were tested 

in the ITC when they were dry.  These specimens were then saturated following 

the procedure presented in Section 7.2.  In general, this procedure consists in 

reducing the volume of air present in the pore space of the sand specimens by 

increasing the backpressure applied at the top and base pedestals of the specimen.  

The backpressure is gradually increased until all the air is dissolved and full 

saturation of the sand specimen is achieved (B ≥ 0.99).  The time selected to 

measure the B values during testing and the sequence used to perform the 

variation of the applied effective stress is presented in Section 7.3, along with an 

example of the sequence. 

In Section 7.4, the results of Vp measurements using the ITC and full 
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saturation are presented.  The variation of the effective stress at full saturation was 

undertaken for Specimens No. 3 through No. 9.  Specimen No. 10 was a special 

case since only one value of the cell pressure and one backpressure were applied 

to saturate the specimen.  Nevertheless, seismic measurements at different 

effective stresses were performed once the specimen was fully saturated.  In the 

first part of Section 7.4, the Vp results for Specimens No. 1 through No. 6 are 

presented with special focus on the input frequency used to excite the PD 

transducers.  The direct-arrival-time measurements in these tests are presented in 

Appendix B.  The second part of Section 7.4 presents the results of seismic 

measurements performed on Specimens No. 7 through No. 10.  Also, the best-fit 

parameters and the log Vp-log σ’o relationships under fully saturated conditions 

are presented in Section 7.4. 

In the same way, Section 7.5 covers the results of VS using the ITC at 

fully saturated conditions.  The first part of the Section 7.5 includes the results for 

Specimens No. 3 through No. 6, since no VS measurements were performed on 

Specimens No. 1 and No. 2 under fully saturated conditions.  The VS results for 

Specimens No. 7 through No. 10 are included in the second part of this section.  

Previous VS measurements on soils at dry and fully saturated conditions are 

presented in Section 7.6.   

Finally, the VS and Vp results presented in Sections 7.4 and 7.5 are 

compared with similar results obtained under dry conditions.  These comparisons 

are included in Section 7.7.  The comparisons presented in this chapter are in 

good agreement with previous reported experimental data. 
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7.2 SATURATION PROCEDURE IN THE ITC 

The procedure used to saturate the granular specimens in the ITC 

consisted on increasing the pore water pressure in order to absorb into solution 

any gas bubbles in the voids of the sand specimens.  The process was completed 

in four steps.  First, dry specimens were formed using the undercompaction 

method.  Each specimen had a nominal size of 1.4 in. (3.56 cm) in diameter and 

4.4 in. (11 cm) in height.  These specimens were tested as dry specimens as 

described in Chapter 5.  After testing in the dry state was completed, the second 

step involved flushing each dry specimen with carbon dioxide (CO2).  This 

process took several minutes.  Carbon dioxide displaced the air from the void 

space and made it easier to dissolve this gas (rather than air) in the water.  

Therefore, the use of CO2 improves the achievement of high degrees of saturation 

(Chaney et al., 1979). 

The CO2 was applied at the base pedestal of the specimen while the top 

cap was vented to the atmosphere.  A pressure of 3 psi (21 kPa) was used to flush 

the CO2 through the specimens.  During this process, an applied cell pressure of 

10 psi (69 kPa) was maintained for Specimens No. 1 and No. 2 and 15 psi (103.5 

kPa) for Specimens No. 3 through No. 6.  After the CO2 application, the third step 

involved flushing deaired water through the sand sample for about 10 minutes at a 

pressure of about 2 psi (13.8 kPa).  A cell pressure of 10 psi (69 kPa) for 

Specimens No. 1 and No. 2 and 15 psi (104 kPa) for the rest of the specimens was 

applied.  Once the specimens were flushed with approximately 100 ml of deaired 

water and no evidence of air bubbles in the drainage lines was detected, the fourth 
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step involved the application of backpressure.  Figure 7.1 illustrates this fourth-

step procedure to saturate the sand specimens in the ITC. 
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Figure 7.1 Saturation Procedure Used for Sand Specimens in the ITC: a) 
Specimen Formation and Testing in Dry Condition, b) Flushing with 
CO2, c) Flushing with Deaired Water, and d) Backpressuring with 
Deaired Water  

Backpressuring involved multiple stages.  The applied backpressure 

ranged from 15 to 50 psi (104 and 345 kPa, respectively) while the cell pressure 

was always kept at 5 psi (35 kPa) greater than the backpressure.  During the 

saturation process, the cell and back pressures were applied in increments of 10 

psi (69 kPa).  During the initial application of each increment in cell pressure 
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(Δσ3), the backpressure was isolated from the specimen by closing the drainage 

valves from the top and bottom of the specimen.  The pore water pressure was 

then monitored to determine the B value (Δu/Δσ3).  As mentioned in Chapter 2, B 

values close to unity (0.98 to 1.00) were taken as representing fully saturated 

conditions.  This procedure was applied to the specimens formed in the 

instrumented triaxial cell and the results were satisfactory.   

7.3 MEASUREMENTS OF B VALUE AND TIME 

It is important to point out that the B values were determined 5 minutes 

after increasing the cell pressures according to the procedure described in Section 

7.2.  The timing involved in the B value measurements should be enough to 

guarantee no additional air bubbles dissolved into the pore water.  In other words, 

it is important to determine the time involved to reach equilibrium or a steady 

pore water pressure in the sand specimen after applying the increment in cell 

pressure.  The usual duration of a B-value test is 10 minutes or less as 

recommended by Black and Lee (1973).  On the other hand, Chaney et al. (1979) 

recommended measurements of B values at 1 minute for sands, 3 minutes for 

silts, and 10 minutes for clays, to reach equilibrium under an imposed state of 

stress exhibited by a constant pore water pressure reading.   

Thus, the possible effect that time might have on the B value 

measurements was examined using washed mortar sand, Specimen B1, which was 

exclusively used to observe the B value measurements obtained at times longer 

than 5 minutes.  Specimen B1 was built in the same way (using undercompaction 

method) as the ten washed mortar sand specimens tested seismically in the ITC.  
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This specimen was 1.4 in. (3.56 cm) in diameter and 4.35 in. (11 cm) in height, 

with a dry density of 105 pcf (1.6 g/cm3) and a void ratio (e) equals to 0.59. 

Tables 7.1 and 7.2 present Data Sets 1 and 2, respectively, which are two 

examples of the B value measurements for Specimen B1.  Both Data Sets 

represent the variation in pore water pressure (and therefore in the B value) with 

time prior to specific initial conditions of cell pressure (σ3) and backpressure.  For 

Data Set 1, the initial conditions were a cell pressure (σ3) of 10 psi (69 kPa) and a 

backpressure of 5 psi (35 kPa).  On the other hand, Data Set 2 corresponds to 

initial conditions of 50 psi (345 kPa) for the cell pressure (σ3) and 45 psi (311 

kPa) for the backpressure.  

Table 7.1 presents the increment of the pore water pressure (Δu) 

measurements and the B value variation with time for Specimen B1.  These 

measurements were monitored for a period of 200 minutes.  The backpressure 

(σbp) valve was closed and the increment in cell pressure (Δσ3 or Δσcell) was equal 

to 10 psi (69 psi).  The immediate change in pore water pressure (Δu) after 10 

seconds of applying Δσ3 was found to be 4.71 psi (67 kPa), which lead to a B 

value (Δu/ Δσ3) of 0.47.  After 10 seconds, no changes in B values were noticed 

during the remainder of the 200 minutes.  

Data Set 2, presented in Table 7.2, shows that the increment in pore water 

pressure (Δu) at 10 seconds after applying Δσ3 of 10 psi (69 kPa) was measured to 

be 9.8 psi (68 kPa), which leads to a B value (Δu/ Δσ3) equal to 0.98.  However 

beyond 30 seconds and up to 200 minutes, the increment of pore water pressure 

(Δu) stayed constant at 9.9 psi (68 kPa) and consequently the B value stayed equal 
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to 0.99. 

Figure 7.2 shows the change in pore water pressure (Δu) with time 

presented in Tables 7.1 and 7.2.  It is important to notice that the only variation of 

B value observed in Data Set 2 was from 0.98 to 0.99.  This variation was 

observed at times between 10 to 30 seconds after applying Δσ3. 

Table 7.1 Measurements of the B Value with Time for Specimen B1 when the 
Cell Pressure was Increased from 10 to 20 psi (69 to 138 kPa), Data 
Set 1 

Measurement Time
Increment of Cell 

Pressure, Δσ3
Backpressure

Increment of the Pore 
Water Pressure, Δu Effective B Value

No. min (sec) psi (kPa) psi (kPa) psi (kPa) Stress, psi (kPa)
0 0 5 0 5.00 0.00
0 0.0 (34.5) 0.0 (35)

0.17 10 Closed* 4.71 10.3 0.47
(10) (69) (33) (71)
0.50 10 Closed 4.71 10.3 0.47
(30) (69) (33) (71)

1 10 Closed 4.71 10.3 0.47
(60) (69) (33) (71)

2 10 Closed 4.71 10.3 0.47
(120) (69) (33) (71)

10 10 Closed 4.71 10.3 0.47
(600) (69) (33) (71)

15 10 Closed 4.71 10.3 0.47
(900) (69) (33) (71)

20 10 Closed 4.71 10.3 0.47
(1200) (69) (33) (71)

25 10 Closed 4.71 10.3 0.47
(1500) (69) (33) (71)

30 10 Closed 4.71 10.3 0.47
(1800) (69) (33) (71)

60 10 Closed 4.71 10.3 0.47
(3600) (69) (33) (71)

115 10 Closed 4.71 10.3 0.47
(6900) (69) (33) (71)

200 10 Closed 4.71 10.3 0.47
(12000) (69) (33) (71)
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* Backpressure valve was closed so that the change in the pore water pressure due 

to the change in the cell pressure could be measured. 
 

Finally, after comparing the variation of B value with time for both Data 
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Set 1 and Data Set 2, it is important to notice two relevant issues: (1) B values 

increased as higher back pressure levels were applied as expected, and (2) the 

effective stress from each Δσcell decreased as higher B values were reached.   

Table 7.2 Measurements of the B Value with Time for Specimen B1 when the 
Cell Pressure was Increased from 50 to 60 psi (345 to 414 kPa), Data 
Set 2  

Measurement Time
Increment of Cell 

Pressure, Δσ3
Backpressure

Increment of the Pore 
Water Pressure, Δu

Effective B Value

No. min (sec) psi (kPa) psi (kPa) psi (kPa) Stress, psi (kPa)
0 0 45 0 5.00 0
0 0.0 (310.6) 0.0 (35)

0.17 10 Closed* 9.8 5.2 0.98
(10) (69) (68) (36)
0.50 10 Closed 9.9 5.1 0.99
(30) (69) (68) (35)

1 10 Closed 9.9 5.1 0.99
(60) (69) (68) (35)

2 10 Closed 9.9 5.1 0.99
(120) (69) (68) (35)

10 10 Closed 9.9 5.1 0.99
(600) (69) (68) (35)

15 10 Closed 9.9 5.1 0.99
(900) (69) (68) (35)

20 10 Closed 9.9 5.1 0.99
(1200) (69) (68) (35)

25 10 Closed 9.9 5.1 0.99
(1500) (69) (68) (35)

30 10 Closed 9.9 5.1 0.99
(1800) (69) (68) (35)

60 10 Closed 9.9 5.1 0.99
(3600) (69) (68) (35)

115 10 Closed 9.9 5.1 0.99
(6900) (69) (68) (35)

200 10 Closed 9.9 5.1 0.99
(12000) (69) (68) (35)
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* Backpressure valve was closed so that the change in the pore water pressure due 
to the change in the cell pressure could be measured. 

 

It is important to mention that, based on the B value measurements 

obtained for Specimen B1, the interval time of 5 minutes after applying an 
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increment in confining pressure can be considered a point at which the pore water 

pressure (PWP) is steady.  Additionally, this elapsed time appears to be 

appropriate to detect any changes in pore water pressure occurring in the sand 

specimens due to increments in cell pressure. 
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Figure 7.2 Variation of the Change in Pore Water Pressure (Δu) with Time at 
Two Different Cell Pressure and Initial Backpressure Conditions 

To show how the variation in effective stress during the saturation process 

was usually undertaken, the following example is presented.  Table 7.3 presents 

the saturation process in terms of cell and back pressures, and consequently the 

measured B values for Specimen No. 6.  Also, the corresponding body wave 

velocities measured at 12 different effective stress conditions (different 

Note that Δσcell = 10 psi each time 
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combinations of cell and back pressures) and B values are tabulated in Table 7.4.  

It is important to note that measurement No. 1 corresponds to dry conditions. 

Figure 7.3 illustrates the variation in cell pressure, back pressure, and pore 

water pressure (PWP) presented in Table 7.3.  B values were determined at 

Measurement Points 3, 5, 8, and 11.  It can be observed from these data that the 

effective stress (σ’o) tends to decrease as higher B values are reached (as 

expected).  Also, Measurement Points 2, 4, 7, and 10 were performed at an 

effective stress of 5 psi (34.5 kPa), while measurements 6, 9, and 12 were 

undertaken at an effective stress of 30 psi (207.1 kPa).  This increment in 

effective stress was obtained by reducing the back pressure.  These variations in 

effective stress allowed the measurements to be used to determine the log Vp-log 

σ’o and log VS-log σ’o relationships related to different B values.   

In the remainder of this chapter, only results at fully saturated conditions 

are discussed.  Therefore, only the variation of the body waves with effective 

stress at B values of about 0.99 are considered. For Specimen No. 6, only 

Measurement Points 10, 11, and 12 meet this criterion, since the values of the 

compression wave velocity are about 5000 fps (1524 m/s).  It is important to note 

that the effective stress at a fully saturated condition is close to 5 psi (34.5 kPa).  

Therefore, Measurement Points 10 and 11 are almost at the same stress level.   
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Table 7.3 Applied Cell and Backpressure During the Saturation Procedure for 
Specimen No. 6 

Measurement Confining Pressure Backpressure Pore Water Pressure Effective B Value
No. psi (kPa) psi (kPa) psi (kPa) Stress, psi (kPa)

15 Dry 0 15.0 Dry
(103.5) 0.0 (103.5)

15 10 10 5.0 NA
(103.5) (69.0) (69.0) (34.5)

25 ----* 11.9 13.1 0.19
(172.6) (82.1) (90.4)

25 20 20 5.0 NA
(172.6) (138.1) (138.1) (34.5)

35 ----* 26.2 8.8 0.62
(241.6) (180.9) (60.7)

35 5 5 30.0 NA
(241.6) (34.5) (34.5) (207.1)

35 30 30 5.0 NA
(241.6) (207.1) (207.1) (34.5)

45 ----* 37.9 7.1 0.79
(310.6) (261.6) (49.0)

45 15 15 30.0 NA
(310.6) (103.5) (103.5) (207.1)

45 40 40 5.0 NA
(310.6) (276.1) (276.1) (34.5)

55 ----* 49.99 5.01 0.99
(379.7) (344.5) (35.2)

55 25 25 30.0 NA
(379.7) (172.6) (172.6) (207.1)

11
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6

1

2

 

Notes: 
* Backpressure valve was closed so that the change in the pore water pressure due 

to the change in the cell pressure could be measured. 
 NA is Not Applicable because the effective stress is created with applied cell 

and backpressure during the saturation process 
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Table 7.4 Body Waves Measured During the Saturation Procedure for Specimen 
No. 6 

Measurement Vp Vs Vp adj 5psi Vs adj 5psi Poisson's 
No. PD (kHz) BE (kHz) λp (ft) λs (ft) fps (m/s)  fps (m/s) fps (m/s)  fps (m/s) Ratio at 5 psi

5 8 0.317 0.115 1584 916 1172 703 0.22
(0.097) (0.035) (482.9) (279.3) (482.9) (279.3)

2.6 4 0.455 0.176 1184 702 NC NC NC
(0.139) (0.054) (360.8) (214.1)

2.6 4.5 0.561 0.197 1458 886 1172 703 0.22
(0.171) (0.060) (444.3) (269.9) (482.9) (279.3)

2.6 4.5 0.550 0.147 1429 660 NC NC NC
(0.168) (0.045) (435.7) (201.0)

2.5 4.5 0.725 0.180 1812 810 1634 703 0.39
(0.221) (0.055) (552.4) (247.0) (482.9) (279.3)

3 6 0.872 0.181 2615 1089 NC NC NC
(0.266) (0.055) (797.0) (331.8)

2 5.5 1.675 0.126 3350 694 NC NC NC
(0.511) (0.038) (1021.2) (211.4)

2.5 4.5 1.395 0.174 3487 782 2534 703 0.46
(0.425) (0.053) (1062.8) (238.2) (1062.8) (279.3)

3.5 6 1.308 0.182 4579 1092 NC NC NC
(0.399) (0.055) (1395.5) (332.7)

2 4.4 2.692 0.152 5385 668 NC NC NC
(0.821) (0.046) (1641.3) (203.5)

2.5 4 2.220 0.167 5549 670 5601 690 0.49
(0.677) (0.051) (1691.4) (204.1) (1062.8) (279.3)

4 5.5 1.410 0.197 5639 1081 NC NC NC
(0.430) (0.060) (1718.8) (329.5)

11
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1

2

 
Notes: 
 Vp adj 5 psi and VS adj 5 psi are the body wave velocities adjusted to an effective 

stress of 5 psi using the best-fit parameters from Tables 8.18 and 8.22, 
respectively. Poisson’s ratio was calculated using the adjusted body waves. 

 NC is Not Calculated since the adjusted value of the body wave velocities is 
associated to each B value. 
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Figure 7.3 Sequence of Application of Cell and Back Pressure During the 
Saturation Process of Specimen No. 6 

7.4 VP MEASUREMENTS WITH PDS IN THE ITC 

Ten sand specimens were fully saturated following the procedure 

described in Section 7.2 in the ITC device.  Measurements of compression wave 

velocity were used to monitor the saturation process, since P-waves are extremely 

sensitive to the degree of saturation (Sr).  In other words, Vp was measured every 

time that a B value was determined; thus, values of Vp corresponding to B values 

measured 5 minutes after increasing the cell pressure were obtained for all ten 
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specimens.  The exception was Specimen No. 10 which was saturated using only 

one cell pressure (40 psi) and one backpressure (30 psi).  The variations of the 

compression and shear wave velocities with isotropic effective stress at fully 

saturated conditions were performed in Specimens No. 3 through No. 10.  It is 

important to clarify that, for Specimens No. 1 and No. 2, the seismic testing was 

performed only at the moment of the B-value measurement.  Thus, no seismic 

measurements were performed on Specimens No. 1 and No. 2 while changing the 

effective stress.  In other words, the sequence of loading presented in Section 7.2 

was not followed for Specimens No.1 and No. 2.  Like the results obtained in the 

ITC for dry conditions, the ITC measurements at full saturation can be divided 

into the following two categories. 

 In the initial part of this study, Category #1, the sand specimens were 

seismically tested in the ITC at only one driving frequency (usually in the range 

from 2 to 5 kHz) at full saturation.  Specimens No. 1 through No. 6 correspond to 

this category.  In addition, shear wave velocities (VS) were determined under full 

saturation for Specimens No. 4 through No. 10.  VS measurements were obtained 

immediately after the Vp measurements were performed.  Measurements of both 

body wave velocities (Vp and VS) allow more complete characterization of the 

soil and also calculation of Poisson’s ratios.  It is important to note that 

Specimens No. 1 and No. 2 were tested exclusively using P-wave velocities and 

only when B values were measured.  On the other hand, Specimens No. 3 through 

No. 6 were seismically tested under the effective stress sequence described in 

Section 7.3, with both Vp and VS measurements. 
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The second part of this study (Category #2) corresponds to seismic testing at 

full saturation using a wide range of frequencies.  Specimens No. 7 through No. 

10 were used in this part.  The range of frequencies was varied from 3 to 200 kHz 

for the PDs measurements, while for the BEs measurements the frequency range 

was quite narrower, from 4 to 7 kHz.  Specimens No. 7 through No. 9 were 

seismically tested under the effective stress sequence described in Section 7.3.  In 

addition, Specimen No. 10 was tested varying both effective stress and driving 

(input) frequency. 

7.4.1 Measurements of Vp with the PDs in the ITC for Specimen No. 1 
through No. 6 (First Category) 

Table 7.5 presents the variation of the compression wave velocity with 

effective stress for Specimens No. 1 through No. 6.  It is important to note that 

values of Vp for these sand specimens ranged from 5385 to 6040 fps (1641 to 

1841 m/s) which represents evidence that the fully saturation condition was 

reached in all the specimens.  Values of Vp close to 5000 fps (1500 m/s) are 

traditionally taken to represent full saturation of soft soil.  As seen in Table 7.5, 

the driving frequency used ranges from 2 to 4 kHz in this initial part of the study.   

Appendix B presents examples of P-waves measured using these driving 

frequencies.  Basically, the compression waves propagating through the specimen 

do not correspond to a far-field P-wave at the driving frequencies in the range 

mentioned above because the wavelengths are much larger than the specimen.  

The P-wave traveling through the water is identified through the presence of a 

“noisy zone” close to (but just before) the arrival of the P-wave at 2 to 4 kHz.  
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One possible explanation for the occurrence of this “noisy zone” (around the 

arrival time) might be the superposition of two types of P waves (one propagating 

through the skeleton of the soil and the other propagating through the liquid 

phase).  Another (more likely) explanation is that the low-frequency wave 

represents an unconstrained wave and the high-frequency waves (“noisy zone”) 

ahead of the unconstrained wave are the constrained (P) waves.  The high-

frequencies were created by the initial input (start of the driving frequency) to the 

PD source.  This second explanation is followed herein. 

Table 7.5 Vp Measurements for Specimen No. 1 through No. 6 at Fully Saturated 
Conditions with the Instrumented Triaxial Chamber (ITC) 

 

Spec Isotropic Confining Input Frequency Wavelength * Vp**
No. Pressure, psi (kPa) PD (kHz) λp ft,(cm) fps (m/s)

5.01 4 1.38 5506
(35) (42) (1678)
5.01 4 1.41 5654
(35) (43) (1723)

5 2 2.80 5601
(35) (85) (1707)
5.01 2.5 2.27 5675
(35) (69) (1730)
30 3.5 1.73 6040

(207) (53) (1841)
5 2.5 2.16 5400

(35) (66) (1646)
5.01 2.5 2.20 5488
(35) (67) (1673)
30 3 1.86 5574

(207) (57) (1699)
5 2 2.76 5518

(35) (84) (1682)
5.01 3 1.90 5686
(35) (58) (387)
30 4 1.44 5775

(207) (44) (1760)
5 2 2.69 5385

(35) (82) (1641)
5.01 2.5 2.22 5549
(35) (68) (1691)
30 4 1.41 5639

(207) (43) (1719)

1

2

6

3

4

5

 

Notes:  * Apparent wavelength calculated using the input frequency and the 
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calculated Vp. 
          ** Vp calculated from the travel time determined from the low-amplitude 

high-frequency component. 

7.4.2 Measurements of Vp with the PDs in the ITC for Specimens No. 7 
through No. 10 (Second Category) 

Similarly, Table 7.6 presents the variation of Vp with effective stress for 

Specimens No. 7 through No. 9.  The driving frequencies to the PD are much 

higher as discussed below.  The values of Vp for these sand specimens ranged 

from 5828 to 6049 fps (1776 to 1844 m/s), which leads to the conclusion that full 

saturation was reached.  It is important to note that the driving frequency shown 

in Tables 7.6 and 7.7 was selected after the variation of the input frequency 

applied to the PD source was analyzed.  In the case of Specimen No. 7 the range 

of frequency considered was between 3 and 50 kHz, while for Specimens No. 8 to 

No. 10 the variation was from 3 to 200 kHz.  As seen in Tables 7.6 and 7.7, the Vp 

measurements presented correspond to the maximum frequency used in each case.  

It is evident (see Appendix B) that an input frequency of 200 kHz generates the 

clearest P-wave arrival.  In addition, the shape of the output signal is sinusoidal.  

Thus, it could be stated that an input frequency of 200 kHz establishes the far-

field P-wave that is propagating through the combined solid-liquid phases. 

Finally, Table 7.7 shows the Vp measurements for Specimen No. 10.  In 

this case, the cell pressure was varied while the backpressure was maintained at a 

constant pressure of 20 psi (140 kPa).  Thus, the effective stress varied from 2 to 

56 psi (14-387 kPa).  This variation in effective stress leads to an increase of Vp 

from 5907 to 6036 fps (1800-1840 m/s), with Vp slightly increasing as σo 



 225 

increases  

Table 7.6 Vp Measurements for Specimens No. 7 to No. 9 at Fully Saturated 
Conditions with the Instrumented Triaxial Chamber (ITC) 

Spec Isotropic Confining Input Frequency Wavelength Vp

No. Pressure, psi (kPa) PD (kHz) λp ft,(cm) fps (m/s)
5 50 0.12 5858

(35) (4) (1786)
5.01 50 0.12 5858
(35) (4) (1786)
30 50 0.12 5895

(207) (4) (1797)
5 200 0.03 5970

(35) (1) (1820)
5.01 200 0.03 5970
(35) (1) (1820)
30 200 0.03 6049

(207) (1) (1844)
5 200 0.03 5828

(35) (1) (1776)
5.01 200 0.03 5838
(35) (1) (387)
30 200 0.03 5897

(207) (1) (1797)

7

8

9

 

Table 7.7 Vp Measurements for Specimen No. 10 at Fully Saturated Conditions 
with the Instrumented Triaxial Chamber (ITC) 

Measurement Confining Pressure Input Frequency Vp Wavelength
No. psi (kPa) PD (kHz) fps (m/s) λp ,ft (cm)

2 200 5907 0.030
(13.8) (1800) (0.9)

4 200 5917 0.030
(27.6) (1804) (0.9)

7 200 5917 0.030
(48.3) (1804) (0.9)

14 200 5946 0.030
(96.6) (1812) (0.9)

28 200 5986 0.030
(193.3) (1825) (0.9)

56 200 6036 0.030
(386.6) (1840) (0.9)

1

2

3

4

5

6
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Empirical relationships of log Vp-log σo were fitted to the experimental 

data.  Equation 7.1 is the expression used to model the variation of compression 

wave velocities (Vp) varying with isotropic confining pressure, σ0, as: 
fwpn

a

0
fwpp P

A  V ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ σ
×=     (7.1) 

where: Afwp is the compression wave velocity at 1 atm (2117 psf=100 kPa), under 

full saturation,  

 nfwp is a dimensionless exponent at full saturation state, and 

Pa is the atmospheric pressure (Pa=100 kPa=14.7 psi). 

In the case of the Vp at full saturation, the adjustment for void ratio is 

neglected because the propagation is controlled by the degree of saturation of the 

soil. 

Similarly, the power law equation used to adjust the log VS-log σo relationship is: 
fwsn

a

0
fwsS P

A  V ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ σ
×=     (7.2) 

where: Afws is the shear wave velocity at 1 atm (2117 psf=100 kPa), under full 

saturation, and 

 nfws is a dimensionless exponent at full saturation state. 

The shear wave velocity is adjusted for void ratio as: 
fwSn

a

0
fwseS P

A  V ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ σ
×=     (7.3) 

where: Afwse is the shear wave velocity at 1 atm, for a soil with e =1, under fully 

saturated conditions; Afwse is represented as: 

)e(FA A fwsfwse ×=     (7.4) 
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where: e is the void ratio, and 

F(e) = 0.3 + 0.7e2.  

Figure 7.4 presents the variation of P-wave velocity with effective stress 

for the ten washed mortar sand specimens tested with the PDs in the ITC.  In 

addition, Figure 7.4 shows the best-fit line and parameters obtained from 

Equation 7.1 for Specimen No. 10 (presented also in Table 7.8).   
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Figure 7.4 Variation of Vp With Effective Stress for the Ten Washed Mortar 
Sand Specimens Tested in the ITC Device Under Fully Saturated 
Conditions  

It is evident that the position and magnitude of the log Vp-log σ’o for fully 

saturated conditions leads to low values of the exponent nwfp and high values of 
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Awfp.  The slope of the line is very flat, (nfwp equal to 0.009) indicating lack of 

sensitivity to changes in effective stress applied to the soil skeleton.  In addition, a 

value of Afwp equal to 5954 fps (1815 m/s) was obtained.  These values are 

presented in Table 7.8. 

Table 7.8 Best-Fit Parameters for the Variations of Vp with Effective Stress for 
Specimen No. 10 Under Fully Saturated Conditions 

Afwp, fps(m/s) nfwp

0.99 5954 0.009
(1815)

B 
(Δu/Δσ3)

Compressional Wave Velocity
Fully Saturated Washed Mortar Sand

 
Note: * Afwp= coefficient at full saturation 

7.5 VS MEASUREMENTS WITH BES IN THE ITC 

7.5.1 Measurements of VS with BEs in the ITC for Specimens No. 1 to No. 
6 (First Category) 

The variation of shear wave velocity with effective stress for Specimens 

No. 1 through No. 6 measured with BEs in ITC is presented in Table 7.9.  The VS 

measurements presented on this table correspond once again to the seismic 

measurements performed at B values of 0.99.  S-wave velocity measurements 

were not taken for Specimens No. 1 and No. 2.  It is important to notice that the 

driving frequencies used to excite the source BE range from 3.5 to 6.5 kHz which 

are similar to the frequencies used in these specimens in dry conditions.  VS varies 

from about 640 to 1050 fps (195 to320 m/s) when the effective stress is increased 
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from 5 to 30 psi (35 to 207 kPa).  It is also important to note that the average 

wavelength in these measurements is about 0.16 ft (4.78 cm) which is about one-

half of the specimen’s height. 

Table 7.9 Vp Measurements for Specimen No. 1 through No. 6 at Fully Saturated 
Conditions with the Instrumented Triaxial Chamber (ITC) 

Spec Isotropic Confining Input Frequency, kHz Wavelength (ft) VS

No. Pressure, psi (kPa) BE λS ,ft,(cm) fps (m/s)
5.01 NA NA NA

(34.6) (252)
5.01 NA NA NA

(34.6) (246)
5 4.5 0.14 644

(34.5) (4.4) (252)
5.01 3.5 0.18 637

(34.6) (5.5) (246)
30 5 0.21 1047

(207.1) (6.4) (319)
5 5.2 0.13 653

(34.5) (3.8) (199)
5.01 5 0.13 653

(34.6) (4.0) (199)
30 6.5 0.16 1050

(207.1) (4.9) (320)
5 5 0.13 644

(34.5) (3.9) (196.3)
5.01 4.5 0.14 637

(34.6) (4.3) (194.2)
30 7.5 0.14 1047

(207.1) (4.3) (319.1)
5 4.4 0.15 668

(34.5) (4.6) (203.6)
5.01 4 0.17 670

(34.6) (5.1) (204.2)
30 5.5 0.20 1081

(207.1) (6.0) (329.5)

4

5

6

1

2

3

 
 

7.5.2 Measurements of VS with BEs in the ITC for Specimens No. 7 to No. 
10 (Second Category) 

Table 7.10 presents the results of the Vs seismic measurements for 
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Specimens No. 7 to No. 9 and Table 7.11 presents the Vs measurements for 

Specimen No. 10.  Figure 7.5 shows the variation of S-wave velocity with 

effective stress under fully saturated conditions for Specimens No. 3 to No. 10.   

Additionally the best-fit line and parameters obtained with Equation 5.4 

are presented in this figure and Table 7.12.  The best-fit line for the log VS-log σ’o 

relationship results in a value of Afws of 869 fps (265 m/s) and nfws equal to 0.25 

as shown in Figure 7.5.  Once again, the possible overconsolidation effect (caused 

by the specimen preparation) is exhibited at the two lowest confining pressures.  
 

Table 7.10 VS Measurements for Specimens No. 7 through No. 9 at Fully 
Saturated Conditions with the Instrumented Triaxial Chamber (ITC) 

Spec Isotropic Confining Input Frequency Wavelength VS

No. Pressure, psi (kPa) PD (kHz) λp ft,(cm) fps (m/s)
5 4.5 0.15 689

(35) (4.7) (210)
5.01 5.0 0.14 688
(35) (4.2) (210)
30 5.5 0.19 1053

(207) (5.8) (321)
5 5.0 0.13 674

(35) (4.1) (205)
5.01 5.0 0.13 673
(35) (4.1) (205)
30 7.5 0.13 1001

(207) (4.1) (305)
5 5.0 0.13 627

(35) (3.8) (191)
5.01 5.0 0.13 629
(35) (3.8) (387)
30 5.0 0.20 1012

(207) (6.2) (308)

8

9

7
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Table 7.11 Variation of Vs with Confining Pressure for Specimen No. 10 at Fully 
Saturated Conditions 

Measurement Confining Pressure Input Frequency VS Wavelength
No. psi (kPa) BE (kHz) fps (m/s) λs ,ft (cm)

2 5 567 0.113
(13.8) (173) (3.5)

4 5.5 627 0.114
(27.6) (191) (3.5)

7 4.5 729 0.162
(48.3) (222) (4.9)

14 6 857 0.143
(96.6) (261) (4.4)

28 6 1013 0.169
(193.3) (309) (5.1)

56 6.5 1211 0.186
(386.6) (369) (5.7)

1

2

3

4

5

6
 

 

It is important to see in Figure 7.5 that the variations of S-wave velocity 

with effective stress under fully saturated conditions for Specimens No. 3 to No. 

10 are in good agreement.  The best-fit line and parameters were obtained from 

Equation 5.4 using only Specimen No. 10.  The measurements of Specimen No. 

10 were considered in this analysis because it covers a wider range in effective 

stress.  However, the first two data points (2 and 4 psi) were excluded from the 

best-fit analysis because they yielded larger values that likely occur because of 

overconsolidation of the specimens (caused during sample formation). 
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Figure 7.5 Variation of VS with Effective Stress Under Fully Saturated 
Conditions for Measurements in the ITC 

Table 7.12 Best-Fit Parameters for the Variations of VS with Effective Stress for 
Specimen No. 10 Under Fully Saturated Conditions  

Afws, fps(m/s) Afwse, fps(m/s) nfwse

0.99 869 651 0.25
(264.9) (198)

Fully Saturated Washed Mortar Sand

B (Δu/Δσ3)
Shear WaveVelocity
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7.6 PREVIOUS VS MEASUREMENTS PERFORMED IN FULLY SATURATED 

SANDS 

The comparison between the variation of stiffness with confining pressure 

of washed mortar sand specimens, for dry and saturated conditions, has been 

performed in the past (Laird, 1994).  Figure 7.6 shows the variation of maximum 

shear modulus (Gmax) with confining pressure for one dry and one nearly saturated 

specimen. The tests were performed at variations in confining pressure from 4 to 

240 psi (28 to 1655 kPa).  Laird (1994) reported that Gmax values measured from 

nearly saturated specimens were 10 to 12% lower than Gmax values of dry 

specimens at similar pressures.   

These findings are in good agreement with the results of shear wave 

velocity (VS) changing with confining pressure for saturated, drained and dry 

Ottawa sand specimens presented by Richart et al., (1970) in Figure 7.7.  The 

shear wave velocity measured for the fully saturated specimen was found to be 

slightly lower than the VS values determined at drained and dry conditions 

(Richart, et al., 1970). 
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Figure 7.6 Variation of the Shear Modulus with Confining Pressure of One Dry 
Sand Specimen and One Nearly Saturated Sand Specimen (from 
Laird, 1994) 

 

Figure 7.7 Variation of the Shear Wave Velocity with the Degree of Saturation 
(from Richart et al., 1970) 
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7.7 COMPARISON BETWEEN THE VARIATION OF VP AND VS MEASUREMENTS 

PERFORMED IN DRY AND FULLY SATURATED WASHED MORTAR SAND  

Figures 7.8 and 7.9 present the comparisons of the variation of the 

compression and shear wave velocities between dry and fully saturated 

conditions.  The data for Specimens BR1 and BR2 in dry conditions is presented 

in this figure along with the data from Specimens No. 3 through No. 6 and No. 10.  

It is evident that the position and magnitude of the log Vp-log σ’o relationship for 

fully saturated conditions is completely different from the relationship obtained 

for dry conditions as expected.  As observed from these data, the slope of the log 

Vp-log σ’o relationship is almost horizontal with a constant value (Afwp) of about 

6000 fps (1829 m/s), while the data for dry specimens (BR1 and BR2) varied 

from about 981 fps to 2039 fps with a much steeper slope (np between 0.2 and 

0.25).   

Figure 7.9 presents the best-fit lines for the log VS-log σ’o relationship in 

the dry and saturated conditions with a suggested nS of 0.25.  It is evident the 

tendency of the log Vp-log σ’o relationship for dry conditions to be parallel to the 

log VS-log σ’o relations. 

According to the data presented in Figure 7.9, the shear wave velocity at 

fully saturated conditions are about 4% lower than the VS values for the dry 

specimens.  The values of Afws is 839 fps (256 m/s) for fully saturated conditions 

and As is equal to 867 fps (264 m/s) for dry conditions.  The reduction of the VS at 

the fully saturated condition agrees with the previous studies presented in Section 

7.6.   
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Figure 7.8 Comparison of the Variation of Vp and VS with Effective Confining 
Pressure Measured in Washed Mortar Sand Specimens at Dry and 
Fully Saturated Conditions 
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Figure 7.9 Comparison of the Best-Fit Lines for the Variation of the Vp and VS 
with Effective Stress Measured in Washed Mortar Sand Specimens at 
Dry and Fully Saturated Conditions 

7.8 SUMMARY 

The results of the experimental testing performed with BE and PD 

transducers in the Instrumented Triaxial Chamber (ITC) under fully saturated 

conditions are presented in this Chapter.  The procedure of saturation is presented 

and illustrated with an example.  The time selected to measure B values was also 
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presented based on experimental data.  The time was 5 minutes after the 

increment in cell pressure was applied.  The variation of compression wave and 

shear wave velocities at full saturation (B close to one) was compared to similar 

results in dry conditions as presented in Chapter 5.  The effect of the variation in 

effective stress on body wave velocities at full saturation was performed on 

Specimens No. 3 to No. 10. 

The measurements at full saturation were divided in two categories: the 

first category involved the seismic measurements for Specimens No. 1 and No. 2 

considering only one effective stress and one input frequency.  Specimens No. 3 

to No. 6 were also included in this category with only one input frequency used 

but three different effective stresses applied.  The second category included body 

wave velocity measurements on Specimens No. 7 to No. 10.  The velocity 

measurements covered a wide range of effective stress and input driving 

frequencies.  The variation of the driving frequency is especially important for 

measurements of Vp in saturated specimens with PD transducers.  There is not the 

same concern with VS measurements using BE transducers since the shear wave 

velocity is not significantly affected by saturation.   

In the case of P-wave measurements the presence of a “noisy zone” close 

to the arrival of the compression wave was observed when excitation frequency 

was in the range of 3 to 10 kHz.  This phenomenon was observed at nearly 

saturated conditions and was probably caused by superposition of multiple types 

of compression waves.  Thus, the selection of the appropriate driving frequency 

using PD transducers represents an important task in obtaining the clearest (and 
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correct) P-wave arrival.  The selection and variation of the PD and BE driving 

frequencies for fully saturated conditions are addressed in Appendix B.  The 

variation of the input driving frequency in the PD measurements was carried out 

using values ranging from 3 to 200 kHz.  The performance of the PD transducers 

at full saturation is outstanding when an input frequency of 200 kHz is applied.  

The output signals are very clear and the amplitude peak to peak are 50 times 

larger than the amplitudes measured in dry conditions with the same input 

frequency. 

The log Vp-log σ’o and log VS-log σ’o relationships of fully saturated 

washed mortar sand are in good agreement with previous results.  The log Vp-log 

σ’o was found to be almost horizontal with a velocity of about 6000 fps (1829 

m/s).  On the other hand, the log VS-log σ’o relationship for fully saturated 

specimens was found to be about 4% lower than the similar variation for dry 

specimens.   
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Chapter 8  

Wave Velocity Measurements of Partially Saturated Sand 
Specimens  

8.1 INTRODUCTION 

In this chapter, the results of the ten granular specimens tested in partially 

saturated conditions using the instrumented triaxial chamber (ITC) are presented.  

It is important to note that one of the purposes of developing the ITC was to 

measure Vp, VS and B values at different stages during the process of saturating 

granular specimens.  These measurements were used to find the relationship 

between Vp and B value for washed mortar sand. 

The ten washed mortar sand specimens presented in this chapter are the 

same sand specimens tested during this investigation using the ITC.  The 

experimental results (body wave measurements) have been previously presented 

in Chapters 5 and 7 for the dry and fully saturated conditions, respectively.   

In Section 8.2, the results of compression wave velocities measured at 

different B values during the saturation process are presented in tabular form.  

The complete process of saturation of the ten sand specimens was monitored 

using constrained compression wave velocities, since P-waves are extremely 

sensitive to the degree of saturation (Sr).  The shear wave velocities measured 

during the saturation process are presented in tabular form in Section 8.3.   

The variation of the compression and shear wave velocities at different B 
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values are compared in Section 8.4.  The measurements of both types of waves 

(Vp and VS) during the saturation process allow estimation of Poisson’s ratio, and 

its variation with the B values is presented in Section 8.5 

Finally, the log Vp-log σo
’ and log VS -log σo

’ relationships measured in 

sand Specimens No. 3 through No. 9 at different B values are presented in Section 

8.6.  Also, velocity-stress power relationships were fitted to the experimental data 

to evaluate numerically the effect of partial saturation on the sand specimens.  It is 

important to note that the results of fully saturated and dry conditions are also 

included in this chapter for comparison purposes and to contrast with the results 

obtained in partially saturated conditions 

8.2 MEASUREMENTS OF VP IN PARTIALLY SATURATED SAND SPECIMENS IN 

THE ITC 

Compression wave velocities measured during different stages of the 

saturation process are presented below.  The results of the seismic testing using 

PD transducers for Specimens No. 1 through No. 9 are presented in Tables 8.1 

through 8.9.  The seismic measurements under partially saturated conditions for 

Specimen No. 10 are not presented, because this sample was saturated using only 

one confining pressure and one backpressure (one step).  No measurement of B 

values could be made.  In the case of Specimen No. 10, the compression wave 

velocities measured at different times during the saturation process are included in 

Appendix C.  

The measurements are divided in two categories.  As in Chapter 5 and 7, 

the first category includes the seismic measurements in the ITC using one driving 
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frequency (usually ranging from about 2 to 5 kHz) for Specimens No. 1 through 

No. 6.   

Table 8.1 Vp Measurements of Specimen No. 1 with the Instrumented Triaxial 
Chamber (ITC) 

Measurement Effective B Value Input Frequency Wavelength Vp
No. Stress, psi (kPa) PD (kHz) λp ,ft,(cm) fps (m/s)

10.0 Dry 4 0.40 1583
(69) (12.1) (483)
14.0 0.1 4 0.39 1571
(97) (12.0) (479)
12.8 0.22 4 0.38 1525
(88) (11.6) (465)
10.0 0.5 4 0.48 1927
(69.0) (14.7) (587)
7.0 0.8 1.5 2.00 3001
(48) (61.0) (915)
6.0 0.9 4.5 1.04 4699
(41) (31.8) (1432)
5.01 0.99 4 1.38 5506
(35) (42.0) (1678)

1

2

3

4

5

6

7
 

Note: B values were measured at 5 minutes after application of the effective 
isotropic stress 

Table 8.2 Vp Measurements of Specimen No. 2 with the Instrumented Triaxial 
Chamber (ITC)  

Measurement Effective B Value Input Frequency Wavelength Vp
No. Stress, psi (kPa) PD (kHz) λp ,ft,(cm) fps (m/s)

10.0 Dry 4 0.38 1530
(69) (11.7) (466)
13.3 0.17 3 0.49 1468
(92) (14.9) (447)
7.7 0.73 4 0.68 2719
(53) (20.7) (829)
5.7 0.93 2.5 1.86 4649
(39) (56.7) (1417)
5.01 0.99 4 1.41 5654
(35) (43.1) (1723)

5

1

2

3

4

 
Note: B values were measured at 5 minutes after application of the effective 

isotropic stress 
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Table 8.3 Vp Measurements of Specimen No. 3 in the Instrumented Triaxial 
Chamber (ITC)  

Measurement Effective B Value (1) Input Frequency Wavelength Vp
No. Stress, psi (kPa) PD (kHz) λp ,ft,(cm) fps (m/s)

15.0 Dry 4.5 0.36 1642
(104) (11.1) (501)
5.0 NA (2) 3.3 0.39 1279
(35) (11.8) (390)
14.2 0.08 4.4 0.37 1638
(98) (11.3) (499)
5.0 NA (2) 3 0.44 1307
(35) (13.3) (398)
10.2 0.48 3 0.53 1595
(70) (16.2) (486)
30.0 NA (2) 3 0.64 1905
(207) (19.4) (581)
5.0 NA (2) 3 0.56 1684
(35) (17.1) (513)
8.6 0.64 3 0.66 1968

(59.4) (20.0) (600)
30.0 NA (2) 3 0.83 2479
(207) (25.2) (756)
5.0 NA (2) 2.5 1.72 4312

(34.5) (52.6) (1314)
6.2 0.88 2.5 1.77 4417
(43) (53.8) (1346)
30.0 NA (2) 3 1.59 4767
(207) (48.4) (1453)
5.0 NA (2) 2 2.80 5601
(35) (85.4) (1707)
5.01 0.99 2.5 2.27 5675
(35) (69.2) (1730)
30.0 NA (2) 3.5 1.73 6040
(207) (52.6) (1841)

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15
 

 
Notes: (1) Vp and B values measured 5 minutes after application of the effective 

isotopic stress. 
(2) NA Not Applicable because this state of stress is created with an 

applied cell pressure and backpressure during the saturation process. 
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Table 8.4 Vp Measurements of Specimen No. 4 in the Instrumented Triaxial 
Chamber (ITC)  

Measurement Effective B Value (1) Input Frequency Wavelength Vp
No. Stress, psi (kPa) PD (kHz) λp ,ft,(cm) fps (m/s)

15.0 Dry 4 0.41 1645
(104) (12.5) (502)
5.0 NA (2) 2.5 0.49 1226
(35) (15.0) (374)
13.0 0.2 2.5 0.62 1554
(90) (18.9) (474)
5.0 NA (2) 2.5 0.48 1195
(35) (14.6) (364)
11.0 0.4 2.5 0.62 1554
(76) (18.9) (474)
30.0 NA (2) 3 0.61 1829
(207) (18.6) (557)
5.0 NA (2) 2.5 0.65 1616
(35) (19.7) (492)
9.0 0.6 2 0.97 1936

(62.1) (29.5) (590)
30.0 NA (2) 3.5 0.73 2568
(207) (22.4) (783)
5.0 NA (2) 2.5 1.38 3449

(34.5) (42.1) (1051)
7.0 0.8 2 1.97 3936
(48) (60.0) (1200)
30.0 NA (2) 2 2.45 4894
(207) (74.6) (1492)
5.0 NA (2) 2.5 2.16 5400
(35) (65.8) (1646)
5.01 0.99 2.5 2.20 5488
(35) (66.9) (1673)
30.0 NA (2) 3 1.86 5574
(207) (56.6) (1699)

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15
 

 
Notes: (1) Vp and B values measured 5 minutes after application of the effective 

isotopic stress. 
(2) NA Not Applicable because this state of stress is created with an 

applied cell pressure and backpressure during the saturation process 
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Table 8.5 Vp Measurements of Specimen No. 5 in the Instrumented Triaxial 
Chamber (ITC)  

Measurement Effective B Value (1) Input Frequency Wavelength Vp
No. Stress, psi (kPa) PD (kHz) λp ,ft,(cm) fps (m/s)

15.0 Dry 9 0.18 1651
(104) (5.6) (503)
5.0 NA (2) 3 0.43 1295
(35) (13.2) (394.8)
13.0 0.2 3.5 0.44 1547
(90) (13.5) (472)
5.0 NA (2) 3 0.42 1273
(35) (12.9) (388.0)
11.0 0.4 3 0.50 1486
(76) (15.1) (453)
30.0 NA (2) 2.5 0.78 1943
(207) (23.7) (592.4)
5.0 NA (2) 2 1.67 3349
(35) (51.0) (1021)
7.1 0.79 2.5 1.49 3732

(49.0) (45.5) (1137.4)
30.0 NA (2) 3.5 1.25 4364
(207) (38.0) (1330)
5.0 NA (2) 2 2.76 5518

(34.5) (84.1) (1682)
5.01 0.99 2.5 2.27 5686
(35) (69.3) (1733.2)
30.0 NA (2) 3.5 1.65 5775
(207) (50.3) (1760)

1

2

3

4

5

6

7

8

9

10

11

12
 

 
Notes: (1) Vp and B values measured 5 minutes after application of the effective 

isotopic stress. 
(2) NA Not Applicable because this state of stress is created with an 

applied cell pressure and backpressure during the saturation process. 
 

In addition, it is important to note that VS measurements with BEs were 

performed along the saturation process for Specimens No. 3 through No. 6.  The 

seismic measurements were undertaken in these specimens during the whole 

loading sequence (cell and backpressure application) used to saturate the 

specimens.  

The second category covers the seismic testing with the ITC during the 
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saturation process (under partial saturation) using a broad range of driving 

frequencies.  Specimens No. 7 through No. 9 were tested in this way.  Also, these 

specimens were seismically tested at each step of the loading sequence. 

8.2.1 Measurements of Vp with PDs in the ITC for Specimens No. 1 through 
No. 6 (First Category) 

Tables 8.1 and 8.2 present the P-wave velocities at different B values for 

Specimens No. 1 and No. 2.  Tables 8.3 through 8.6 show the results of the 

seismic testing using the PD transducers for Specimens No. 3 through No. 6 

during the saturation process. 

As seen, the driving frequency falls in the range of 2.0 to 4.5 kHz under 

partially saturated conditions.  In all the cases, when full saturation has been 

reached clearly the B values are about 0.99 and the P-wave velocities are over 

5000 fps (1524 m/s).  These points are discussed further in Section 8.4, where 

plots of the variation of Vp with B value are presented. 

8.2.2 Measurements of Vp with PDs in the ITC for Specimens No. 7 through 
No. 9 (Second Category) 

Values of Vp at different B values for Specimens No. 7 through No. 9 are 

presented in Tables 8.7 through 8.9, respectively.  In this case, driving frequencies 

ranging from 50 to 200 kHz were applied to the source PD as the B values 

became closer to 0.99 as shown in the tables.  As presented in Appendix B, the 

use of this high-frequency range was very useful in identifying more easily the 

arrival of the compression waves under each stress state. 
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Table 8.6 Vp Measurements of Specimen No. 6 in the Instrumented Triaxial 
Chamber (ITC)  

Measurement Effective B Value (1) Input Frequency Wavelength Vp
No. Stress, psi (kPa) PD (kHz) λp ,ft,(cm) fps (m/s)

15.0 Dry 5 0.32 1584
(104) (9.7) (483)
5.0 NA (2) 2.6 0.46 1184
(35) (13.9) (360.8)
13.1 0.19 2.6 0.60 1564
(90) (18.3) (476.58)
5.0 NA (2) 2.6 0.55 1429
(35) (16.8) (436)
8.8 0.62 2.5 0.72 1812
(61) (22.1) (552)
30.0 NA (2) 3 0.87 2615
(207) (26.6) (797)
5.0 NA (2) 2 1.68 3350
(35) (51.1) (1021)
7.1 0.79 2.5 1.39 3487

(49.0) (42.5) (1063)
30.0 NA (2) 3.5 1.31 4579
(207) (39.9) (1396)
5.0 NA (2) 2 2.69 5385

(34.5) (82.1) (1641)
5.01 0.99 2.5 2.22 5549
(35) (67.7) (1691)
30.0 NA 4 1.41 5639
(207) (43.0) (1719)

2

3

4

1

5

6

7

8

9

10

11

12
 

 
Notes:  (1) Vp and B values measured 5 minutes after application of the effective 

isotopic stress. 
 (2) NA Not Applicable because this state of stress is created with an 

applied cell pressure and backpressure during the saturation process 
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Table 8.7 Vp Measurements of Specimen No. 7 in the Instrumented Triaxial 
Chamber (ITC)  

Measurement Effective B Value (1) Input Frequency Wavelength Vp
No. Stress, psi (kPa) PD (kHz) λp ,ft,(cm) fps (m/s)

15 Dry 3 0.54 1624
(104) (16.5) (495)

5 NA (2) 2 1.46 2920
(35) (44.5) (890)
6.6 0.84 1.8 1.85 3322
(46) (56.2) (1012)

5 NA (2) 2.5 2.38 5956
(35) (72.6) (1815)
5.4 0.96 50 0.12 5903
(37) (3.6) (1799)
30 NA (2) 6 1.03 6164

(207) (31.3) (1879)
5 NA (2) 50 0.12 5858

(35) (3.6) (1786)
5.01 0.99 50 0.12 5858
(35) (3.6) (1786)
30 NA (2) 50 0.12 5895

(207) (3.6) (1797)

1

2

3

4

5

6

7

8

9
 

 
Notes: (1) Vp and B values measured 5 minutes after application of the effective 

isotopic stress.  
(2) NA Not Applicable because this state of stress is created with an 

applied cell pressure and backpressure during the saturation process. 
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Table 8.8 Vp Measurements of Specimen No. 8 in the Instrumented Triaxial 
Chamber (ITC)  

Measurement Effective B Value (1) Input Frequency Wavelength Vp
No. Stress, psi (kPa) PD (kHz) λp ,ft,(cm) fps (m/s)

15.0 Dry 3 0.53 1583
(104) (16.1) (482)
5.0 NA (2) 2 1.36 2715
(35) (41.4) (827.5)
7.4 0.76 2 1.38 2756
(51) (42.0) (840)
5.0 NA (2) 2.5 1.10 2742

(34.5) (33.4) (836)
7.0 0.80 2 1.52 3036
(48) (46.3) (925)
30.0 NA (2) 4 0.92 3676
(207) (28.0) (1121)
5.0 NA (2) 2.5 1.88 4688
(35) (57.2) (1429)
6.0 0.90 2.5 1.90 4750
(41) (57.9) (1448)
30.0 NA (2) 5 0.96 4813
(207) (29.3) (1467)
5.0 NA (2) 200 0.03 5825
(35) (0.9) (1775)
5.02 0.98 200 0.03 5825
(35) (0.9) (1775)
30.0 NA 200 0.03 5900
(207) NA (2) (0.9) (1798)

1

2

3

4

5

6

7

8

9

10

11

12
 

 
Notes: (1) Vp and B values measured 5 minutes after application of the effective 

isotopic stress. 
(2) NA Not Applicable because this state of stress is created with an 

applied cell pressure and backpressure during the saturation process. 
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Table 8.9 Vp Measurements of Specimen No. 9 in the Instrumented Triaxial 
Chamber (ITC)  

Measurement Effective B Value (1) Input Frequency Wavelength Vp
No. Stress, psi (kPa) PD (kHz) λp ,ft.(cm) fps (m/s)

15.0 Dry 3 0.54 1627
(104) (16.5) (496)
5.0 NA (2) 200 0.03 5820
(35) (0.9) (1773.8)
5.0 0.98 200 0.03 5837
(35) (0.9) (1779)
5.0 NA (2) 200 0.03 5828

(34.5) (0.9) (1776)
5.01 0.99 200 0.03 5839
(35) (0.9) (1780)
30.0 NA (2) 200 0.03 5897
(207) (0.9) (1797)

1

2

3

4

5

6
 

 
Notes: (1) Vp and B values measured 5 minutes after application of the effective 

isotopic stress. 
(2) NA Not Applicable because this state of stress is created with an 

applied cell pressure and backpressure during the saturation process. 

8.3 MEASUREMENTS OF VS IN PARTIALLY SATURATED SAND SPECIMENS IN 

THE ITC 

The results of the seismic testing using BEs installed in the ITC are 

presented in Tables 8.10 through 8.16 for Specimen No. 3 through No. 9. In this 

case, the classification into categories of the measurements is not needed since the 

range of driving frequencies, applied successfully to the BEs, was constant over 

the course of this study.  As seen, the frequency range varied from 3.5 to 7.5 kHz.  

Also, no VS data is presented for Specimens No. 1, No. 2 and No. 10 because VS 

measurements were not performed in these specimens in partially saturation. 
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Table 8.10 VS Measurements of Specimen No. 3 in the Instrumented Triaxial 
Chamber (ITC)  

Measurement Effective B Value (1) Input Frequency Wavelength Vs
No. Stress, psi (kPa) BE (kHz) λS ,ft,(cm) fps (m/s)

15.0 Dry 7 0.13 912
(104) (4.0) (278)
5.0 NA (2) 6 0.12 737
(35) (3.7) (225)
14.2 0.08 4.4 0.21 911
(98) (6.3) (278)
5.0 NA (2) 4 0.18 729
(35) (5.6) (222)
10.2 0.48 4 0.21 829
(70) (6.3) (253)
30.0 NA (2) 3 0.36 1083
(207) (11.0) (330)
5.0 NA (2) 4 0.18 720
(35) (5.5) (219)
8.6 0.64 4 0.20 798

(59.4) (6.1) (243)
30.0 NA (2) 4 0.27 1078
(207) (8.2) (328)
5.0 NA (2) 4 0.18 717

(34.5) (5.5) (218)
6.2 0.88 4 0.18 719
(43) (5.5) (219)
30.0 NA (2) 4 0.27 1078
(207) (8.2) (328)
5.0 NA (2) 4.5 0.16 699
(35) (4.7) (213)
5.01 0.99 3.5 0.20 690
(35) (6.0) (210)
30.0 NA (2) 5 0.21 1067
(207) (6.5) (325)

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15
 

 
Notes: (1) Vp and B values measured 5 minutes after application of the effective 

isotopic stress. 
(2) NA Not Applicable because this state of stress is created with an 

applied cell pressure and backpressure during the saturation process. 
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Table 8.11 VS Measurements of Specimen No. 4 in the Instrumented Triaxial 
Chamber (ITC)  

Measurement Effective B Value (1) Input Frequency Wavelength Vs
No. Stress, psi (kPa) BE (kHz) λS ,ft,(cm) fps (m/s)

15.0 Dry 7 0.13 920
(104) (4.0) (280)
5.0 NA (2) 4 0.18 706
(35) (5.4) (215)
13.0 0.2 4 0.22 884
(90) (6.7) (269)
5.0 NA (2) 3.5 0.20 689
(35) (6.0) (210)
11.0 0.4 3 0.29 870
(76) (8.8) (265)
30.0 NA (2) 4.5 0.24 1092
(207) (7.4) (333)
5.0 NA (2) 4.5 0.15 696
(35) (4.7) (212)
9.0 0.6 4 0.20 800

(62.1) (6.1) (244)
30.0 NA (2) 4.5 0.27 1221
(207) (8.3) (372)
5.0 NA (2) 4.5 0.15 696

(34.5) (4.7) (212)
7.0 0.8 4.5 0.17 769
(48) (5.2) (235)
30.0 NA (2) 5.5 0.20 1100
(207) (6.1) (335)
5.0 NA (2) 5.2 0.14 727
(35) (4.3) (221)
5.01 0.99 5 0.15 726
(35) (4.4) (221)
30.0 NA (2) 6.5 0.17 1115
(207) (5.2) (340)

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15
 

 
Notes: (1) Vp and B values measured 5 minutes after application of the effective 

isotopic stress. 
(2) NA Not Applicable because this state of stress is created with an 

applied cell pressure and backpressure during the saturation process. 
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Table 8.12 VS Measurements of Specimen No. 5 in the Instrumented Triaxial 
Chamber (ITC)  

 

Notes: (1) Vp and B values measured 5 minutes after application of the effective 

isotopic stress. 
(2) NA Not Applicable because this state of stress is created with an 

applied cell pressure and backpressure during the saturation process. 

 

 

 

 

 

Measurement Effective B Value (1) Input Frequency Wavelength Vs
No. Stress, psi (kPa) BE (kHz) λS ,ft,(cm) fps (m/s)

15.0 Dry 7.5 0.12 916
(104) (3.7) (279)
5.0 NA (2) 5 0.14 701
(35) (4.3) (214)
13.0 0.2 5.5 0.16 888
(90) (4.9) (271)
5.0 NA (2) 5.2 0.13 701
(35) (4.1) (214)
11.0 0.4 5.5 0.15 818
(76) (4.5) (249)
30.0 NA (2) 5.5 0.19 1069
(207) (5.9) (326)
5.0 NA (2) 5.5 0.13 692
(35) (3.8) (211)
7.1 0.79 4.5 0.17 747

(49.0) (5.1) (228)
30.0 NA (2) 6 0.19 1118
(207) (5.7) (341)
5.0 NA (2) 5 0.14 693

(34.5) (4.2) (211)
5.01 0.99 4.5 0.15 686
(35) (4.6) (209)
30.0 NA (2) 7.5 0.15 1138
(207) (4.6) (347)

1

2

3

4

5

6

7

8

9

10

11

12
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Table 8.13 VS Measurements of Specimen No. 6 in the Instrumented Triaxial 
Chamber (ITC)  

Measurement Effective B Value (1) Input Frequency Wavelength Vs
No. Stress, psi (kPa) BE (kHz) λS ,ft, (cm) fps (m/s)

15.0 Dry 8 0.11 916
(104) (3.5) (279)
5.0 NA (2) 4 0.18 702
(35) (5.4) (214)
13.0 0.19 4.5 0.20 886
(90) (6.0) (270)
5.0 NA (2) 4.5 0.15 660
(35) (4.5) (201)
11.0 0.62 4.5 0.18 810
(76) (5.5) (247)
30.0 NA (2) 6 0.18 1089
(207) (5.5) (332)
5.0 NA (2) 5.5 0.13 694
(35) (3.8) (211)
7.1 0.79 4.5 0.17 782

(49.0) (5.3) (238)
30.0 NA (2) 6 0.18 1092
(207) (5.5) (333)
5.0 NA (2) 4.4 0.15 668

(34.5) (4.6) (204)
5.01 0.99 4 0.17 670
(35) (5.1) (204)
30.0 NA (2) 5.5 0.20 1081
(207) (6.0) (329)

1

2

3

4

5

6

7

8

9

10

11

12
 

 
Notes: (1) Vp and B values measured 5 minutes after application of the effective 

isotopic stress. 
(2) NA Not Applicable because this state of stress is created with an 

applied cell pressure and backpressure during the saturation process. 
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Table 8.14 VS Measurements of Specimen No. 7 in the Instrumented Triaxial 
Chamber (ITC)  

Measurement Effective B Value (1) Input Frequency Wavelength Vs
No. Stress, psi (kPa) BE (kHz) λp ,ft,(cm) fps (m/s)

15 Dry 5 0.19 938
(104) (5.7) (286)

5 NA (2) 5 0.13 643
(35) (3.9) (196)
6.6 0.84 5 0.13 668
(46) (4.1) (204)

5 NA (2) 5 0.13 654
(35) (4.0) (199)
5.4 0.96 4.5 0.15 653
(37) (4.4) (199)
30 NA (2) 6 0.17 997

(207) (5.1) (304)
5 NA (2) 4.5 0.15 689

(35) (4.7) (210)
5.01 0.99 5 0.14 688
(35) (4.2) (210)
30 NA (2) 5.5 0.19 1053

(207) (5.8) (321)
9

5

6

7

8

1

2

3

4

 
 
Notes: (1) Vp and B values measured 5 minutes after application of the effective 

isotopic stress. 
(2) NA Not Applicable because this state of stress is created with an 

applied cell pressure and backpressure during the saturation process 
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Table 8.15 VS Measurements of Specimen No. 8 in the Instrumented Triaxial 
Chamber (ITC)  

Measurement Effective B Value (1) Input Frequency Wavelength Vs
No. Stress, psi (kPa) BE (kHz) λS ,ft,(cm) fps (m/s)

15.0 Dry 5 0.18 889
(104) (5.4) (271)
5.0 NA (2) 5 0.14 684
(35) (4.2) (209)
7.4 0.76 5 0.14 713
(51) (4.3) (217)
5.0 NA (2) 5 0.13 661

(34.5) (4.0) (201)
7.0 0.80 5 0.14 722
(48) (4.4) (220)
30.0 NA (2) 6 0.18 1062
(207) (5.4) (324)
5.0 NA (2) 5 0.14 684
(35) (4.2) (209)
6.0 0.90 5 0.14 684
(41) (4.2) (209)
30.0 NA (2) 6 0.17 1038
(207) (5.3) (316)
5.0 NA (2) 5 0.13 674
(35) (4.1) (205)
5.02 0.98 5 0.13 673
(35) (4.1) (205)
30.0 NA (2) 7.5 0.13 1001
(207) (4.1) (305)

1

2

3

4

5

6

7

8

9

10

11

12
 

 
Notes:  (1) Vp and B values measured 5 minutes after application of the effective 

isotopic stress. 
(2) NA Not Applicable because this state of stress is created with an 

applied cell pressure and backpressure during the saturation process 
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Table 8.16 VS Measurements of Specimen No. 9 in the Instrumented Triaxial 
Chamber (ITC)  

Measurement Effective B Value (1) Input Frequency Wave Length Vs
No. Stress, psi (kPa) BE (kHz) λS ,ft.(cm) fps (m/s)

15.0 Dry 5 0.18 913
(104) (5.6) (278)
5.0 NA (2) 4 0.15 606
(35) (4.6) (184.8)
5.02 0.98 7 0.10 666
(35) (2.9) (203)
5.0 NA (2) 5 0.13 627

(34.5) (3.8) (191)
5.01 0.99 5 0.13 629
(35) (3.8) (192)
30.0 NA (2) 5 0.20 1012
(207) (6.2) (308)

1

2

3

4

5

6
 

 
Notes: (1) Vp and B values measured 5 minutes after application of the effective 

isotopic stress. 
(2) NA Not Applicable because this state of stress is created with an 

applied cell pressure and backpressure during the saturation process 

8.4 VARIATION OF VP AND VS WITH THE B VALUES 

The variation of constrained compression wave velocity (Vp) with B 

value, for the nine sand specimens, is presented in Figure 8.1.  It is important to 

notice that the body wave velocities presented in this figure were effective stress-

adjusted for a value of 5 psi (35 kPa).  As observed from this figure, complete 

saturation of the specimens was accomplished as shown by the values of Vp 

between 5488 and 5903 fps (1673 to 1799 m/s).  In fact, in these measurements 

the effective stress is constant about 5.01 psi (35 kPa) and Vp has a mean value of 

5713 fps (1741 m/s) and a standard deviation of 153 fps (47 m/s). At this 

saturation condition and effective stress, the values of B ranged from 0.96 to 0.99. 

Therefore, monitoring the saturation process was successfully performed with P 
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wave velocities.   

The variation of VS with B value is also presented in Figure 8.1. The 

independence between VS and the measured B values is shown in the figure for B 

≤ 0.6.  At B > 0.6, it is also evident that VS decreases slightly as the B value 

increases.  This reduction in VS is related to the degree of saturation of the soil 

specimens as presented in Chapter 7.  This small reduction in VS with the 

increasing B value is more clearly seen in Figure 8.2, where the normalized shear 

wave velocity is plotted versus the B values.   

The average shear wave velocity measured at B values in the range from 0 

to 0.3 was used to normalize all the VS values in Figure 8.1.  The average VS was 

calculated as 696 fps (212 m/s).  As seen in Figure 8.2, the VS decreases about 3 

to 4% at fully saturation for B values ranging from 0.96 to 0.99.  It is evident in 

Figure 8.2 that VS starts decreasing when the B value is above 0.6. 

It is important to note that for this sand material no significant capillary 

stresses were noticed or expected.  Using the Hazen (1930) equation for capillary 

rise (hc) as function of the void ratio and D10 of the soil (hc=C/eD10).  C varies 

from 10 to 550 mm2 and hc is in mm.  Thus, estimated capillary rise might be 

about 1 ft, however no significant capillary stresses were noticed in this study. 
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Figure 8.1 Variation of the Constrained Compression Wave Velocity and Shear 
Wave Velocity at Different Saturation Stages. Adjusted for an 
Effective Stress of 5 psi (=35 kPa). 
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Figure 8.2 Variation of the Ratio Shear Wave Velocity over the Average Shear 
Wave Velocity (for B less than 0.3).  
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The variation of the Vp/VS ratio with B value is presented in Figure 8.3.  It 

is important to note that Vp starts to increase when the B value ranges from 0.4 to 

0.5.  It is likely that the compression wave propagation has a stronger dependency 

on the degree of saturation beyond a B value of about 0.45.  The theoretical and 

measured relationships between B and Sr for washed mortar sand are presented in 

Appendix C. 
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Figure 8.3 Variation of the Ratio of Constrained Compression Wave Velocity to 
Shear Wave Velocity (Vp/VS) at Different B Values (Adjusted for an 
Effective Stress of 5 psi (35 kPa))   

Figures 8.4 and 8.5 present the variation of Vp with B value and the Vp/VS 

ratio with B, respectively, reported by Ishihara et al. (1998) for Toyoura sand.  

These relationships are compared with the similar ones measured in this study 

after they have been adjusted for σ0’ = 14.7 psi (100 kPa).   
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Figure 8.4 Variation of the Constrained Compression Wave Velocity and Shear 
Wave Velocity at Different B values Adjusted for an Effective Stress 
of 14.7 psi (100 kPa). Similar Ishihara’s et al. (1998) Data is Included 

 

As seen in Figure 8.4, the Vp-B relationship measured by Ishihara et. al 

(1998) is above the Vp-B relationship measured in this study beyond a B value of 

0.3.  Similarly, Figure 8.5 shows the same tendency for the relationship Vp/VS – B 

since Ishihara’s et al. (1998) data is always over the similar relationship measured 

in this study. 
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Figure 8.5 Variation of the Ratio Constrained of Compression Wave Velocity to 
Shear Wave Velocity (Vp/VS) at Different B Values (Adjusted for an 
Effective Stress of 14.7 psi (100 kPa)) 

8.5 VARIATION OF POISSON RATIO WITH THE B VALUE  

Poisson’s ratio (ν) was evaluated, using the body wave velocities (Vp and 

VS), at different B values.  It is important to emphasize that the velocities used to 

calculate ν were stress-adjusted for σ’
o = 5 psi (35 kPa).  The variation of 

Poisson’s ratio (ν) with B value is shown in Figure 8.6.  In this figure, the value 

of ν average is about 0.26 for the washed mortar sand in the dry condition and for 

B ≤ 0.4.  This value of ν represents the sand skeleton at σ’
o = 5 psi (35 kPa).  As 

the B value increases above 0.4, ν increases toward 0.5.  It is evident that the 

values of Poisson’s ratio exhibit a narrow range and are near to 0.5 as the B value 

approaches to 1, since ν ranges from 0.47 to 0.49 beyond B equal to 0.8.  
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Nevertheless, the Poisson’s ratios have the tendency of gradually increase as the 

B value increases (beyond B = 0.4). 
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Figure 8.6 Variation of Poisson Ratio with B value for Specimens No. 3 through 
No. 9 

8.6 RELATIONSHIPS BETWEEN VP AND VS WITH THE ISOTROPIC EFFECTIVE 

STRESS, AND DEGREE OF SATURATION 

 Velocity-stress power relationships were also used to model the 

experimental variation of body wave velocities with effective stresses at different 

B values.  The effective stress was applied to the specimens in a similar sequence 

of loading as shown in Chapter 7.  The experimental data associated with the 
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variation of effective stresses are presented in Section 8.2 and 8.3.  In addition, 

the variation of the compression wave velocity with effective confining pressure 

(log Vp-log σ’o) is expressed through Equation 8.1 as;   
wpn'

o
wpp Pa

AV ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ σ
=     (8.1) 

where: Awp is a constant with velocity units that represents the Vp under a stress 

σ’o equal to one atmosphere, in this case under partially saturated 

conditions,  

Pa is the atmospheric pressure (2117 psf =100 kPa), and 

nwp is a dimensionless exponent in partially saturated conditions. 

Compression wave velocity is adjusted for variations in void ratio as: 
wpn'

o
wpep Pa

AV ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ σ
=     (8.2) 

where: Awpe is a constant with velocity units that represent the Vp under a stress 

(σ’o) equal to one atmosphere and a void ratio of one; in this case, under 

partially saturated conditions, Awpe is expressed as:  
)e(FAA wpwpe ×=     (8.3) 

where: F(e) is equal to 0.3+0.7 e2, and 

e is the void ratio  

It is important to point out that the void ratio function, F(e), was not 

considered to adjust the Vp experimental data measured above B = 0.5.  The 

reason for neglecting the effect of the void ratio, under higher B values, is the 

independence of the P-waves to the soil skeleton characteristics. 

Similarly to Equation 8.1, the shear wave velocity varying with the 
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effective stress is represented as: 

 
wsn'

o
wsS Pa

AV ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ σ
=     (8.4) 

where: Aws is a constant with velocity units that represent the VS under a stress 

(σ’o) equal to one atmosphere, in this case under partially saturated 

conditions,  

Pa is the atmospheric pressure (2117 psf =100 kPa), and 

nws is a dimensionless exponent for the log VS-log σo
’ relationship in 

partially saturated conditions. 

Shear wave velocity is adjusted for variations in void ratio as: 
wsn'

o
wseS Pa

AV ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ σ
=     (8.5) 

where: Awse is a constant with velocity units that represent the Vs under a stress 

(σ’o) equal to one atmosphere and a void ratio of one; in this case, under 

partially saturated conditions, Awse is expressed as:  

)e(FAA wswse ×=    (8.6) 

where: F(e) is equal to 0.3+0.7 e2, and 

e is the void ratio. 

The variation of Vp and VS with isotropic effective stress is presented in 

Figures 8.7 through 8.13 for Specimens No. 3 to No. 9, respectively.  Also, the 

best-fit lines obtained from Equations 8.1 through 8.6 are presented for each case.  

It is important to point out that the best-fit values for fully saturated conditions are 

named Afwp and Afws, while for partially saturated conditions the parameters are 



 266 

named Awp and Aws. 

On the other hand, the best-fit coefficients obtained from the variation of 

Vp with effective stress using Equations 8.1 through 8.3 are presented in Tables 

8.17 to 8.20, while the best-fit parameters for the experimental VS data applying 

Equations 8.4 to 8.6 are shown in Tables 8.21 to 8.24. 

It is evident that the slope of the power relationships that best-fit the 

experimental data, expressed in the form of log Vp-log σ’o, changes as the B value 

of the specimens increases.  A tendency of the best-fit towards a horizontal slope 

is calculated (lower values of the nwp exponent) as the B value of the specimens 

increases, as shown in Figures 8.7 through 8.13. 
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Figure 8.7 Variation of Vp and VS with Confining Pressure and B Values for 
Specimen No. 3 Tested in the ITC 
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Figure 8.8 Variation of Vp and VS with Confining Pressure and B Values for 
Specimen No. 4 Tested in the ITC 
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Figure 8.9 Variation of Vp and VS with Confining Pressure and B Values for 
Specimen No. 5 Tested in the ITC 
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Figure 8.10 Variation of Vp and VS with Confining Pressure and B Values for 
Specimen No. 6 Tested in the ITC 
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Figure 8.11 Variation of Vp and VS with Confining Pressure and B Values for 
Specimen No. 7 Tested in the ITC 
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Figure 8.12 Variation of Vp and VS with Confining Pressure and B Values for 
Specimen No. 8 Tested in the ITC 
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Figure 8.13 Variation of Vp and VS with Confining Pressure and B Values for 
Specimen No. 9 Tested in the ITC 
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Table 8.17 Best-Fit Parameters for the Variations of Vp with Effective Stress for 
Specimens No. 3 and No. 4 at Different B Values  

B 
(Δu/Δσ3)

B 
(Δu/Δσ3)

Awpe, fps(m/s) nwp Awpe, fps(m/s) nwp

0.08 1199 0.24 0.20 1181 0.25
(365) (360)

0.48 1209 0.20 0.40 1166 0.22
(369) (355)

Awp, fps(m/s) nwp Awp, fps(m/s) nwp

0.62 2148 0.21 0.60 2153 0.25
(655) (656)

0.88 3499 0.15 0.80 4329 0.18
(1066) (1319)

Afwp, fps(m/s) nfwp Afwp, fps(m/s) nfwp

0.99 5876 0.04 0.99 5521 0.013
(1791) (1683)

Specimen No. 3 Specimen No. 4

Compressional WaveVelocity Compressional WaveVelocity
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Table 8.18 Best-Fit Parameters for the Variations of Vp with Effective Stress for 
Specimens No. 5 and No. 6 at Different B Values  

B 
(Δu/Δσ3)

B 
(Δu/Δσ3)

Awpe, fps(m/s) nwp Awpe, fps(m/s) nwp

0.2 1158 0.19 0.19 1119 0.22
(353) (341.1)

0.4 1190 0.24 Awp, fps(m/s) nwp

(363)
Awp, fps(m/s) nwp 0.62 1560 0.32

(475.5)
0.79 3983 0.13 0.79 4022 0.18

(1214) (1225.9)
Afwp, fps(m/s) nfwp

0.99 5705 0.017 0.99 5569 0.017
(1738.9) (1697.4)

nfwpAfwp, fps(m/s)

Specimen No.5 Specimen No.6

Compressional WaveVelocity Compressional WaveVelocity
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Table 8.19 Best-Fit Parameters for the Variations of Vp with Effective Stress for 
Specimens No. 7 and No. 8 at Different B Values  

B 
(Δu/Δσ3)

B 
(Δu/Δσ3)

Ape, fps(m/s) np Ape, fps(m/s) np

0 1182 0.20 0 1201 0.19
(360) (366)

Afwp, fps(m/s) 0.90 Awp, fps(m/s) nwp

0.96 6066 0.021 0.80 3309 0.15
(1849) (1009)

0.99 5880 0.004 0.90 4774 0.012
(1792) (1455)

Afwp, fps(m/s)

0.99 5859 0.007
(1785.8)

Specimen No. 7 Specimen No. 8

Compression WaveVelocityCompression WaveVelocity

nfwp

nfwp

 

Table 8.20 Best-Fit Parameters for the Variations of Vp with Effective Stress for 
Specimens No. 9 and No. 10 at Different B Values 

B (Δu/Δσ3) B (Δu/Δσ3)

Ape, fps(m/s) np Ape, fps(m/s) np

0 1190 0.21 0 1175 0.21
(362.7) (358)

Afwp, fps(m/s) nfwp Afwp, fps(m/s) nfwp

0.99 5871 0.006 0.99 5954 0.009
(1789.5) (1815)

Specimen No. 9

Compressional WaveVelocity

Specimen No. 10

Compressional WaveVelocity
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Table 8.21 Best-Fit Parameters for the Variations of VS with Effective Stress for 
Specimens No. 3 and No. 4 at Different B Values 

Awse, fps(m/s) nws Awse, fps(m/s) nws

0.08 666 0.20 0.20 671 0.24
(203) (205)

0.48 666 0.23 0.40 677 0.25
(203) (206)

0.64 663 0.23 0.60 711 0.33
(202) (216.7)

0.88 659 0.24 0.80 678 0.25
(201) (207)

Afwse, fps(m/s) nfws Afwse, fps(m/s) nfws

0.99 646 0.25 0.99 693 0.24
(197) (211)

Specimen No. 3 Specimen No. 4
B 

(Δu/Δσ3)
Shear WaveVelocity B 

(Δu/Δσ3)
Shear WaveVelocity

 

Table 8.22 Best-Fit Parameters for the Variations of VS with Effective Stress for 
Specimens No. 5 and No. 6 at Different B Values 

Awse, fps(m/s) nws Awse, fps(m/s) nws

0.2 670 0.25 0.19 682 0.24
(204) (207.9)

0.4 655 0.24 0.62 627 0.27
(200) (191.1)

0.79 673 0.27 0.79 688 0.24
(205.1) (209.7)

Afwse, fps(m/s) nfws Afwse, fps(m/s) nfws

0.99 682 0.28 0.99 669 0.27
(207.9) (203.9)

Specimen No.5 Specimen No.6
B 

(Δu/Δσ3)
Shear WaveVelocity B 

(Δu/Δσ3)
Shear WaveVelocity
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This trend is also shown numerically in Tables 8.17 to 8.20, where nwp 

varies from about 0.19 to 0.25 for B values less than 0.5.  In contrast, nfwp ranges 

from 0.004 to 0.04 as B values get closer to one.  This data leads to conclude that 

changes of Awp and nwp are evident for B values higher than 0.5.  The average 

value of Afwp was obtained to be about 5750 fps (1753 m/s) at fully saturated 

conditions.   

It is important to point out that B value measurements were undertaken at 

the intermediate point of every log Vp-log σ’o relations, presented in Figures 8.7 

to 8.12.  The other two points that are part of the relations might be called 

associated measurements at the corresponding B value. As observed, the effective 

stress at every B value measurement varies, since it depends entirely on pore 

water pressure changes.  Thus, during the process of saturation, as the B values 

gets closer to 1, the intermediate point moves to the left  towards a value of σ’o 

equal to 5 psi (35 kPa) which is the effective stress applied to the specimens at the 

beginning of the saturation process. 

Tables 8.21 through 8.24 shows an average nws value (including nfws) 

equal to 0.25 while the average value of Awse varies in a narrow range from 627 to 

711 fps (191 to 217 m/s). 
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Table 8.23 Best-Fit Parameters for the Variations of VS with Effective Stress for 
Specimens No. 7 and No. 8 at Different B Values 

Afwse, fps(m/s) nfws Awse, fps(m/s) nws

0.96 633 0.24 0.80 658 0.26
(192.9) (200.6)

0.99 671 0.24 0.90 652 0.24
(204.5) (198.7)

Afwse, fps(m/s) nfws

0.99 640 0.22
(195.1)

B 
(Δu/Δσ3)

Shear WaveVelocity
Specimen No.7 Specimen No.8

B 
(Δu/Δσ3)

Shear WaveVelocity

 

Table 8.24 Best-Fit Parameters for the Variations of VS with Effective Stress for 
Specimens No. 9 and No. 10 at Different B Values 

Afwse, fps(m/s) nfws Afwse, fps(m/s) nfws

0.99 627 0.26 0.99 654 0.24
(191.1) (199.3)

Specimen No.10

B (Δu/Δσ3)
Shear WaveVelocity

Specimen No.9

B (Δu/Δσ3)
Shear WaveVelocity

 

Finally, Figures 8.14 and 8.15 shows the variation of the best-fit 

parameters with B values for Specimens No. 3 through No. 9.  Figure 8.14 

presents the variation of nwp with the B values.  Clearly, nwp exhibits a decrement 

after B values larger than 0.6.  In Figure 8.15, the variation of Awpe and Awse with 

B values is shown.  In this case, the increment of Awpe occurs when the B value is 

larger than 0.6.  It is interesting to note that the best-fit parameters for the 

experimental shear wave velocities (nws and Awse) have a constant tendency with 

only a slightly decrease of Aws. 
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Figure 8.14 Variation of Average nwp and nws Exponents with B Value for 
Specimens No. 3 through No. 9 
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Figure 8.15 Variation of Average Coefficients Awpe and Awse with B Value for 
Specimens No. 3 through No. 9 
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8.7 SUMMARY 

Measurements of small-strain Vp and VS values at different B values 

(partially saturation), using the instrumented triaxial chamber (ITC), are presented 

in this chapter.  The washed mortar sand specimens presented in this chapter are 

exactly the same specimens tested in Chapters 5 and 7 under dry and fully 

saturated conditions, respectively.   

Thus, this chapter covers the results for specimens under partially 

saturated conditions.  Specimens with B values considerably lower than 1 were 

considered as partially saturated specimens. 

The degree of saturation (Sr) for granular specimens might be estimated 

numerically using the proposed equation developed in Appendix C, which 

correlates B values with Sr.  The proposed equation is calibrated using the results 

of the seismic testing presented in this Chapter. 

Finally, the experimental log Vp-log σo and log VS-log σo relationships are 

presented and adjusted using velocity-stress power equations after Hardin, 1978, 

and Stokoe et al. 1994.  In the case of P waves, it was evident that, as the B values 

increases above 0.8, the change of the slope in the log Vp-log σo relationships 

goes towards a horizontal position located about 5750 fps.  Conversely, the log 

VS-log σo relationships keep their slope and position independently of the degree 

of saturation of the soil specimens, as it was expected.   
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Chapter 9  

Torsional Shear Tests Synchronized with Bender Elements 
Measurements  

9.1 INTRODUCTION 

In this chapter, the VS measurements of three granular specimens tested in 

dry conditions using BEs synchronized with the RCTS device operated in the 

torsional shear (TS) mode are presented.  The three washed mortar sand 

specimens were formed using the undercompaction method in the same way as 

the other granular specimens tested in this study.  The BE-TS synchronized 

testing can be performed in two ways, either using two or three function 

generators, as explained in Chapter 3.  The difference between the uses of two or 

three function generators controls the number of BE measurements that can be 

conducted during each cycle of TS loading.  The testing configuration using two 

function generators allows one BE measurement during each TS cycle, while the 

configuration using three function generators multiple BE measurements each TS 

cycle can be obtained using the three- configuration. 

The results of the shear wave velocity measurements for Specimens BT1 

and BT2 tested with the configuration of two functions generators are presented in 

Section 9.2.  The VS results at different points on the TS hysteresis loop are 

shown in Section 9.3 shows for the configuration of three function generators. 

Comparison of the measurements in terms of frequency content using RC 
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device, TS device and BEs is shown in Section 9.4.   

9.2 MEASUREMENTS OF VS USING BES SYNCHRONIZED WITH TS USING TWO 

FUNCTION GENERATORS 

The characteristics of the dry sand specimens tested using synchronized 

BEs and TS tests are presented in Table 9.1.  As observed in Table 9.1, the void 

ratio ranges from 0.64 to 0.66 and the corresponding relative densities (Dr) vary 

from 34 to 40%. 

Table 9.1 Index Properties of Specimens BT1, BT2, and BT3 

Spec Diameter Height 
Unit 

Weight 
Void 
Ratio 

Relative 
Density 

No. in. (cm) 
in. 

(cm) 
pcf 

(gr/cm3) 
e Dr, (%) 

2.49 5.86 100.6 0.66 34 
BT1 

(6.3) (14.88) (1.61)   
2.49 5.76 100.9 0.65 36 

BT2 
(6.3) (14.6) (1.62)   
2.49 5.85 101.4 0.64 40 

BT3 
(6.3) (14.86) (1.63)   

 

It is important to note that Specimens BT1 through BT3 were set up in the 

RCTS device in the same way as Specimens BR1 and BR2 presented in Chapter 

5.  The synchronized testing using BEs and the TS mode was performed at only a 

confining pressure of 7 psi (48 kPa).  In the case of Specimens BT2 and BT3, RC 

testing was also performed to have one extra and independent VS measurement 

for the sand specimens. 
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As described in Chapter 3, the synchronized BE and the TS testing can be 

performed with two function generators.  This configuration allows one 

measurement with the BEs during each cycle applied by the TS device.  Figure 

9.1 illustrates the location of the measurements using BEs simultaneously with the 

TS loading.  As seen, the small-strain shear wave velocity by means of BE 

transducers is measured at the maximum amplitude of the TS cyclic load.   
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Figure 9.1 Location of the Shear Wave Velocity Measurement Performed by 
Means of BE Transducers during Real Time TS Loading Using Two-
Function-Generator Configuration  

Specimens BT1 and BT2 were tested under this testing scheme.  Figure 9.2 

shows the signals generated during TS cyclic loading at 0.5 Hz as well as the 

input and output signals of the BE transducers for Specimen BT2.  As seen in the 

figure, ten cycles of TS loading with their corresponding BE measurements are 



 285 

presented.  The total duration of this experiment was 20 seconds as seen.  
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Figure 9.2 Direct-travel-time Measurements Using Bender Elements (BE) 
Simultaneously with Ten Cycles of Torsional Loading (f=0.5 Hz) for 
Specimen BT2 of Washed Mortar Sand. One BE Measurement is 
Performed at Each Loading TS Cycle  

Table 9.2 and 9.3 present the results of VS measured using BE-TS 

synchronized testing for Specimens BT1 and BT2, respectively.  As observed in 

the tables, the driving frequency applied to the BEs was 4 kHz for Specimen BT1 

and 6.25 kHz for Specimen BT2.  In the case of Specimen BT1, the VS results 

from BE tests are about 6 to 10% higher than the VS values obtained in the TS.  
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The VS results for Specimen BT2 show the BE values to be around 3 to 6% higher 

than the VS values determined with TS and RC testing.  The reason or reasons for 

the difference between the VS values measurements Specimens BT1 and BT2 are 

unknown.  All other tests on the dry sand (including BT3) show a range in Vs 

between 701 to 746 fps (214 to 227 m/s).  Therefore, it is felt that some unknown 

factor affected the first BE-TS test (BT1) adversely.   

Table 9.2 Results for Specimen BT1 Using TS and BE Synchronized 
Measurements 

Cycle No. Confining Pressure Input Frequency Wavelength VS BE VS TS γpeak (TS)
psi (kPa) BE (kHz) λs .ft,(m)  fps (m/s) fps (m/s) (%)

7 4 0.170 678 625 0.00156
(48) (0.052) (207) (191)

7 4 0.169 677 636 0.00150
(48) (0.052) (206) (194)

7 4 0.170 678 627 0.00155
(48) (0.052) (207) (191)

7 4 0.174 697 638 0.00149
(48) (0.053) (212) (194)

7 4 0.174 697 627 0.00155
(48) (0.053) (212) (191)

7 4 0.174 697 636 0.00150
(48) (0.053) (212) (194)

7 4 0.170 678 630 0.00153
(48) (0.052) (207) (192)

7 4 0.174 697 632 0.00152
(48) (0.053) (212) (192.6)

7 4 0.174 697 634 0.00151
(48) (0.053) (212) (193)

7 4 0.170 678 633 0.00152
(48) (0.052) (207) (193)

1

2

3

4

9

10

5

6

7

8
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Table 9.3 Results for Specimen BT2 Using TS and BE Synchronized 
Measurements 

Cycle No. Confining Pressure Input Frequency Wavelength VS BE VS TS γmax (TS) VS RC γ (RC)
psi (kPa) BE (kHz) λs ,ft, (m)  fps (m/s) fps (m/s) (%)  fps (m/s) (%)

7 6.25 0.117 733 711 0.000647 719 0.0010
(48.3) (0.036) (223) (217) (219)

7 6.25 0.117 733 714 0.000695
(48.3) (0.036) (223) (218)

7 6.25 0.117 733 718 0.000688
(48.3) (0.036) (223) (219)

7 6.25 0.121 755 717 0.000695
(48.3) (0.037) (230) (219)

7 6.25 0.121 755 716 0.000689
(48.3) (0.037) (230) (218)

7 6.25 0.117 733 714 0.000688
(48.3) (0.036) (223) (218)

7 6.25 0.120 748 714 0.000686
(48.3) (0.036) (228) (218)

7 6.25 0.121 755 715 0.000693
(48.3) (0.037) (230) (218)

7 6.25 0.117 733 714 0.000688
(48.3) (0.036) (223) (218)

7 6.25 0.121 755 716 0.000686
(48.3) (0.037) (230) (218)

5

6

7

8

1

2

3

4

9

10
 

9.3 MEASUREMENTS OF VS USING BES SYNCHRONIZED WITH TS USING 

THREE FUNCTION GENERATORS 

Figure 9.3 shows the locations in time during torsional shear loading for the 

bender element (BE) measurements using the three-function-generator 

configuration.  As observed in this figure, eight shear wave velocity 

measurements were performed during every cycle of TS loading at small shearing 

strains.  The position of these measurements along the TS hysteresis loop is 

presented in Figure 9.4.  Specimen BT3 was tested using the three-function-

generator configuration.  
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Figure 9.3 Locations of the Shear Wave Velocity Measurements Performed by 
Means of BE Transducers During Real Time TS Loading Using 
Three-Function-Generator Configuration  
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Figure 9.4 Locations of the Shear Wave Velocity Measurements Performed by 
Means of BE Transducers During TS Loading  
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9.3.1 Measurements in the Linear Strain Range 

Tables 9.4 to 9.8 present the 8 measurements of the small-strain shear wave 

velocity at cycles No. 1, No. 2, No. 5, No. 7, and No. 10 of the TS cyclic loading, 

respectively.  It is important to mention that VS determined with RC test, prior to 

the TS-BE synchronized testing was 722 fps (220 m/s).   

The measurements presented in these tables are in the linear range of 

shearing strain.  VS results observed in Tables 9.4 though 9.8 correspond to 

maximum shearing strain (γmax) of about 0.0007% imposed by the TS loading.  It 

is important to note that the driving frequency applied was 5 kHz. 

In addition, the VS results from BE tests are about 4 to 8% higher than the 

values of VS obtained with TS.   

Table 9.4 Results of Synchronized BE and TS Measurements during Cycle No. 
1 for Specimen BT3,  

Location in the Confining Pressure Input Frequency Wavelength Vs Vs TS γpeak

Cycle psi (kPa) BE (kHz) λs ft,(cm)  fps (m/s)  fps (m/s) (%)
M1 7 5 0.149 745 692 0.000698

(48.3) (4.54) (227) (211)
M2 7 5 0.145 723 NA NA

(48.3) (4.40) (220)
M3 7 5 0.149 746 NA NA

(48.3) (4.55) (227)
M4 7 5 0.145 723 NA NA

(48.3) (4.40) (220)
M5 7 5 0.149 746 NA NA

(48.3) (4.55) (227)
M6 7 5 0.145 723 NA NA

(48.3) (4.40) (220)
M7 7 5 0.145 723 NA NA

(48.3) (4.40) (220)
M8 7 5 0.145 723 NA NA

(48.3) (4.40) (220)

Cycle No.1

 
Note: NA Not Applicable 
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Table 9.5 Results of Synchronized BE and TS Measurements during Cycle No. 
2 for Specimen BT3  

Location in the Confining Pressure Input Frequency Wavelength Vs Vs TS γpeak

Cycle psi (kPa) BE (kHz) λs ft,(cm)  fps (m/s)  fps (m/s) (%)
M1 7 5 0.145 723 689 0.000703

(48.3) (4.40) (220) (210.0)
M2 7 5 0.145 723 NA NA

(48.3) (4.40) (220)
M3 7 5 0.149 745 NA NA

(48.3) (4.54) (227)
M4 7 5 0.145 723 NA NA

(48.3) (4.40) (220)
M5 7 5 0.149 745 NA NA

(48.3) (4.54) (227)
M6 7 5 0.145 723 NA NA

(48.3) (4.40) (220)
M7 7 5 0.145 723 NA NA

(48.3) (4.40) (220)
M8 7 5 0.145 723 NA NA

(48.3) (4.40) (220)

Cycle No.2

 
Note: NA Not Applicable 

Table 9.6 Results of Synchronized BE and TS Measurements during Cycle No. 
5 for Specimen BT3 

Location in the Confining Pressure Input Frequency Wavelength Vs Vs TS γpeak

Cycle psi (kPa) BE (kHz) λs ft,(cm)  fps (m/s)  fps (m/s) (%)
M1 7 5 0.145 723 692 0.000698

(48.3) (4.40) (220) (210.9)
M2 7 5 0.145 723 NA NA

(48.3) (4.40) (220)
M3 7 5 0.145 723 NA NA

(48.3) (4.40) (220.2)
M4 7 5 0.145 723 NA NA

(48.3) (4.40) (220.2)
M5 7 5 0.148 739 NA NA

(48.3) (4.50) (225.2)
M6 7 5 0.145 723 NA NA

(48.3) (4.40) (220.2)
M7 7 5 0.145 723 NA NA

(48.3) (4.40) (220.2)
M8 7 5 0.145 723 NA NA

(48.3) (4.40) (220.2)

Cycle No.5

 
Note: NA Not Applicable 



 291 

Table 9.7 Results of Synchronized BE and TS Measurements during Cycle No. 
7 for Specimen BT3 

Location in the Confining Pressure Input Frequency Wavelength Vs Vs TS γpeak

Cycle psi (kPa) BE (kHz) λs ft,(cm)  fps (m/s)  fps (m/s) (%)
M1 7 5 0.145 723 692 0.000698

(48.3) (4.40) (220) (210.9)
M2 7 5 0.145 723 NA NA

(48.3) (4.40) (220)
M3 7 5 0.144 722 NA NA

(48.3) (4.40) (219.9)
M4 7 5 0.145 723 NA NA

(48.3) (4.40) (220.2)
M5 7 5 0.148 739 NA NA

(48.3) (4.50) (225.2)
M6 7 5 0.145 723 NA NA

(48.3) (4.40) (220.2)
M7 7 5 0.145 723 NA NA

(48.3) (4.40) (220.2)
M8 7 5 0.145 723 NA NA

(48.3) (4.40) (220.2)

Cycle No.7

 
Note: NA Not Applicable 

Table 9.8 Results of Synchronized BE and TS Measurements during Cycle No. 
10 for Specimen BT3 

Location in the Confining Pressure Input Frequency Wavelength Vs Vs TS γpeak

Cycle psi (kPa) BE (kHz) λs ft,(cm)  fps (m/s)  fps (m/s) (%)
M1 7 5 0.140 701 693 0.000696

(48.3) (4.27) (214) (211.2)
M2 7 5 0.140 701 NA NA

(48.3) (4.27) (214)
M3 7 5 0.145 724 NA NA

(48.3) (4.41) (220.5)
M4 7 5 0.140 701 NA NA

(48.3) (4.27) (213.7)
M5 7 5 0.148 739 NA NA

(48.3) (4.50) (225.2)
M6 7 5 0.144 722 NA NA

(48.3) (4.40) (219.9)
M7 7 5 NA NA NM NM

(48.3)
M8 7 5 NA NA NM NM

(48.3)

Cycle No.10

Note: NA Not Applicable 
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The analysis and comparisons of the results presented above can be 

divided in two groups or categories as follows: (1) measurements performed at 

zero shearing strain and at maximum shearing strain inside the TS hysteresis loop, 

and (2) measurements performed in the direct and reversal directions of the TS 

hysteresis loop.  For the first category, VS measurements at locations M3 and M7, 

correspond to measurements at shearing strains close to zero.  On the other hand, 

measurements of VS at M1 and M5 that were performed at the maximum shearing 

strain.  It might be expected to have higher VS values for shearing strains close to 

zero, while lower values of VS might be expected at the highest strains levels.  As 

observed in Table 9.9, no clear tendency in the values of VS is observed due to 

different shearing strain levels.  However, all strain levels were so small that all 

measurements were in the linear range and no differences would be found. 

In the second category of comparisons, measurements of VS at M6 and 

M8 which correspond to the loading direction were compared to VS 

measurements at M2 and M4 which correspond to the unloading direction.  As 

shown in Table 9.10, identical values of VS were obtained at both load and unload 

directions for cycles No. 1, No. 2, No. 5, and No.7.  Again, all measurements felt 

in the linear range a no differences were identified. 
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Table 9.9 Comparison of the VS Measured at Different Strain Levels in the TS 
Loops (γmax=0.0007%) 

Vs M3    
fps (m/s)

Vs M7     
fps (m/s)

Vs M1      
fps (m/s)

Vs M5      
fps (m/s)

1 746 723 745 746
(227) (220) (227) (227)

2 723 723 723 745
(220) (220) (220) (227)

5 723 723 723 739
(220) (220) (220) (225)

7 722 723 723 739
(220) (220) (220) (225)

10 724 NA 701 739
(221) (214) (225)

Comparison of VS at zero shearing strain (M7 and 
M3)and the  VS measurments at maximum 

shearing strain (M1 and M5)Cycle  Number

 
 Note: NA Not Applicable 

Table 9.10 Comparison of the VS Measured at Different Directions of Loading 
(γmax=0.0007%) 

Vs M2    
fps (m/s)

Vs M4     
fps (m/s)

Vs M6      
fps (m/s)

Vs M8      
fps (m/s)

1 723 723 723 723
(220) (220) (220) (220)

2 723 723 723 723
(220) (220) (220) (220)

5 723 723 723 723
(220) (220) (220) (220)

7 723 723 723 723
(220) (220) (220) (220)

10 701 701 722 NA
(214) (214) (220)

Cycle  Number

Comparison of VS at direct loading (M6 and 
M8)and the VS measurements at reversal loading 

direction (M2 and M4)

 
Note: NA Not Applicable 
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9.3.2 Measurements in the Nonlinear Strain Range 

TS testing synchronized with BE was also performed in the nonlinear 

range of shearing strain.  The results of cycles No. 1, No. 2, No. 5, No. 7, and No. 

10 are presented in Tables 9.11 through 9.15.  In this case, the maximum shearing 

strain measured was about 0.012%. It is important to observe that VS measured 

with BEs is, on average, about 20% higher than the VS determined with the TS 

device.  This difference is related to nonlinearity. 

Table 9.11 Results of Synchronized BE and TS Measurements during Cycle No. 
1 for Specimen BT3 in the Nonlinear Range of Shearing Strain 

Location in the Confining Pressure Input Frequency Wavelength Vs Vs TS γpeak

Cycle psi (kPa) BE (kHz) λs ft,(cm)  fps (m/s)  fps (m/s) (%)
M1 7 5 0.137 683 574 0.0122

(48.3) (4.16) (208) (175)
M2 7 5 0.137 683 NA NA

(48.3) (4.16) (208)
M3 7 5 0.141 703 NA NA

(48.3) (4.29) (214)
M4 7 5 0.133 665 NA NA

(48.3) (4.05) (203)
M5 7 5 0.133 665 NA NA

(48.3) (4.05) (203)
M6 7 5 0.137 683 NA NA

(48.3) (4.16) (208)
M7 7 5 0.145 724 NA NA

(48.3) (4.41) (221)
M8 7 5 0.145 724 NA NA

(48.3) (4.41) (221)

Cycle No.1

 
Note: NA Not Applicable 
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Table 9.12 Results of Synchronized BE and TS Measurements during Cycle No. 
2 for Specimen BT3 in the Nonlinear Range of Shearing Strain 

Location in the Confining Pressure Input Frequency Wavelength Vs Vs TS γpeak

Cycle psi (kPa) BE (kHz) λs ft,(cm)  fps (m/s)  fps (m/s) (%)
M1 7 5 0.145 724 577 0.0121

(48.3) (4.41) (221) (176)
M2 7 5 0.137 684 NA NA

(48.3) (4.17) (208)
M3 7 5 0.141 706 NA NA

(48.3) (4.30) (215)
M4 7 5 0.130 649 NA NA

(48.3) (3.96) (198)
M5 7 5 0.137 687 NA NA

(48.3) (4.18) (209)
M6 7 5 0.141 706 NA NA

(48.3) (4.30) (215)
M7 7 5 0.145 726 NA NA

(48.3) (4.43) (221)
M8 7 5 0.145 726 NA NA

(48.3) (4.43) (221)

Cycle No.2

 
     Note: NA Not Applicable 

Table 9.13 Results of Synchronized BE and TS Measurements during Cycle No. 
5 for Specimen BT3 in the Nonlinear Range of Shearing Strain 

Location in the Confining Pressure Input Frequency Wavelength Vs Vs TS γpeak

Cycle psi (kPa) BE (kHz) λs ft,(cm)  fps (m/s)  fps (m/s) (%)
M1 7 5 0.137 684 581 0.0120

(48.3) (4.17) (208) (177)
M2 7 5 0.141 703 NA NA

(48.3) (4.29) (214)
M3 7 5 0.141 706 NA NA

(48.3) (4.30) (215)
M4 7 5 0.133 667 NA NA

(48.3) (4.06) (203)
M5 7 5 0.141 706 NA NA

(48.3) (4.30) (215)
M6 7 5 0.137 686 NA NA

(48.3) (4.18) (209)
M7 7 5 0.141 706 NA NA

(48.3) (4.30) (215)
M8 7 5 0.137 686 NA NA

(48.3) (4.18) (209)

Cycle No.5

 
     Note: NA Not Applicable 
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Table 9.14 Results of Synchronized BE and TS Measurements during Cycle No. 
7 for Specimen BT3 in the Nonlinear Range of Shearing Strain  

Location in the Confining Pressure Input Frequency Wavelength Vs Vs TS γpeak

Cycle psi (kPa) BE (kHz) λs ft,(cm)  fps (m/s)  fps (m/s) (%)
M1 7 5 0.141 703 577 0.0121

(48.3) (4.29) (214) (176)
M2 7 5 0.137 684 NA NA

(48.3) (4.17) (208)
M3 7 5 0.137 687 NA NA

(48.3) (4.18) (209)
M4 7 5 0.130 649 NA NA

(48.3) (3.96) (198)
M5 7 5 0.133 667 NA NA

(48.3) (4.07) (203)
M6 7 5 0.137 686 NA NA

(48.3) (4.18) (209)
M7 7 5 0.130 649 NA NA

(48.3) (3.96) (198)
M8 7 5 0.141 706 NA NA

(48.3) (4.30) (215)

Cycle No.7

 
    Note: NA Not Applicable 

Table 9.15 Results of Synchronized BE and TS Measurements during Cycle No. 
10 for Specimen BT3 in the Nonlinear Range of Shearing Strain  

Location in the Confining Pressure Input Frequency Wavelength Vs Vs TS γpeak

Cycle psi (kPa) BE (kHz) λs ft,(cm)  fps (m/s)  fps (m/s) (%)
M1 7 5 0.141 703 577 0.0120

(48.3) (4.29) (214) (176)
M2 7 5 0.137 684 NA NA

(48.3) (4.17) (208)
M3 7 5 0.141 706 NA NA

(48.3) (4.30) (215)
M4 7 5 0.141 706 NA NA

(48.3) (4.30) (215)
M5 7 5 0.137 687 NA NA

(48.3) (4.18) (209)
M6 7 5 0.132 658 NA NA

(48.3) (4.01) (201)
M7 7 5 NA NA NA NA

(48.3)
M8 7 5 NA NA NA NA

(48.3)

Cycle No.10

 
    Note: NA Not Applicable 
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Similar to Tables 9.9 and 9.10, Tables 9.16 and 9.17 present the results of 

the small-strain shear wave velocity (VS) at different locations of the hysteretic 

loop but in the case for a shearing strain (γ) of 0.012%.  As shown, in Table 9.16, 

the shear wave velocity, VS, at M7 and M3 is greater than the shear wave velocity 

at M1 and M5 for cycles No. 1, No. 5, and No. 10 which agree with the difference 

in strain level between M7 and M3 and M1 and M5.  However, it is important to 

notice that the average of Vs measurements in M7 and M3 is 706 fps in cycles 1, 

5 and 10, which lead to conclude that not considerable changes ocurrs. 

On the other hand, Table 9.17 (second category) shows that the VS 

measurements at M6 and M8 were greater than the values of Vs at M2 and M4 in 

cycles No. 1, No. 2, and No. 7.   

Table 9.16 Comparison of the VS Measured at Different Strain Levels in the TS 
Loops (γ=0.012%) 

Vs M3    
fps (m/s)

Vs M7     
fps (m/s)

Vs M1      
fps (m/s)

Vs M5      
fps (m/s)

1 703 724 683 665
(214) (221) (208) (203)

2 706 726 724 687
(215) (221) (221) (209)

5 706 706 684 706
(215) (215) (208) (215)

7 687 649 703 667
(209) (198) (214) (203)

10 706 NA 703 687
(215) (214) (209)

Cycle  Number

Comparison of VS at zero shearing strain (M7 and 
M3)and the  VS measurments at maximum 

shearing strain (M1 and M5)

 
     Note: NA Not Applicable 



 298 

Table 9.17 Comparison of the VS Measured at Different Directions of Loading 
(γ=0.012%) 

Vs M2    
fps (m/s)

Vs M4     
fps (m/s)

Vs M6      
fps (m/s)

Vs M8      
fps (m/s)

1 683 665 683 724
(208) (203) (208) (221)

2 684 649 706 726
(208) (198) (215) (221)

5 703 667 686 686
(214) (203) (209) (209)

7 684 649 686 706
(208) (198) (209) (215)

10 684 706 658 NA
(208) (215) (201)

Cycle  Number

Comparison of VS at direct loading (M6 and 
M8)and the VS measurements at reversal loading 

direction (M2 and M4)

 
    Note: NA Not Applicable 

9.4 COMPARISON OF THE VS MEASUREMENTS IN FREQUENCY 

The effect of the frequency applied to the different testing mechanisms, 

used during this investigation, on the shear wave velocity of washed mortar sand 

in dry condition is discussed in this section.  During this study, VS measurements 

had been undertaken with three different testing devices: bender elements (BE), 

resonant column (RC), and torsional shear (TS) synchronized with bender 

elements. 

Results of the variation of shear wave velocity (VS) with frequency 

obtained from BE, RC, and TS synchronized with BE measurements are 

presented in Figure 9.5.  All these measurements were performed at a confining 

pressure of 7 psi (48 kPa).  Clearly, the BE frequency zone is identified and it is 
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obvious that the highest frequency effect on VS appears at the frequency levels 

used for measurements with BEs (5 to 10 kHz).  In contrast, the values of VS 

measured with RC and TS are very close.  Figure 9.6 shows again the different 

frequency zones through the variation of the ratio of VS / VS RC versus frequency.  

As seen, the VS measurements are divided over the VS values from RC testing. 
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Figure 9.5 Comparison of Shear Wave Velocity Measurements Performed with 
Washed Mortar Sand Specimens By Means of TS Device, RC 
Device, and BEs Applying Different Driving Frequencies at a 
Confining Pressure of 7 psi (48kPa)   
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Figure 9.6 Comparison of Ratios VS Over VS from RC Testing with Washed 
Mortar Sand Specimens at a Confining Pressure of 7 psi (48kPa)   

9.5 SUMMARY 

Measurements of small-strain VS by means of BE measurements during 

TS testing is presented for three dry washed mortar sand specimens.  Specimens 

BT1 and BT2 were tested using a two-function-generator configuration, while 

Specimen BT3 was tested using a three-function generator configuration.  The 

benefit of the test configuration with three functions generators is that multiple VS 
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measurements can be performed during each cycle. 

The small-strain VS measured with BEs at the maximum shearing strain of 

the TS loading were on average, 3 to 6% greater than the small-strain VS 

determined using TS when the strain level was in the linear range.  In contrast, VS 

measured with BEs are much higher than the VS measured using TS in the 

nonlinear range. 

Measurements of VS with BEs at different points on the TS hysteresis 

loops were carried out.  The shear wave velocity measured at the region close to 

zero strain level of the hysteretic loop exhibited a non clear tendency in 

comparison to the VS at the maximum shearing strain (γ) level of about 0.0007%.  

In addition, the TS-BE synchronized data permit to compare the small-strain VS 

in the direct and reversal direction of TS loading.  The results showed that VS in 

most of the cases was identical (especially in average) in the direct and reversal 

direction for the shearing strain level in the linear range (γ = 0.0007%).   

However, at a higher strain level of 0.012%,  the small-strain VS exhibited 

higher values in the direct loading when compared to the small-strain VS in the 

reverse loading direction.  This difference was found to be approximately 20%. 

Finally, the differences in the small-strain VS measured by the RCTS and BEs 

reflects that TS and RC testing are similar, while VS obtained with BEs testing is 

3 to 7% higher.  The difference is possible attributed to the differences in 

excitation frequency and strain level. 
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Chapter 10  

Summary, Conclusions and Recommendations 

10.1 SUMMARY 

Piezoelectric transducers were installed in top caps and base pedestals of 

an instrumented triaxial chamber (ITC) and the combined resonant column and 

torsional shear (RCTS) device.  Bender elements (BE) and piezoelectric discs 

(PD) were the piezoelectric transducers selected to measure shear wave velocity 

(VS) and compression wave velocity (Vp), respectively.  Both piezoelectric 

transducers were made by zirconate titanate and manufactured by Morgan 

Electroceramics, in Bedford, Ohio.  Installation of the BE and PD transducers was 

performed with meticulous care giving special attention to water-proofing and 

properly grounding the transducers to avoid as much cross-talking as possible. 

Calibrations of the BE and PD transducers were performed satisfactorily, 

placing the source and the receiver transducers in direct contact.  The features 

identified during the calibration process were: (1) the time shift between input and 

output signals, (2) the polarity of the output signal in comparison to the polarity of 

the input signal, and (3) the variation of the arrival times as the input frequency 

changed. 

The soil used in this investigation was washed mortar sand. This sand 

classifies as poorly graded sand (SP) with less than 2% of fines based on the 

Unified Soil Classification System.  Soil specimens were formed using the 



 303 

undercompaction method (Ladd, 1978).  The grain distribution curve of the 

washed mortar sand gives values of Cu and Cc equal to 2.32 and 1.12, 

respectively.  The maximum void ratio was determined using the ASTM Standard 

4254-91.  The value of emax was found to be about 0.73.  The value of emin was 

determined using two techniques: (1) the Modified Japanese method (MJM) for 

maximum density and (2) the Multiple Sieve Pluviation (MSP) method.  The 

value of emin from both techniques was found to be equal to 0.51.  

Development of the instrumented triaxial chamber (ITC) was done in the 

first stage of this investigation in order to evaluate the performance of the BEs 

and PDs using the driving and recording instrumentation.  Measured values of VS 

and Vp were compared results of VS and Vp obtained in earlier studies using 

washed mortar sand specimens.  Additionally, the ITC testing allowed monitoring 

and correlating the process of saturation of the sand specimens with the seismic 

measurements (Vp and VS).   

Incorporation of the piezoelectric transducers in the RCTS device 

provided the opportunity to perform three different experimental measurements in 

the same specimen: (1) torsional resonance measurements, (2) direct-arrival time 

measurements of constrained compression wave and shear wave velocities, and 

(3) synchronized torsional shear testing with bender element measurements of VS.  

Thus, the RCTS device with the BE and PD transducers allowed measurements of 

small-strain VS using three different experimental techniques at different driving 

frequencies and shearing strain levels.  The range of frequencies usually applied 

during TS testing is from 0.1 to 5 Hz, in the case of the RC test the range often 
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varies from 60 to 130 Hz depending on the confining pressure.  In contrast, BEs 

and PDs were excited in the frequency range from 2 to 8 kHz for soil specimens 

in the dry state.   

The small-strain Vp and VS measurements on ten sand specimens in the 

ITC are presented.  The sand specimens were in dry, partially and fully saturated 

conditions.  Also, VS and Vp measurements of two specimens performed using the 

RC device combined with BEs and PDs were conducted at different confining 

pressures.  Basically, the log VS-log σo’ and the log Vp-log σo’ relationships were 

evaluated.   

Time wise synchronization between slow-cyclic torsional shear testing 

(TS) and BE testing was fulfill through two types of configurations using multiple 

function generators.  The set-up with two function generators allowed one 

measurement using BEs during each cycle of TS testing.  In addition, an 

arrangement with three function generators allowed multiple BE measurements in 

each TS cycle.  Acquisition of the synchronized signals was carried out using a 

DAQ Card from National Instruments connected to a BNC-Board.   

Finally, Appendix A covers an experimental study related to the selection 

of the excitation frequency applied to the BEs and PDs in dry specimens.  A 

similar experimental exercise is presented in Appendix B for sand specimens that 

are fully saturated.  In Appendix C, one mathematical relationship between B 

values and degree of saturation (Sr) is presented and calibrated using the Vp–B 

data.  Appendix D shows the monitoring of the saturation and unsaturation 

process for Specimen No. 10 in the ITC using P-wave velocity measurements 
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during the processes. 

10.2 CONCLUSIONS 

10.2.1 Small-Strain VS and Vp Measured in Dry Sand with BEs and PDs 

The VS results obtained using piezoelectric transducers shows slightly 

higher values for the shear wave velocity in comparison to the shear wave 

velocity measured using RCTS device.  Small-strain VS measured with BEs was 

about 3 to 7% higher than the VS measured with RC testing.  The same difference 

can be considered between the VS results with BEs and the TS test results in the 

linear range of shearing strains.  Similarly, Vp measurements (using PDs installed 

in the RCTS and the ITC) were found to be about 5 to 10% higher than the Vp 

measurements by seismic testing in the Calibration Chamber reported by Lee 

(1993). 

These differences between the body wave velocities measured with 

different experimental devices might be attributed to several factors such as: (1) 

the difference in strain level applied to the soil specimen, (2) differences in the 

excitation frequency, (3) differences in the material skeleton for specimens tested 

in different studies (created by the use of different construction methods), and (4) 

possible overconsolidation effect created by different construction methods and 

specimen sizes.  No matter what the cause or causes of the difference is, the key 

point is that the maximum difference is on the range of 5 to 10%. 
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10.2.2 Driving Frequency Applied to the Piezoelectric Transducers 

It is very important to select the optimum frequency to drive each type of 

piezoelectric transducer.  Application of the optimum frequency provides the 

clearest wave arrival which is easiest to identify and most accurate to measure for 

each type of body wave.  The selection of the frequency depends on the confining 

pressure applied to the specimens, the degree of saturation, and the type of soil.  

In the case of BEs measurements in washed mortar sand, the range of driving 

frequencies, which resulted in clear arrivals of the S-wave, ranged from 2 to 8 

kHz.  This range in frequency is valid for dry, unsaturated, and fully saturated 

conditions. 

The excitation frequency used to drive the PDs depended on the saturation 

state.  For dry sand specimens, the frequency ranged from 2 to 5 kHz.  This 

frequency range generally worked well in terms of obtaining the clearest arrival of 

the P-waves.  However, PD tests at high frequencies (30 to 200 kHz) might 

mislead to the correct P-wave arrival time in dry conditions.  In this study it was 

found that at high frequencies the P-wave might propagate through stiffer 

localized material chains in the sand skeleton, not representing the average 

stiffness of the sand skeleton.   

Conversely, under fully saturated conditions, the best arrivals of the P-

wave were obtained when 200-kHz driving frequency was applied to the source 

PD.  It is important to note that the use of low frequency excitation (2 to 5 kHz) in 

fully saturated conditions of the specimens impacts the clearness of the P-wave 

arrival, since possible multi-component P-waves (first kind and second kind 
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“Biot’s waves”) seemed to be observed.  This superposition of the P-waves (one 

component traveling primarily through the fluid phase and another through the 

mixture soil skeleton and fluid) created a “noisy region” near the P-wave arrival.  

10.2.3 Monitoring the Saturation Process in Sand with PDs Measurements  

Since the P-wave velocities are extremely sensitive to fully saturation of 

all soils, it is feasible the study (at least a portion) of the saturation process 

through seismic measurements.  It is important to note that Vp at full saturation is 

close to or slightly above 5000 fps (1524 fps) and the correspondent amplitude of 

the output signals are many times (about 50 times for this study) greater than the 

output signals in the dry conditions (when the driving frequency is 200 kHz).   

In addition, power law equations (Hardin, 1978) can be used to fit the 

experimental data of Vp versus effective stress associated with different B values.  

If Equation 5.4 is used to adjust the experimental data, the best-fit parameters (Ap 

and np) might be helpful to determine if a specimen is fully saturated.  Figure 10.1 

illustrates the expected trend in the estimated log Vp-log σo relationships 

associated with different B values.  At full saturation, Ap should be close to or 

slightly above 5000 fps (1524 m/s) and np should be less than 0.01. 

10.2.4 Measurements of VS inside the TS Hysteresis Loops  

The TS-BE synchronized testing with multiple VS measurements at 

different locations of the TS hysteresis loops is a useful experimental tool.  It 

allow to measure small-strains VS at soil specimens, subjected by TS device to 

shearing strain in the linear or nonlinear range.  The small-strain VS measured 
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with BE was found to be about 3 to 8% higher than VS measured with TS testing 

in the linear range of shearing strains.  In contrast, VS measured with BE was up 

to 20% greater than VS measured with TS testing in the nonlinear range 

(γ=0.012%) 
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Figure 10.1 Expected Tendency of the Variation of the Compression and Shear 
Wave Velocity with the Effective Isotropic Stress at Different B 
Values  

10.2.5 Measurements of VS During TS Loading  

The TS-BE synchronized testing with multiple VS measurements at 
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different points of the TS hysteresis loop is a useful experimental tool.  This type 

of test allow combined measurement of the small-strain VS while the soil 

specimens, is subjected in the TS mode to shearing strains in the nonlinear range.  

The small-strain VS measured with BE was found to be about 3 to 8% higher than 

VS measured with TS testing in the linear range of shearing strains.  In contrast, 

small-strain VS measurement with BE was up to 20% greater than the VS 

measured in the nonlinear range with TS testing at shearing strains (γ) of 0.012%.  

10.3 RECOMMENDATIONS 

The application of seismic testing by means of PD measurements to the 

different geotechnical testing devices, which involve testing on saturated 

specimens, might be an alternative and redundant way to study if a soil specimen 

is indeed fully saturated. 

There are several capabilities of the TS tests synchronized with BE 

measurements.  This experimental set up may allow the study and development of 

improved nonlinear soils models to describe cyclic stress-strain relationships in 

soils.  In addition, the relationship between liquefaction resistance with shear 

wave velocity (VS) might be established.  Since TS cyclic loading may liquefy the 

specimen and the parallel-time-wise VS measurements can monitor the change of 

stiffness of the soil.  Moreover, the installation of BE and PD transducers in 

different positions and orientations in the soil specimens would permit to 

determine if liquefaction phenomena is a global or local event.  This versatility of 

VS measurements in the space would permit to scan more accurately and globally 

the whole soil specimen.  
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Appendix A  

Effect and Selection of the Driving Frequency Used in PD 
Measurements in Dry Sand  

In Chapter 5, seismic measurements of Vp and VS for washed mortar sand 

using piezoelectric transducers under dry conditions were presented.  The 

selection of the appropriate driving input frequency to be applied to the source 

piezoelectric transducers represents a very important feature to obtain clear arrival 

waves.  In this Appendix, the direct-travel-time measurements corresponding to 

the variation of the excitation frequencies, applied to the PDs, are presented.  

Only the results for PDs measurements are presented since the BEs measurements 

were performed successfully in a consistent and narrow range of driving 

frequencies (from 2 to 8 kHz) for all three states: dry, unsaturated or fully 

saturated.  The main motivation to perform this experimental exercise was to 

contrast the characteristics of the seismic measurements (in a broad range of 

frequencies from 3 to 200 kHz) obtained from dry specimens with those 

performed on specimens in partially and fully saturated conditions.   

A.1 VARIATION OF THE DRIVING FREQUENCY IN PD MEASUREMENTS ON 

DRY SAND SPECIMENS IN THE ITC FOR SPECIMEN NO. 10 

Specimens No. 9 and No. 10 were tested in dry conditions, with ITC 

device, using a wide range of frequencies (3 to 200 kHz) at each confining 

pressure, in order to observe the effect that frequency have on the wave 

propagation.  The main task was to observe how the propagation of the body 
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waves varies with frequency exclusively through the soil skeleton.  This variation 

of the input frequency was especially important to study the propagation of 

compression waves since the seismic measurements was also performed in 

partially and fully saturated conditions during this investigation.  Conversely, the 

excitation frequencies used to drive the BEs are expected to impact similarly in 

dry or wet conditions, due to the nature of the shear wave velocity (senseless to 

the degree of saturation).  Thus, it is sessential to identify and establish the 

differences between propagation of P wave in dry and fully saturated sand 

specimens.  The selection of the input frequency applied to the source 

piezoelectric transducers should meet some essential requirements such as: 

optimizing the motion of the transducer in terms of the amplitude of the output 

signals, the output signals should contain predominately the same number of 

cycles applied and frequency content of the input signals.   

Figures A.1 through A.7 show the direct-arrival time measurements 

carried out on Specimen No. 10 using different input frequencies, under a 

confining pressure of 14 psi (97 kPa).  In all the cases, the input signals had an 

amplitude of 100 V and the frequency was varied from 3 to 200 kHz. 

As observed in Figures A.1 and A.2, the arrival time selected for 

excitation frequencies of 4 kHz and 8 kHz are the same (0.000232 s).  Also, the 

amplitude of the output signal is similar in both cases (about 8mV peak to peak).  

Finally, the number of cycles observed in the output signals are about three, like 

the input signals.  
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Figure A.1 Direct-travel-time Measurement of Vp at Dry State for Specimen No. 
10 (Input Frequency, 4 kHz) 
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Figure A.2 Direct-travel-time Measurement of Vp at Dry State for Specimen No. 
10 (Input Frequency, 8 kHz) 
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Figure A.3 shows the direct-arrival-time measurement of Specimen No. 10 

at a driving frequency of 16 kHz.  It is evident that the output signal is not similar 

in shape to the input signal and its amplitude is about 3 mV (peak to peak).  Also, 

the shape of the output signal is irregular (not sinusoidal) as expected.  The arrival 

time selected from this measurement lead to values of Vp 18% higher than Vp 

values obtained at lower frequencies (4 and 8 kHz).   

Figures A.4, A.5, and A.6 present the direct-travel-time measurements 

which correspond to input frequencies of 30, 60, and 200 kHz, respectively.  The 

amplitude of the output signal at input frequencies of 30 and 200 kHz is about 5 

mV, while the peak to peak amplitude obtained at a frequency of 60 kHz was 

slightly smaller (3 mV).  The compression wave, in these high frequency 

measurements, does not propagate as a single sinusoidal wave; the wave appears 

to travel in groups. 

The first arrival time selected from these measurements leads to faster 

compression wave velocities as higher excitiation frequencies were applied to the 

PDs.  It is important to keep in mind that at such high frequencies the wavelengths 

(λ) is small when compared to the size of the specimen, (λ varies from about 0.1 

to 0.02 ft (3 to 0.6 cm) for frequencies between 30 to 200 kHz from).  Thus, the 

compression wave velocity observed might not be representative of the overall 

structure of the specimen.  In other words, the P-wave propagating at high 

frequencies may be traveling through stiffer localized material chains inside the 

sand skeleton and not through the whole specimen. 
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Figure A.3 Direct-travel-time Measurement of Vp at Dry State for Specimen No. 
10 (Input Frequency, 16 kHz) 
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Figure A.4 Direct-travel-time Measurement of Vp at Dry State for Specimen No. 
10 (Input Frequency, 30 kHz) 
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Figure A.5 Direct-travel-time Measurement of Vp at Dry State for Specimen No. 
10 (Input Frequency, 60 kHz) 
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Figure A.6 Direct-travel-time Measurement of Vp at Dry State for Specimen No. 
10 (Input Frequency, 200 kHz) 
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Similarly, Figures A.7 through A.12 present the direct-arrival-time 

measurements for Specimens No. 10 using the same sequence of input 

frequencies, but using a higher confining pressure (28 psi (193 kPa)).  Figures A.7 

and A.8 show the direct-arrival-time measurements corresponding to excitation 

frequencies of 4 and 8 kHz, respectively.  Once again, the valued of Vp (1790 fps 

= 546 m/s) was found to be the same at both frequencies of 4 and 8 kHz.  In 

contrast, Figure A.9 shows the compression seismic measurement using 16 kHz 

of frequency and the Vp determined is faster than the value obtained at 4 and 8 

kHz.  Clearly, the shape of the output signal is irregular when 16 kHz of cyclic 

loading was applied.  

In Figures A.10, A.11 and A.12, the direct-arrival-time measurements using 

30, 60, and 200 kHz of driving frequency are presented.  It is interesting to note 

that the arrival time determined at such high frequencies are very similar to the 

arrival time determined at the same frequencies when the sand specimen was 

under half of the confining pressure (14 psi = 97 kPa).  This apparent insensitivity 

of the compression waves to the change in confining pressure might be attributed 

to the micro-scale wave traveling (due to the high frequency) through stiffer local 

material chains inside the soil skeleton. 
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Figure A.7 Direct-travel-time Measurement of Vp at Dry State for Specimen No. 
10 under Confining Pressure of 28 psi (193 kPa), (Input Frequency, 4 
kHz) 
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Figure A.8 Direct-travel-time Measurement of Vp at Dry State for Specimen No. 
10 under Confining Pressure of 28 psi (193 kPa), (Input Frequency, 8 
kHz) 
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Figure A.9 Direct-travel-time Measurement of Vp at Dry State for Specimen  No. 
10 under Confining Pressure of 28 psi (193 kPa), (Input Frequency, 
16 kHz) 
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Figure A.10 Direct-travel-time Measurement of Vp at Dry State for Specimen No. 
10 under Confining Pressure of 28 psi (193 kPa), (Input Frequency, 
30 kHz) 
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Figure A.11 Direct-travel-time Measurement of Vp at Dry State for Specimen No. 
10 under Confining Pressure of 28 psi (193 kPa), (Input Frequency, 
60 kHz) 
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Figure A.12 Direct-travel-time Measurement of Vp at Dry State for Specimen No. 
10 under Confining Pressure of 28 psi (193 kPa), (Input Frequency, 
200 kHz) 
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A.2 VARIATION OF THE DRIVING FREQUENCY IN PD MEASUREMENTS ON 

DRY SAND SPECIMENS IN THE ITC FOR SPECIMEN NO. 9 

Seismic measurements with PDs performed on Specimen No. 9 are 

presented in this section.  These measurements were obtained to show that the 

application of low excitation frequencies (2 to 10 kHz) does not always give the 

same wave velocity as found in Specimen No. 10.  Previously for Specimen No. 

10, it was determined that input frequencies of 4 and 8 kHz lead to the same value 

of Vp even at different confining pressures (14 and 28 psi).  Measurements 

presented in this section show that this is not always the case.   

Figures A.13 through A.15 present the direct-travel-time measurements 

for Specimen No. 9 subjected to 14 psi (97 kPa).  Figure A.13 shows the seismic 

measurement using an input frequency of 3 kHz and the Vp determined is equal to 

1577 fps.  Conversely, Figure A.14 presents the direct-arrival-time measurements 

applying an input frequency of 6 kHz and it is evident the irregular shape of the 

output signal and the big difficulty to locate the arrival-time.  Figure A.15 shows 

the correspondent seismic measurement for an input frequency of 10 kHz.  

Excitiation of the source PD with a frequency of 10 kHz generates an irregular 

cyclic output and lead to values of Vp equal to 1592 fps.  Thus, the low input 

frequency range (2 to 4 kHz) represents the most effective values to better and 

correctly identify (more clear and accurate wave arrivals) the P-wave propagation 

through the dry soil skeleton of the sand specimens. 
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Figure A.13 Direct-travel-time Measurement Using Piezoelectric Discs for Dry 
Specimen No. 9 of Washed Mortar Sand at 14 psi (97 kPa) of 
Confining Pressure and 3 kHz of Driving Frequency  
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Figure A.14 Direct-travel-time Measurement Using Piezoelectric Discs for Dry 
Specimen No. 9 of Washed Mortar Sand at 14 psi (97 kPa) of 
Confining Pressure and 6 kHz of Driving Frequency  
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Figure A.15 Direct-travel-time Measurement Using Piezoelectric Discs for Dry 
Specimen No. 9 of Washed Mortar Sand at 14 psi (97 kPa) of 
Confining Pressure and 6 kHz of Driving Frequency  

Finally, it is interesting to point out the most relevant features observed 

through this experimental exercise measuring P-wave velocities in dry sand 

specimens while varying the excitation frequency.  It can be concluded that, (1) 

PD measurements at low frequencies in the range from 2 to 4 kHz generally 

works well in terms of accurate and clear direct travel-time wave measurements, 

and (2) PD measurements at high frequencies (30 to 200 kHz) might mislead in 

the correct calculation of P-wave velocities in dry conditions.  Since, it is possible 

that the P-wave propagation (at high frequency) occurs through stiffer localized 

material chains inside the sand skeleton and not be representative of the average 

stiffness of the sand skeleton. 
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Appendix B  

Effect and Selection of the Driving Frequency Used in PD and BE 
Measurements in Fully Saturated Sand  

 

In Chapter 7, seismic measurements of Vp and VS for washed mortar using 

piezoelectric transducers under fully saturated conditions were presented.  As 

discussed on that chapter, the selection of the appropriate driving input frequency 

to be applied to the source piezoelectric transducers represents a crucial task in 

order to obtain clear arrival waves.  In this Appendix, the direct-travel-time 

measurements associated with the selection of the most appropriate frequency, 

used in PD and BE measurements in fully saturated sand specimens, are 

presented.  In the first part of the Appendix, Vp measurements are shown, while 

VS measurements are included in the second part. 

B.1 VARIATION OF THE DRIVING FREQUENCY IN PD MEASUREMENTS IN THE 

ITC 

Figure B.1 shows the P-wave arrival-time measurement for Specimen No. 

1, under conditions near fully saturation (B = 0.9).  The driving frequency used to 

excite the source PD transducer in ITC was equal to 4.5 kHz.  The presence of a 

“noisy” zone around the arrival of the compression wave is evident.  This zone 

likely contains superimposed components of the P-wave; that is, P-waves 

transmitted through the water and P-waves transmitted through the soil skeleton.  

It is important to note that this noisy region was only observed at B values near 
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one or close to fully saturation conditions as observed in Figures B.1 through B.8.  

The multi-component energy zone might be explained as the superposition of two 

types of P-waves.  One P-wave corresponds to the stress wave traveling mostly 

through the fluid phase, whose arrival appears at the beginning of the wave, while 

the other P-wave corresponds to the stress wave propagating through the mixed 

soil skeleton and the fluid phases.  The P-wave which meets with the change of 

first curvature criteria is the wave through the mixed solid-water.  Thus, two 

arrival times are determined (Δt1 and Δt2) as shown in Figures B.2, B.4 and B.6.  

These figures show a magnified arrival zone of the compression wave measured 

at B values equal to 0.9 and 0.99.   

As observed, the P-wave component that might correspond to the wave 

propagation through the fluid phase contains high frequency components.  

However, it is very likely that the irregular shape and small amplitude of the P-

wave is because the transducers have not been driven with the appropriate 

frequency (in order to establish steady wave propagation mainly through the fluid 

phase).  In other words, the frequency associated to the propagation through the 

fluid phase might be higher than the applied frequency.   

Thus, it is very likely that the frequency used (4.5 kHz) corresponds to the 

propagation through the mixed skeleton-fluid media.  It is important to note that 

Vp in dry conditions for an effective stress of 5 psi is about 1122 fps and the Vp 

determined using the first curvature criteria is 2346 fps (715 m/s).  The value of 

Vp obtained with the first curvature criteria is greater than the dry Vp, which lead 

to suspect that the arrival wave meeting with the first curvature criteria is 
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apparently an “average velocity” (averages the velocity of propagation through 

soil and liquid phases).  Moreover, this Vp (“average”) may be associated to the 

arrival time which corresponds to the first change of curvature observed.  The 

difference in the compression velocities calculated between the first arrival 

observed in the noisy region and the first curvature of the wave could be 

explained using Wood equation (Richart, et. al 1970).  The Vp traveling through a 

mixture (solid-water-air) is called the Wood equation and is presented in Equation 

B.1. 

tot

mix
pmix

B
V

ρ
=     (B.1) 

where: Vpmix is the compression wave in a solid-water mixture, 

ρtot is the mass density of the media, 

Bmix is the bulk modulus of elasticity of the mixture defined as: 
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where: BS is the bulk modulus of elasticity of the solid particles, 

e is the void ratio, and 

Baw is the combined bulk modulus for air-water mixture defined as: 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−

υ
υ

+
=

1
B
B

1

B
B

a

w

v

a

w
aw    (B.3) 

where: Bw is the bulk modulus of the water, 

Ba is the bulk modulus of the air, and 

υa/ υv is the ratio of the volume of air divided by the volume of the voids. 

The mass density (ρtot) is calculated as follows: 
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where: γw is the unit weigth of water, 

Sr is the degree of saturation, and 

GS is the specific gravity. 

 Thus, the calculated value of Vmix, using Equations B.1 though B.4, for 

washed mortar sand (assuming that the sand has the same properties as quartz, BS 

= 4.45X106 psi) was found to be 2346 fps (715 m/s) when the degree of saturation 

(Sr ) is 99.97% (for a υa/ υv of 0.01157).  Thus, the Vp “average” may correspond 

to a P-wave propagating through partially saturated soil (Sr=99.97%). 

Figure B.3 presents the direct-arrival–time measurement of Vp for 

Specimen No. 1 at fully saturated conditions (B=0.99), while Figure B.4 shows 

the same data using an expanded time and amplitude scale.  The multi-component 

superposition of energy, identified as a “noisy region”, is clearly observed in the 

figures and two arrival times were determined.  Figures B.5 and B.6 present the P-

wave arrival-time measurements (normal and expanded respectively) for 

Specimen No. 4 at fully saturated condition (B=0.99).  The arrival time measured 

in all these cases is the fastest measured time and all of them agree with the Vp 

values for fully saturated conditions.  However, the lack of clearness in the fluid-

phase P-wave arrival leads to perform a variation of the input frequency used to 

excite the PD source transducer in Specimens No. 7 to No. 10, as presented as in 

the preceding pages.  
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Figure B.1 Direct-travel-time Measurement of Vp at a B value of 0.9 for 
Specimen No. 1 (Input Frequency, 4.5 kHz) 
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Figure B.2 Expanded View of the Direct-travel-time Measurement of Vp at a B 
value of 0.9 for Specimen No. 1  
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Figure B.3 Direct-travel-time Measurement of Vp at a B value of 0.99 for 
Specimen No. 1 (Input Frequency, 4kHz) 
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Figure B.4 Expanded View of the Direct-travel-time Measurement of Vp at a B 
value of 0.99 for Specimen No. 1 
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Figure B.5 View of the Direct-travel-time Measurement of Vp at a B value of 
0.99 for Specimen No. 4 (Input Frequency, 2.5 kHz) 
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Figure B.6 Expanded View of the Direct-travel-time Measurement of Vp at a B 
value of 0.99 for Specimen No. 4 
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In the first part of the study, the Vp for the first six specimens tested in the 

ITC under fully saturated conditions varies between 5000 to 6000 fps ( 1524 to 

1829 m/s) depending slightly on the applied effective stress.  The Vp values are in 

good agreement with the P-wave propagation through water.  However, the main 

interest of the seismic testing in the second part of the study (Specimens No. 7 to 

No. 10) was to obtain a clearer and easier P-wave arrival to be identified.  Thus, a 

variation in the input frequency between 3 to 200 kHz was applied to see its effect 

on the P-wave arrival.   

The direct-travel-time measurements for different input frequencies applied 

to the source PD transducers are presented in Figures B.7 through B.13.  Figure 

B.7 shows the P-wave measurement corresponding to a driving frequency of 3 

kHz.  It is important to notice the noisy zone around the first arrival of the wave 

followed by three sinusoidal cycles.  The three sinusoidal cycles are presumably 

the P-wave propagation through the skeleton-water mixture.   

In addition, Figures B.8 and B.9 correspond to the Vp seismic measurements 

at driving frequencies of 6 and 12 kHz, respectively.  Clearly, the noisy region 

around the P-wave arrival is amplified as the input frequency is increased and the 

P-wave propagating through the solid-water mixture disappears.  The same 

tendency is observed in Figures B.10 and B.11 for applied driving frequencies of 

25 and 50 kHz, respectively.  It is important to notice that the amplitude peak to 

peak of the output signal corresponding to 100 kHz is about 100 mV as presented 

in Figure B.12.   

Finally, Figure B.13 presents the P-wave seismic measurement when 200 
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kHz is used as input frequency to drive the PD source transducer.  It is evident 

that the resulting output signal is a clear sinusoidal wave with a peak to peak 

amplitude of about 200 mV.  It is important to notice that the Vp results obtained 

from the different input frequencies used to drive the PD transducers are 

consistent, with only a small variation from 5845 to 5931 fps (1782 to 1808 m/s). 
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Figure B.7 Direct-travel-time Measurements Obtained with Piezoelectric Discs 
for Specimen No. 8, a Fully Saturated Washed Mortar Sand Specimen 
(Input Frequency, 3 kHz) 
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Figure B.8 Direct-travel-time Measurements Obtained with Piezoelectric Discs 
for Specimen No. 8, a Fully Saturated Washed Mortar Sand Specimen 
(Input Frequency, 6 kHz) 
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Figure B.9 Direct-travel-time Measurements Obtained With Piezoelectric Discs 
for Specimen No. 8, a Fully Saturated Washed Mortar Sand Specimen 
(Input Frequency, 12 kHz) 
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Figure B.10 Direct-travel-time Measurements Obtained With Piezoelectric Discs 
for Specimen No. 8, a Fully Saturated Washed Mortar Sand Specimen 
(Input Frequency, 25 kHz) 
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Figure B.11 Direct-travel-time Measurements Obtained With Piezoelectric Discs 
for Specimen No. 8, a Fully Saturated Washed Mortar Sand Specimen 
(Input Frequency, 50 kHz) 
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Figure B.12 Direct-travel-time Measurements Obtained With Piezoelectric Discs 
for Specimen No. 8, a Fully Saturated Washed Mortar Sand Specimen 
(Input Frequency, 100 kHz) 
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Figure B.13 Direct-travel-time Measurements Obtained With Piezoelectric Discs 
for Specimen No. 8, a Fully Saturated Washed Mortar Sand Specimen 
(Input Frequency, 200 kHz) 
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Finally, it is interesting to point out the most relevant features observed 

through this experimental exercise using P-waves in fully saturated sand 

specimens.  The most relevant features are: 

a) Low frequency measurements (about 3 kHz) might represent the propagation 

in “average” through the solid–water phases of the sand.  Because of the 

output signal exhibits P-wave propagation in both phases (liquid and solid).  

The propagation in the liquid phase is manifested through a “noisy region” 

around the arrival of the wave. 

b) The high frequency measurements (about 200 kHz) establish a steady-state of 

wave propagation through the liquid phase.  The peak to peak amplitudes 

observed at this driving frequency are about 0.2 V and the arrival of the output 

signal is very clear with a sinusoidal shape.  It is important to contrast the 

magnitude of the amplitude in fully saturated conditions (200 mV peak to 

peak) with  the 4mV peak to peak usually observed in dry condition using the 

same input frequency of 200 kHz (presented in Appendix A). 

c) The intermediate frequencies used (approximately between 6 to 100 kHz) 

amplify the liquid phase but do not create either a steady state of propagation 

or a regular shape of the wave.   

B.2 VARIATION OF THE DRIVING FREQUENCY IN BE MEASUREMENTS IN THE 

ITC 

In the case of shear wave velocity measurements, Figures B.14 through 

B.16 shows the S-wave arrival-time measurement for Specimen No. 6, under fully 

saturated conditions (B = 0.99).  The direct-arrival-time measurements for VS 
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correspond to measurements 10, 11 and 12, respectively from the measurement 

sequence presented in Table 7.3 (Chapter 7).  The values presented in Figures 

7.10 through 7.12 are not corrected by transducer calibration.  As seen from the 

figures, the driving frequency used to excite the source PD transducer ranged 

from 4 to 5.5 kHz.  Evidently, the seismic measurements of S-wave exhibited an 

unaffected pattern by the fully saturated condition, except by a slightly delay of 

the wave velocity in comparison to the VS in dry conditions, as discussed in 

Chapter 7. 
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Figure B.14 Direct-travel-time Measurements Obtained With Bender Elements for 
Specimen No. 6, a Fully Saturated Washed Mortar Sand Specimen 
(Input Frequency, 4.4 kHz)  
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Figure B.15 Direct-travel-time Measurements Obtained With Bender Elements for 
Specimen No. 6, a Fully Saturated Washed Mortar Sand Specimen 
(Input Frequency, 4 kHz) 
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Figure B.16 Direct-travel-time Measurements Obtained With Bender Elements for 
Specimen No. 6, a Fully Saturated Washed Mortar Sand Specimen 
(Input Frequency, 5.5 kHz)  
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On the other hand, Figures B.17 and B.18 present direct-arrival-time 

measurements for Specimen No. 10 performed with BE transducers excited at 6 

and 12 kHz, respectively.  The S-wave arrival obtained from Figures B.17 and 

B.18 are in good agreement with each other.  However, the output signal obtained 

with an input frequency of 12 kHz, as presented in Figure B.18, lacks of 

clearness.  Based on these results, the optimum range of frequency considered in 

this study to excite BEs was between 2 to 8 kHz. 
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Figure B.17 Direct-travel-time Measurements Obtained With Bender Elements for 
Specimen No. 10, a Fully Saturated Washed Mortar Sand Specimen 
(Input Frequency, 6 kHz)  
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Figure B.18 Direct-travel-time Measurements Obtained With Bender Elements for 
Specimen No. 10, a Fully Saturated Washed Mortar Sand Specimen 
(Input Frequency, 12 kHz)  
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Appendix C  

Estimation of the Degree of Saturation (Sr) Based on the Results 
from the ITC Tests  

A relationship to estimate the degree of saturation (Sr) based on the 

measured B value and Vp is proposed in this appendix.  As presented in Chapters 

7 and 8, the saturation process of granular specimens using ITC was monitored 

through measurements of body wave velocities (Vp and VS) and B values during 

each step of the saturation process.  Satisfactory fulfillment of the fully saturated 

conditions (Sr =100%) represented the final goal of the saturation process. At this 

point the fact that Vp values were measured near 5000 fps and B values were 

determined to be close to 1, indicated that fully saturation conditions were 

successfully accomplished in the sand specimens.  The question which arises is 

how is the relationship between P wave velocities and the degree of saturation 

(Sr).  To do that, it is necessary to establish the relationship B- Sr. 

C.1 PROPOSED THEORETICAL RELATIONSHIP BETWEEN THE DEGREE OF 

SATURATION AND THE B VALUE (SR-B) 

In this study, the relationship between the B value and the degree of 

saturation (Sr) was developed based on: Skempton’s approach (1954), Boyle’s 

law for compressibility of gasses, and Henry’s law for dissolution of gasses 

(Schuurman, 1966).  Thus, for soil specimens subjected to isotropic confining 

pressure and undrained conditions, the relationship between the B value and the 
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degree of saturation is established as explained in the preceding pages. 

The variation of the soil skeleton’s volume (total specimen volume) is 

equal to the variation of the voids in the soil: 

vsk υΔ=υΔ      (C.1) 

where: Δυsk is the volumetric variation in the soil skeleton and Δυv is the 

volumetric variation of the voids.  In addition, the change in the volume of voids 

is related to changes in volumes of water and air as expressed by Equation C.2: 

awv υΔ+υΔ=υΔ     (C.2) 

where: Δυw is the change in the volume of water and Δυa is the change in the 

volume of air.  Equations C.3 and C.4 represent the variation of the volume of soil 

and the volume of water in the voids, respectively (Skempton, 1954): 

)u(C 3ossk Δ−σΔυ=υΔ     (C.3) 

unC oww Δυ=υΔ     (C.4) 

where: Cs = volumetric compressibility of the soil system, 

 υo = initial volume of the soil specimen, 

 Δσ3 = increment in confining pressure, 

 Δu = increment in pore pressure, 

Cw = volumetric compressibility of the water, and 

 n = porosity.  

The volumetric variation of air in the pores of the soil is calculated based 

on Boyle’s law for compression of gasses.  This law establishes that under 

constant temperature the absolute pressure times the volume is constant as shown 

in Equation C.5 (Lade and Hernandez, 1977): 
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))(uu(u aa1a1 υΔ−υΔ+=υ     (C.5) 

where, u1 is the absolute pressure. 

The volume of air is the difference between the volume of free air (υaf) in 

the pores and the volume of dissolved air (υad), as: 

adafa υ−υ=υ      (C.6) 

In addition, the volume of dissolved air (υad) is calculated using Henry’s 

law. This law establishes that the volume of air dissolved is directly proportional 

to the volume of water (Schuurman, 1966) as follows: 

wad Hυ=υ      (C.7) 

where, H is the coefficient of solubility.  

The volume of the free air in the pores (υaf) and the volume of dissolved 

air (υad) are defined as:  

)S1(n roaf −υ=υ     (C.8) 

HSn road υ=υ      (C.9) 

where, Sr is the degree of saturation. 

Therefore, the volume of air (Equation C.10) can be obtained by 

substituting Equations C.8 and C.9 into Equation C.6: 

)HSS1(n rroa −−υ=υ    (C.10) 

The variation of the volume of air is then determined by substituting Equation 

C.10 into Equation C.5: 

u
uu

)HSS1(n

1

rr0
a Δ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
Δ+
−−υ

=υΔ   (C.11) 

where, u1+Δu is equal to Pw, the absolute pressure in the pore fluid.  Equation 

C.11 was derived considering the following assumptions: 
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(1) The pore pressure in water is the same as the pore pressure in air. 

Therefore, the surface tension in air bubbles is neglected. 

(2) The coefficient of solubility (H) in Henry’s law is considered to be 

constant. 

Finally, substitution of Equations C.3, C.4 and C.11 into Equations C.1 and C.2 

leads to the following mathematical expression: 

⎟
⎟
⎟
⎟

⎠

⎞

⎜
⎜
⎜
⎜

⎝

⎛
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σΔ
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PC
n

C
nSC1

1uB
rr

wss

rw3

  (C.12) 

Equation C.12 allows the correlation between the degree of saturation (Sr) and the 

B value for granular materials.  

C.2 CALIBRATION OF THE PROPOSED THEORETICAL RELATIONSHIP 

BETWEEN B AND SR 

The relationship between Vp and the degree of saturation (Sr) for granular 

specimens can be established indirectly through B values by using Equation C.12.  

This equation gives a mathematical representation of the relation between the B 

value and the degree of saturation (Sr).  Unfortunately, the main shortcoming to 

accurately estimate the degree of saturation (Sr) based on B values has been the 

correct estimation of the coefficient of solubility, also called Henry’s constant 

(H).  Schuurman (1966) assumed a value of H equal to 0.02 at a temperature of 20 

ºC.   

However, Tamura et al. (2002) suggested values for the coefficient of 

solubility (H) less than 0.02 when the air bubbles were extremely small.  Tamura 
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et al (2002) took into account the size (d0) and solubility (H) of air bubbles to 

develop a mathematical relationship between Vp and B.  These relationships are 

shown in Equations C.13 through C.16.  In addition, Tamura et al. (2002) 

performed a parametric variation of both factors, the size of air bubbles (d0) and 

the coefficient of solubility (H).  
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where: B* is the B value with the presence of air bubbles, 

Κd is the bulk modulus of soil skeleton, 

Κs is the bulk modulus of soil particles, 

n is the porosity, and 

Κwa
∗ is the bulk modulus of water containing air bubbles that is defined as 

follows: 
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where: υa is the volume of air bubbles, 

υs is the volume of air dissolved into the water and is obtained based on 

Henry’s law (υs= H υw), 

υw is the volume of constant water, 

υa0 is the volume of air bubbles at atmospheric pressure, 

d0 is the diameter of air bubbles at atmospheric pressure, 
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Pa is the atmospheric pressure, and 

T is the surface tension (72.75x10-3 N/m at 20ºC). 

On the other hand, the P-wave velocity of a partially saturated sand 

(containing air bubbles),Vp**, is represented mathematically as: 

ρ

+
=

*G
3
4K

V

**

**
p     (C.15) 

where: G* is the shear modulus of a partially saturated sand, and 

Κ∗∗ is the bulk modulus of a partially saturated sand taking into account 

the effect of the air bubbles.  This parameter is defined as follows: 
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where: Κwa
∗∗ is the bulk modulus of water containing air bubbles, but in this case 

Κwa
∗∗ differs from Κwa

∗ defined in Equation C.14, as shown in Equation 

C.17 : 
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where: Va is the velocity of air equals to 1085 fps (331 m/s), 

Vw is the compression wave velocity of water equals to about 5000 fps 

(1524 m/s), 

Sr* is the degree of saturation of the soil including air bubles (Sr*=υw/ υa 

+ υw), 

ρwa is the density of the water-air mixture, 
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γw is the unit weight of water, and 

γa is the unit weight of air. 

The main difference between Κwa
∗ (defined by Equation C.14) and Κwa

∗∗ 

(defined by Equation C.16) is that Κwa
∗ depends on the coefficient of solubility 

(H) while Κwa
∗∗ is independent of H.  Based on these definitions, Κwa

∗ and Κwa
∗∗ 

might have different values.  However, both values of the bulk modulus for the 

water-air mixture should be very similar only if H is nearly zero.  

Tamura et al. (2002) obtained theoretical B-Vp relationships using 

Equations C.13 and C.15.  Additionally, they determined in the laboratory 

experimental B-Vp relationships for Toyoura sand specimens.  Measurements of 

Vp and VS at different B values were undertaken with a triaxial cell adapted with a 

piezoelectric pulse generator and hydro-phones, to measure Vp, and with a pair of 

bender elements to measure VS.  The computed and experimental B-Vp 

relationships are compared and presented in Figures C.1 and C.2.   

It is important to emphasize that in an attempt to determine experimentally 

the diameter of air bubbles (d0) in partially saturated sands, Liu and Brennen 

(1998) found that d0 ranged from 0.001 to 1 mm.  This range was obtained by 

measuring the diameter of air bubbles inside two water tunnels using a Phase 

Doppler Anemometer (PDA). 

Tamura et al. (2002) also performed a parametric variation of d0 and H 

using Equation C.13 and C.14.  The coefficient of solubility (H) was varied from 

0.001 to 0.02 while d0 was kept constant (d0=0.1 mm).  The results of this 

parametric variation showed that the value of H which better fits the experimental 



 347 

results was 0.002, as can be observed in Figure C.1.  According to the results 

presented in this figure, it is evident that the value of H suggested by Schuurman 

(H=0.02) was completely far from the experimental B-Vp relationship obtained by 

Tamura et al. (2002). 

On the other hand, Tamura et al. (2002) considered variations in the size 

of air bubbles (d0) ranging from 1 mm to 0.0001mm while keeping a constant 

value of the coefficient of solubility, H=0.002, as presented in Figure C.2.  These 

results clearly show that the equation suggested by Tamura et al. (2002) is less 

sensitive to a variation in the diameter of air bubbles in comparison to the 

variation of the coefficient H  The suggested B-Vp relationship increases 

significantly only when the size of air bubbles are less than 0.005 mm.   

Therefore, the overall conclusions and valuable information obtained from 

Tamura’s et al. (2002) study are: 

(1) The coefficient of solubility (H) is, in practical sense, one order of 

magnitude lower than the value suggested by Schuurman (1966), and 

(2) The coefficient of solubility (H) was the most relevant parameter to 

correctly adjust the suggested mathematical model to the B-Vp 

experimental data. 

Thus, for this investigation the calibration of Equation C.12 was 

performed with a parametrical study varying only the coefficient of solubility (H) 

in the same fashion as Tamura et al. (2002).  The coefficient of solubility (H) was 

ranged from 0.001 to 0.02 and the values of Cw and Cs for sands were obtained 

from Ishihara (1967).  A constant value of Cw equals to 48x10-6 1/kg/cm2 was 
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considered in the parametric study, while Cs was taken as 2.7x10-6 1/kg/cm2.   

It was observed that the value of H in Equation C.12 controls the position 

of the curves in the abscises (X direction) of the plot (Figure C.3).  In other 

words, as H increases the whole set of data is shifted horizontally to the left 

towards the lower values of the degrees of saturation (Sr), which is in good 

agreement with the relationships showed by Tamura et al. (2002).   

Thus, Figure C.3 shows the variation of compression wave velocity (Vp) 

with the degree of saturation (Sr) obtained for Specimen No. 1 as the coefficient 

of solubility (H) was changed from 0.004 to 0.01.  As observed, the Vp-Sr 

relationship is indeed shifted to the left towards the more unsaturated conditions 

as H increases.  
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Figure C.1 Variation of B Value and Compression Wave Velocity for Different 
Henry’s Constants (H) (from Tamura et al. 2002) 
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Figure C.2 Variation of B Value and Compression Wave Velocity for Different 
Diameters of Bubbles (d0) (from Tamura et al. 2002)  
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Figure C.3 Comparison of the Relationship between Degree of Saturation (Sr) 
and Compression Wave Velocity for Different Henry’s Constant (H) 
for Specimen No. 1 

To establish a fixed reference for the Vp-Sr relationship for each specimen 

at a given coefficient of solubility (H), typical values of Vp and B values at fully 

saturated conditions were considered.  Fully saturated conditions (Sr =100%) 

corresponds to B values close to 1 and Vp values of about 5000 fps.  Thus, the 

estimated Vp-Sr relationships using H = 0.004 showed degrees of saturation that 

fulfill the condition of saturation when the B value was close to 1 (Figure C.4).  

Moreover, these results were in good agreement with Vp-Sr results for Ottawa 

sand specimens tested by Allen et al. (1980), as presented in Figures C.4.  Table 

C.1 presents the estimated values of the degree of saturation for Specimen No. 1 
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calculated using Equation C.12 (with H=0.004) and its corresponding B values. 

Finally, Figure C.5 shows the estimated relationships between the degree 

of saturation and B value for Specimens No. 1 through No. 6 tested using the ITC.  

It is important to point out that the relationships presented in Figure C.5 were 

calculated using Equation C.12 with a coefficient of solubility (H) of 0.004 and 

the corresponding porosity of each specimens. 
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Figure C.4 Comparison of the Relationship between Degree of Saturation (Sr) 
and Compression Wave Velocity for the Six Specimens Tested with 
ITC 
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Table C.1 Results of TS and BE Synchronized of Cycle 5 for Specimen BT3 in 
the Nonlinear Range of Shearing Strain 

Specimen No.1 
B value Sr (%) Vp (fps)

0.1 97.40 1788 
0.22 99.10 1754 
0.5 99.81 1931 
0.8 99.96 3362 
0.9 99.97 4659 
0.99 99.98 5506 

Notes:   
1) Porosity, n=0.34  
2) Henry's constant, H=0.004 
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Figure C.5 Comparison of the Estimated Degree of Saturation (Sr) and the B 
Values for the Specimens Tested in the ITC  
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C.3 EXPERIMENTAL MEASUREMENT OF THE RELATIONSHIP BETWEEN B 

AND SR 

To establish also experimentally the relationship B-Sr an additional 

experiment was performed using the ITC.  A washed mortar sand specimen 

(Specimen No.11) was saturated monitoring closely the volume of deaired water 

which enters the specimen during the saturation process.  Specimen No. 11 was 

formed using the undercompaction method.  The sand specimen was 1.38 in. 

(3.49 cm) in diameter, 4.3 in. (10.92 cm) in height, and had an initial void ratio of 

0.62.  

Table C.2 presents the saturation process in terms of loading (cell and back 

pressures), water volume entering to the specimen and the corresponding degree 

of saturation.  It is interesting to point out the comparison of the B values 

measured at measurement points 9 and 11.  The B value determined at 

measurement No.11 corresponds to the B value after decreasing the back pressure 

from 35 to 20 psi.  As observed, it was a decrement of the B value from 0.96 to 

0.95 caused for the reduction of the backpressure.  However, the change in the B 

value is very small.  On the other hand, Table C.3 shows the body wave velocities 

associated with each B value and degree of saturation (Sr) measurement.   
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Table C.2 Results of TS and BE Synchronized of Cycle 5 for Specimen BT3 in 
the Nonlinear Range of Shearing Strain 

Measurement Vw Confining Pressure Effective Backpressure Pore Water Pressure B Value Sr
No. ml (in.3) psi (kPa) Stress, psi (kPa) psi (kPa) psi (kPa) %

33.8 10 10.0 0 0 NA 83.8
(2.06) (69.0) (69.0) 0.0 0.0
35.1 10 5.0 5 5 NA 87.0

(2.14) (69.0) (34.5) (34.5) (34.5)
35.1 20 13.8 --- 6.2 0.12 87.0

(2.14) (138.1) (95.3) (42.8)
38.1 20 5.0 15 15 NA 94.5

(2.33) (138.1) (34.5) (103.5) (103.5)
38.1 30 12.2 --- 17.8 0.28 94.5

(2.33) (207.1) (84.2) (122.9)
39.7 30 5.0 25 25 NA 98.4

(2.42) (207.1) (34.5) (172.6) (172.6)
39.7 40 9.4 --- 30.6 0.56 98.4

(2.42) (276.1) (64.9) (211.2)
40.7 40 5.0 35 35 NA 100.9

(2.48) (276.1) (34.5) (241.6) (241.6)
40.7 50 5.4 --- 44.6 0.96 100.9

(2.48) (345.2) (37.3) (307.9)
40.7 50 30.0 20 20 NA 100.9

(2.48) (345.2) (207.1) (138.1) (138.1)
40.7 60 30.5 --- 29.5 0.95 100.9

(2.48) (414.2) (210.6) (203.6)

5

6

1

2

3

4

10

11

7

8

9
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Table C.3 Results of TS and BE Synchronized of Cycle 5 for Specimen BT3 in 
the Nonlinear Range of Shearing Strain 

Measurement Effective B Value Sr Vp Vs
No. Stress, psi (kPa) % fps (m/s)  fps (m/s)

10.0 NA 83.8 1536 846
(69.0) (468) (258)
5.0 NA 87.0 NM NM

(34.5)
13.8 0.12 87.0 1553 865
(95.3) (473) (264)
5.0 NA 94.5 NM NM

(34.5)
12.2 0.28 94.5 1536 846
(84.2) (468) (258)
5.0 NA 98.4 NM NM

(34.5)
9.4 0.56 98.4 2072 843

(64.9) (632) (257)
5.0 NA 100.9 NM NM

(34.5)
5.4 0.96 100.9 6063 675

(37.3) (1848) (206)
30.0 NA 100.9 NM NM

(207.1)
30.5 0.95 100.9 6070 1018

(210.6) (1850) (310)

9

10

11

5

6

7

8

1

2

3

4

 

 

The measured relationship between B and the degree of saturation (Sr) for 

Specimen No. 11 is shown in Figure C.6.  Also, the estimated B - Sr relationships 

for Specimen No. 1 to No. 9 are included.  It is evident the discrepancy between 

both relationships and basically the measured relationship lead to considerable 

lower Sr values at higher B values.   
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Figure C.6 Comparison of the Estimated Degree of Saturation (Sr) and the B 
Values for the Specimens Tested in the ITC  

Figure C.7 shows the variation of P-wave velocities with Sr values 

extrapolated from the measured B - Sr relationship for Specimen No.11.  The 

difference of the trends is readily seen by the difference between the measured 

and estimated Sr.  Nevertheless, the compression wave velocity increases beyond 

a measured Sr of 97%. 



 358 

6000

5000

4000

3000

2000

1000

0

Co
m

pr
es

sio
n 

 W
av

e 
V

el
oc

iti
es

, f
ps

10098969492908886

Degree of Saturation, Sr

Specimen No.1
Specimen No.2
Specimen No.3
Specimen No.4
Specimen No.5
Specimen No.6
Specimen No.7
Specimen No.8
Specimen No.9

Estimated H = 0.004 σ0
'= 5 psi = 35 kPa

Ottawa Sand (e =0.49), from Allen et al., (1980)
Ottawa Sand (e =0.50), from Allen et al., (1980)

 

Specimen No.1
Specimen No.2
Specimen No.3
Specimen No.4
Specimen No.5
Specimen No.6
Specimen No.7
Specimen No.8
Specimen No.9
Specimen No.11

Using Sr from Specimen No.11

 

Figure C.7 Comparison of the Estimated Degree of Saturation (Sr) and the B 
Values for the Specimens Tested in the ITC  

 Figure C.8 shows the estimated and measured B - Sr relationships for 

washed mortar sand and also includes the similar relations presented by Black and 

Lee (1973) for Ottawa sand.  It is interesting to observe that both B - Sr relations 

for washed mortar sand are in reasonable agreement with the data presented by 

Black and Lee.  Definitely, more experimental determinations of B - Sr for 

washed mortar are needed. 
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Figure C.8 Comparison of the Estimated Degree of Saturation (Sr) and the B 
Values for the Specimens Tested in the ITC (Including Black and Lee 
data (1973)). 
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Appendix D  

Monitoring Saturation and Unsaturation Processes Using Vp 
Measurements in Sand Specimens 

The use of PDs to measure Vp during the saturation process was also used 

to monitor the unsaturation process in Specimen No. 10.  Saturation of the sand 

specimen was performed through the application of one cell pressure and one 

back pressure (the cell pressure equals to 40 psi and backpressure equals to 30 

psi).  In section D.1, Vp measurements with time of Specimen No. 10 are 

presented at different stages of the saturation process.  Just after fully saturation of 

Specimen No. 10 was confirmed with the proper values of the P-wave velocity 

(about or over 5000 fps), the water in the cell was removed (and replaced by air) 

keeping the applied cell and back pressures.  The unsaturation process of the 

specimen was started by migration of air through the latex membrane around the 

sand specimen.  Vp measurements at different times were obtained to monitor the 

unsaturation process.  The direct-travel-time measurements obtained during the 

unsaturation process are presented in Section D.2 

D.1 SATURATION OF SAND SPECIMEN NO. 10 MONITORED USING PD 

MEASUREMENTS IN THE ITC 

Figures D.1 and D.2 show the direct-travel-time measurements of the P-

wave for Specimen No. 10 just after flushing the specimen with deaired water.  

Figure D.1 shows the seismic measurement using an excitation frequency of 4 
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kHz, while Figure D.2 presents the direct-travel-time measurements for a 200 kHz 

driving frequency.  
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Figure D.1 Direct-travel-time Measurement of Vp During the Monitoring of the 
Saturation Process for Specimen No. 10, After Flushing (Input 
Frequency = 4kHz) 
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Figure D.2 Direct-travel-time Measurement of Vp During the Monitoring of the 
Saturation Process for Specimen No. 10, After Flushing (Input 
Frequency, 200 kHz)  

Seismic testing was undertaken ranging the frequency from 3 to 200 kHz.  

After flushing the specimen with deaired water, it was subjected to a cell pressure 

of 40 psi (276 kPa) and a backpressure of 30 psi (207 kPa).  These pressures were 

maintained constant during the whole testing process.  Measurements of Vp using 

PDs were obtained at 5, 10, 45, 60, 75, 90, 180, 210, and 330 minutes after the 

cell and backpressure were applied.  Figure D.3 shows the direct-travel-time 

measurements right after the cell pressure and backpressure were applied.  In 

addition, Figure D.4 presents Vp measurement 45 minutes after the application of 
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the cell and the back pressures.  Both measurements were performed using an 

excitation frequency of 4 kHz.  Neither changes in the amplitude of the output 

signals nor the presence of extra P-wave components were noticed during the first 

45 minutes of the saturation process. 
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Figure D.3 Direct-travel-time Measurement of Vp During the Monitoring of the 
Saturation Process for Specimen No. 10,  After Application of the 
Cell and Backpressure (Input Frequency, 4 kHz) 
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Figure D.4 Direct-travel-time Measurement of Vp During the Monitoring of the 
Saturation Process for Specimen No. 10,  Time 45 minutes (Input 
Frequency, 4 kHz) 

Figure D.5 shows the direct arrival time of the P-wave obtained at 90 

minutes after applying the corresponding cell and backpressure with an input 

frequency of 4 kHz.  In this figure, the presence of the “noisy zone” around the 

arrival is starting to be notorious.  Figure D.6 presents the seismic measurement at 

the same time measurement (90 minutes) but using a frequency of 200 kHz to 

excite the source PD transducer.  It is evident that the high frequency 

measurement gives a Vp close to 5000 fps.  Although, it is important to notice that 

in Figure D.6 the shape of the output signal is irregular.   
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Figure D.5 Direct-travel-time Measurement of Vp During the Monitoring of the 
Saturation Process for Specimen No. 10,  Time 90 minutes (Input 
Frequency, 4 kHz) 
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Figure D.6 Direct-travel-time Measurement of Vp During the Monitoring of the 
Saturation Process for Specimen No. 10,  Time 90 minutes (Input 
Frequency, 200 kHz) 
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The specimen was carefully monitored every 15 minutes.  Figures D.7 and 

D.8 show the direct-travel-time measurements of Vp at 180 minutes after the 

application of the cell and back pressures at low (4 kHz) and high (200 kHz) input 

frequencies, respectively.  The compression wave velocity (Vp) at low frequency 

was found to be 3951 fps (1205 m/s) while the Vp measurement at high frequency 

was equal to 5830 fps (1777 m/s).  At this velocity (5830 fps (1777 m/s)) the 

specimen is considered to be fully saturated.  However, it is important to note the 

irregular shape of the output signal obtained at this high frequency (200 kHz). 
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Figure D.7 Direct-travel-time Measurement of Vp During the Monitoring of the 
Saturation Process for Specimen No. 10,  Time 180 minutes (Input 
Frequency, 4 kHz) 
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Figure D.8 Direct-travel-time Measurement of Vp During the Monitoring of the 
Saturation Process for Specimen No. 10,  Time 180 minutes (Input 
Frequency, 200 kHz) 

Finally, Figure D.9 presents the direct-travel-time measurement of Vp 

obtained at 330 minutes after applying the cell and back pressure for an input 

frequency of 4 kHz.  As seen in this figure, the “noisy region” near the arrival of 

the wave is evident and corresponds to a P-wave velocity above 5000 fps.  Also, 

the seismic measurement of Vp with 200 kHz of excitation frequency (at 330 

minutes after the application of the cell and backpressure was also obtained as 

presented in Figure D.10.  At this point, it is very clear that fully saturation of the 

specimen has been reached because the values of the P-wave velocity is about 
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5000 fps (Vp = 5830 fps) and the output signal has a very nice sinusoidal shape. 

 

-100

-50

0

50

100

A
m

pl
itu

de
 o

f t
he

  I
np

ut
 S

ig
na

l, 
V

ol
ts

0.00200.00150.00100.00050.0000

Time, sec

0.006

0.004

0.002

0.000

-0.002

-0.004

A
m

plitude of the  O
utput Signal, V

olts

Input Signal
Frequency= 4 kHz
Vp=L /t=0.358 ft/6.2E-5 s
Vp=5774 fps

Start Time

Arrival Time

σ0
'= 10 psi (69 kPa)Δt= 6.80 E-5 s

Time 330 minutes

 

Figure D.9 Direct-travel-time Measurement of Vp During the Monitoring of the 
Saturation Process for Specimen No. 10,  Time 330 minutes (Input 
Frequency, 4 kHz) 
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Figure D.10 Direct-travel-time Measurement of Vp During the Monitoring of the 
Saturation Process for Specimen No. 10,  Time 330 minutes (Input 
Frequency, 200 kHz) 

D.2 UNSATURATION OF SAND SPECIMEN NO. 10 MONITORED USING PD 

MEASUREMENTS IN THE ITC  

The water that provides isotropic confinement to the sand specimen in the 

ITC was replaced by air (keeping the cell pressure of 40 psi and the backpressure 

of 30 psi) in order to unsaturate the specimen by migration of air through the 

membrane.  Vp measurements were performed, using the usual low and high input 

frequencies, at 5, 10, 60, 120, 180, 360, 600, 1320, 1800, 2400, and 2880 minutes 

after replacing the water around the specimen for air.  Significant changes in the 

direct-travel-time measurements for different input frequencies were perceived 

until 1800 minutes.   
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Figure D.11 shows the direct-travel-time measurement of Vp at 1800 

minutes after removing the water around the specimen, for an input frequency of 

4 kHz.  It is observed in this figure that slightly evidence of the “noisy region” 

remains.  The value of Vp corresponding to this measurement was found to be 

5477 fps (1670 m/s) also the output signal still have a sinusoidal shape.  In 

addition, Figure D.12 shows the direct-travel-time measurement for Vp at the 

same elapsed time after removing the water as presented in Figure D.11 but using 

an excitation frequency of 200 kHz.  As clearly seen in this figure the signal still 

corresponds to conditions at full saturation.  The compression wave velocity that 

corresponds to this measurement is 5830 fps (1777 m/s) and the output signal still 

has a nice sinusoidal shape. 
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Figure D.11 Direct-travel-time Measurement of Vp During the Monitoring of the 
Unsaturation Process for Specimen No. 10,  Time 1800 minutes 
(Input Frequency, 4 kHz) 
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Figure D.12 Direct-travel-time Measurement of Vp During the Monitoring of the 
Unsaturation Process for Specimen No. 10,  Time 1800 minutes 
(Input Frequency, 200 kHz) 

Finally, Figures D.13 and D.14 show the seismic measurement at 2880 

minutes for the low and high frequency measurements, respectively.  The signal 

presented in Figure D.13 looks like the typical P-wave propagation found in dry 

conditions.  However, Figure D.14 shows a value of Vp above 5000 fps but the 

shape of the wave is not sinusoidal.  The B value was measured at this point and it 

was found to be equal to 0.2.  The discrepancy between the low and high 

frequency measurements might be explained as follows: a possible establishment 

of the P-wave (at high frequency) propagating through fluid channels inside the 

structure of the soil at a micro scale might have present some difficulty when 



 372 

monitor the changes in the degree of saturation of the overall specimen.  
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Figure D.13 Direct-travel-time Measurement of Vp During the Monitoring of the 
Unsaturation Process for Specimen No. 10,  Time 2880 minutes 
(Input Frequency, 4 kHz)) 
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Figure D.14 Direct-travel-time Measurement of Vp During the Monitoring of the 
Unsaturation Process for Specimen No. 10,  Time 2880 minutes 
(Input Frequency, 4 kHz) 

Based on the experimental exercise presented in this appendix it is 

important to mention that during the saturation process of washed mortar sand Vp 

measurement were better monitored by exciting the source PD transducer using 

both low an high frequencies (3 and 200 kHz).  The time for the specimen to 

reach fully saturation was about 330 minutes after application of the backpressure.   

On the other hand, the unsaturation process by migration of air through the 

membrane was difficult to be followed using seismic measurements, since there 

were discrepancies between direct-arrival-time signals obtained at low and high 

frequency.  Thus, the signal after 2880 minutes of applying air around the 
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specimen shows similar seismic behavior as specimens in dry conditions using 

low frequency measurements (Vp was above 5000 fps and the B values was 0.2.) 
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