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Abstract 

 

Development of a Multi-Measurement Confined Free-Free  

Resonant Column Device and Initial Studies 

 

 

 

 

Martin Joseph Pucci, M.S.E. 

The University of Texas at Austin, 2010 

 

Supervisor:  Kenneth H. Stokoe II 

 

This study is comprised of three major parts. The first part involved the 

development of a multi-measurement, confined, free-free resonant column device.  

This device was developed to improve upon traditional manually excited, 

vacuum-confined, free-free methods. The device is capable of testing specimens 

with diameters up to 6-in., under confinements upwards of 50 psi. The device is 

composed of a seismic-source system, a data acquisition system and a specimen 

support and confinement system. The seismic source system is used to induce 

small-strain constrained compression waves, and longitudinal and torsional stress 

waves in the specimen. The data acquisition system is used to measure: (1) direct 

travel time of constrained compression waves, (2) longitudinal resonance in 

unconstrained compression, and (3) torsional resonance. From these 
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measurements, constrained compression wave velocity, Vp, unconstrained 

compression wave velocity, Vc, and shear wave velocity, Vs, can be determined. 

With these wave velocities, small-strain, constrained modulus, Mmax, Young’s 

modulus, Emax, and shear modulus, Gmax can be determined. Poisson’s ratio is also 

calculated with the wave velocities. Finally, from the resonance measurements, 

small-strain material damping in unconstrained compression, DCmin, and in shear, 

DSmin, can be evaluated. 

The second part of this study involved verification tests with materials of 

known dynamic properties. The tests were performed with a manufactured 

aluminum specimen, ASTM graded Ottawa sand, and crushed rock aggregate 

base. The results compared well with previous results from similar tests.  

The third part of this study involved testing artificially cemented ASTM 

graded Ottawa sand. Cement contents (by weight) of 0.0, 0.5, 1.0 and 2.0%, were 

used to observe the effect of cementation with curing time at a constant confining 

pressure of 5 psi. The overall effect of cementation was: (1) a large increase in 

stiffness, and (2) an increase in material damping. The key effects related to 

cementation versus curing time are: (1) the increase in wave velocities are 

reasonably proportional to an increase in cement content up to a curing time of 

about 5 to 7 days, and (2) after a curing time of 5 to 7 days time the velocity 

increase with time seems to be similar for all cemented specimens. Additionally, 

the 2% cemented specimen was tested to observe the effect of confining pressure. 

The stiffness of this specimen was quite insensitive to confining pressure as was 

the material damping. 
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Chapter 1 

Introduction 

1.1 BACKGROUND OF RESONANT COLUMN TESTING 

Resonant column testing methods have been developed and implemented to 

measure the propagation velocity of stress waves in cylindrical specimens. The resonant 

column method is commonly used to evaluate the behavior of geologic material under 

dynamic loading conditions such as machine foundations, construction vibrations, and 

earthquake shaking.  

The general principal of this method involves exciting a cylindrical column 

(specimen) with longitudinal and/or torsional stress waves and measuring the resulting 

resonant response of the specimen. Additionally, from the resonant response, the material 

damping of the specimen may be evaluated. The level of stress wave excitations can be 

within the small-strain (linear), or the medium to large-strain (nonlinear) range. Within 

the small-strain range, the resonant response of a specimen is at a maximum and the 

material damping is at a minimum. Conversely, when medium to large-strain excitations 

are induced into a specimen, nonlinear behavior exists. This nonlinear behavior results in 

a reduction of the resonant response below the maximum and an increase of material 

damping above the minimum. For this study, small-strain (linear) excitations are the 

focus. Therefore, the resonant responses discussed hereafter will be of the maximum 

type, and the material damping will be of the minimum. 

For small-strain resonance measurements, there are two waves that are of primary 

interest, a compressional wave and a torsional wave. Respectively, these two waves are: 

(1) an unconstrained compression wave (longitudinal) and (2) a shear wave (torsional). 

The primary reason for resonance measurements is to capture the first-mode resonant 
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frequencies, fr, of a specimen. After measuring the small-strain compressional and 

torsional first-mode resonant frequencies, the unconstrained compression wave velocity, 

Vc, and the shear wave velocity, Vs, respectively, can be calculated. Each wave velocity 

is calculated using a relationship that depends on the boundary (end) conditions of the 

specimen. However, for all end conditions, the general relationship used to calculate the 

wave velocities generally deals with the first-mode resonant frequency, mass and 

geometry of the cylindrical specimen. Young’s modulus of elasticity, Emax, and shear 

modulus, Gmax, can be calculated with the specimen mass density, and the wave 

velocities, Vc and Vs, respectively. The two moduli are calculated to quantify the 

maximum values of the stiffness of the specimen with respect to the small-strain 

longitudinal and torsional stress waves.  

In addition to the calculation of wave velocities and moduli, the resonance curves 

in unconstrained compression and in shear can be evaluated to calculate the respective 

small-strain material damping ratios in unconstrained compression (DCmin) and in shear 

(DSmin). One method for quantifying material damping is the half-power bandwidth 

method, where the shape of the first-mode resonance curve is evaluated. The evaluation 

of the resonance curve is performed in order to quantify the energy loss (material 

damping) of compressional and torsional stress waves within a material. 

Determination of wave velocities and moduli by the resonant column method 

depend on the end boundary conditions of the specimen. Two possible end boundary 

conditions are: (1) free-free conditions, where no end constraints exist and (2) fixed-free, 

where one end is constrained. The end boundary conditions of the specimen depend on 

the test setup. The most common setup is the fixed-free configuration. However, testing 

specimens with free-free conditions is gaining interest because of the relative simplicity 

of the testing setup and analysis of the measurements. Furthermore, at first-mode 
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resonance, the nodal point is within the central region of the specimen. Because the nodal 

point is near the center of the specimen, the free-free setup allows larger specimens to be 

tested without the addition of analytical complexities.  

An additional longitudinal compression wave can be easily evaluated when 

implementing the free-free setup. This direct transmission wave is the constrained 

compression wave (or primary wave), Vp. This wave follows the “fastest” path through a 

specimen and is most easily measured by the direct travel-time method, where the time it 

takes for the wave to pass through the known length of the specimen is measured. With 

the constrained compression wave velocity, Vp, and the mass density of the specimen, , 

the small-strain constrained modulus, Mmax, can be calculated. With this additional wave 

velocity, Vp, and with the resonance-measured wave velocities, Vc and Vs, Poisson’s ratio 

can be calculated with any pair of the three wave velocities (Richart et. al, 1970). 

In addition to the analytical benefits of testing with free-free conditions, this 

testing can be performed with minimal equipment and, depending on the specimen 

confining system, can be relatively inexpensive. For a stiff specimen (competent rock) no 

confinement is necessary because the properties do not significantly change with 

confining pressure. However, for pressure-sensitive material, confinement of the 

specimen is necessary to evaluate the change in velocity, moduli, and material damping 

with pressure. The most basic means of confinement is a vacuum-confining system. For 

the most basic vacuum confined resonant column system, a specimen is supported by a 

soft medium and is manually excited. The intention of the manual excitation is to induce 

small-strain excitations, thus measuring the maximum response of a specimen. These 

data have been and remain quite valuable. However, the range of confining pressures is 

limited by the maximum vacuum pressure available in a laboratory. 
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1.2 SCOPE AND OBJECTIVES OF RESEARCH 

The objective of this research was to develop a multi-measurement, confined, 

free-free resonant column device which would be an improvement over the traditional 

vacuum-confined, free-free method. The four main goals in developing this device are: 

(1) to reach a higher confining pressure than traditional vacuum confinement to better 

simulate larger in situ stresses in the field, (2) to have the capability of testing specimens 

up to six inches in diameter to better quantify the behavior of materials with large 

particles, (3) to induce repeatable small-strain longitudinal and torsional waves to reduce 

measurement uncertainty, and (4) to begin to study Poisson’s ratio under small-strain 

dynamic conditions over a practical range of confining pressure.  

As part of the development of this new device, it was necessary to verify the 

performance by testing specimens of materials with well-documented small-strain 

dynamic properties. These materials have been part of dynamic tests that have been 

performed in the past within the Soil and Rock Dynamics Laboratory at UT. After the 

verification studies were complete, initial studies of the behavior of artificially cemented 

sands with varying cement contents commenced. 

During the verification and initial studies, potential modifications to improve the 

device were consistently being considered. Additionally, a major objective of this study 

was to share experiences of testing with this device so that it can be used in the future 

with informed judgment.  

1.3 ORGANIZATION OF THESIS 

A review of different resonant column testing techniques and devices is presented 

in Chapter 2. The emphasis in this chapter is placed on the free-free resonant column 

configuration. The strengths and weaknesses of the different testing devices are discussed 

as well as the progression of testing methods to adapt to materials of different stiffnesses.  
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The design and development of this free-free device is described in detail in 

Chapter 3. Included in this chapter are the challenges encountered while testing 

specimens using a previous vacuum-confined, free-free testing method and the approach 

taken to try and address those challenges. 

In Chapter 4, the materials used in both the verification studies as well as the 

initial studies of cemented sands are discussed. The material and specimen preparations 

and the testing procedure are also presented.  

Example data and relevant calculations are presented in Chapter 5. This chapter is 

intended to provide an understanding of how the measured data is used to calculate wave 

velocities, moduli, material damping ratios and Poisson’s ratio. The essential equations 

are presented in the chapter.  

Summaries of the verification tests and results of the tests are presented in 

Chapter 6. Both positive verification results as well as results that did not meet 

expectations based on previously tested materials are presented. By the end of the 

chapter, the reader is presented with end results of the verification studies that the device 

was in satisfactory working order to move forward with the initial studies. 

In Chapter 7, the scope and summary of the initial studies as well as the results 

are presented. Recommendations for future work and improvements as they are related to 

the initial studies are also presented. 

The conclusions of this study are presented in Chapter 8. The goals of this thesis 

are readdressed and a synopsis is presented as to what was accomplished in the 

development of the device as well as the few shortcomings. The challenges and problems 

encountered are addressed so that future efforts in the progression of this device can be 

resumed expeditiously. Finally, recommendations are made, which if implemented, can 
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resolve the issues discussed in Chapters 6 and 7 and accomplish the ultimate goal of the 

development of a readily-useable, fully-functioning, confined, free-free device.   
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Chapter 2 

Review of Resonant Column Devices 

2.1 INTRODUCTION  

Various resonant column testing methods and devices have been developed and 

improved upon over the past 70 years to measure the dynamic properties of natural 

geologic materials. Resonant column testing was initially used for testing natural 

geologic material in the late 1930s by Ishimoto and Iida (1937). Some of the other 

notable progressions of resonant column testing methods are due to the works of:  

Shannon et al. (1959); Wilson and Dietrich (1960); Hardin and Richart (1963); Drnevich, 

(1967); Drnevich and Richart (1970); Hardin (1973); Stokoe et al. (1994).  

The dynamic measurements performed in this study are the response of 

longitudinal and torsional motions in a cylindrical specimen. When a rod-type specimen 

is transiently loaded either longitudinally or torsionally, resonant frequencies, fr, are 

excited. These resonant frequencies represent frequencies at which the response of the 

rod, hence matrix in the rod, is maximized as illustrated in Figure 2.1 for the first-mode 

resonant frequency of a rod in unconstrained compression.  

The resonance of a cylindrical rod depends on the end (boundary) conditions of 

the rod. Three possible end conditions can exist. Illustrated in Figure 2.2, these conditions 

are: (1) free-free, where no end constraints exist (2) fixed-free, where one end is fixed 

and (3) fixed-fixed, where both ends are fixed (Richart, Hall and Woods, 1970). In this 

study, the focus is on the free-free end conditions of a cylindrical specimen.  

If small impulses are used to excite soil specimens in longitudinal and torsional 

motions, then small-strain dynamic properties can be evaluated. Small strains are defined 

as strains typically less than 0.001% and, for soft granular materials at low confining 

pressures (less than 0.5 atm), less than 0.0003%. In this case, the point of the 
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measurements is to determine the resonant responses, from which dynamic material 

properties are evaluated as discussed below.  

 

Figure 2.1 Example of a resonant frequency in a rod excited in unconstrained compression 

 

 

Figure 2.2 Possible end boundary conditions for a cylindrical rod 
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The small-strain dynamic material properties corresponding to the longitudinal 

and torsional resonant frequencies are the unconstrained compression wave velocity, Vc, 

material damping in unconstrained compression, Dcmin, shear wave velocity, Vs, and 

material damping in shear, Dsmin.  From the longitudinal and torsional resonant 

frequencies, Young’s modulus of elasticity, Emax, and shear modulus, Gmax, can be 

calculated using a relationship of resonant frequency with the mass density of the 

specimen (see Chapter 5, Section 5.3).  

 The fastest stress wave in any geologic medium is the constrained compression 

wave, which can be induced with a transient impulse parallel to the direction of wave 

propagation. In the free-free condition, constrained compression wave velocity, Vp, and 

constrained modulus, Mmax, can be evaluated. The measured velocity of this wave is the 

constrained compression wave velocity, Vp. This wave velocity is determined with direct 

travel-time measurements, where the time between the moment of excitation at one end 

of the rod, and the arrival of the wave at the other end of the rod is measured. The 

velocity is calculated by dividing the length of the rod by the time it takes the wave to 

pass from one end to the other. Using the direct travel-time measurements and the mass 

density of the specimen, constrained modulus, Mmax can be evaluated (see Chapter 5, 

Section 5.2). The detailed methodology of determining the wave velocities, material 

damping ratios and moduli are presented in Chapter 5. 

 The progression of the free-free resonant column testing method to measure 

small-strain dynamic properties of various types of materials is briefly discussed herein. 

This discussion is not intended to be a complete review of the history, but simply an 

overview of some of the types of free-free testing systems that have been developed and 

the motivation for the development of the device discussed in this study. 
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2.2 BASIC FREE-FREE RESONANT COLUMN TESTING  

The fundamental method of free-free resonant column testing will be covered in 

this section. The arrangement of this testing configuration is illustrated in Figures 2.3 and 

2.4. It should be noted that in this setup there is no confinement of the specimen. A setup 

with no confinement indicates that a specimen’s dynamic properties are not dependent on 

confining pressure. Such specimens could be synthetic and engineered material, rock or 

very stiff cemented soil.   

Illustrated in Figure 2.3, is manual longitudinal excitation to measure the: (a) 

resonance of the unconstrained compression wave to calculate the unconstrained 

compression wave velocity, Vc and the (b) direct travel-time method to calculate the 

constrained compression wave velocity, Vp. In Figure 2.4, two methods of manual 

torsional excitation are illustrated which lead to measurements of torsional resonance to 

calculate the shear wave velocity, Vs.  

 

Figure 2.3 Basic free-free resonant column longitudinal excitation (Stokoe et. al, 1994) 
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Figure 2.4 Basic free-free resonant column torsional excitation (Stokoe et. al, 1994) 

A specimen that is tested using this setup is placed horizontally on a soft medium 

such as a sponge or hanging from a frame supported by soft straps. In this section, 

different types of material that can be tested using this basic setup with no or slight 

modifications are discussed. 

2.2.1 Homogeneous Specimens 

Testing of homogeneous, manufactured specimens is important in determining the 

reliability of any dynamic testing device as they provide a means of initial and 

intermittent calibration of equipment. Synthetic polypropylene and polyurethane 

specimens have been and tested in the past for this reason (Stokoe et al, 1990; Kim, 1991; 

Pezo, 1991; Kim and Kweon, 2000).  These materials are well suited for calibration 

testing because the physical characteristics do not vary with time. Additionally, the 

stiffness of a synthetic specimen is not affected by strain amplitude or stress history up to 

medium strains, nor confining pressure (Stokoe et al. 1990). Because the dynamic 



 12 

properties of these materials do not vary with confining pressure they are easily tested 

using the basic free-free setup.   

Manufactured aluminum specimens, such as 6061 aluminum alloy share the same 

advantages as synthetic materials. While synthetic materials and manufactured aluminum 

specimens can be sensitive to extreme temperature changes and loading frequency (Kim 

and Kweon, 2000), in a climate controlled environment of a laboratory, and with small-

strain broadband excitation, these effects are not considered in this study. 

Previous calibration records using a specific 6061 aluminum alloy rod are 

internally available for past UT studies.  For this rod, the small-strain measurements of 

the velocities; Vp, Vc, and Vs, using the free-free resonant column method are well 

documented as well as the calculated moduli and Poisson’s ratio. For this reason, the 

same 6061 aluminum alloy rod was tested for the verification of the newly developed 

confined free-free device’s instrumentation (Chapter 6 Section 6.2.)  

Past published testing methods and results for a free-free resonant column test 

performed on a 6061 aluminum alloy cylindrical rod have been presented by Vaghela 

(1995). To attain the desired free-free end conditions the specimen was oriented 

horizontally and supported with soft strips which were hung from a support frame 

(Vaghela, 1995). The arrangement of this testing configuration is illustrated in Figure 2.5. 

It should be noted that there is no confinement of this specimen because the dynamic 

properties of this aluminum are independent of confinement pressure. Longitudinal and 

torsional excitation was induced to measure the constrained compression wave velocity, 

Vp, the unconstrained compression wave velocity, Vc, and the shear wave velocity, Vs. 

The tests performed to measure the three respective velocities were: (1) direct travel-time 

measurements of the constrained compression wave; (2) an unconstrained compression 
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resonant column test; and (3) a torsional resonant column test (Vaghela, 1995; Menq, 

2003). 

  In the first two tests, for Vp and Vc measurements, an instrumented hammer was 

used to excite the specimen at the center of one end of the specimen while an 

accelerometer was fixed to the center of the other end of the specimen. For the torsional 

resonance test, a scissor shear device was fixed to one end of the rod and two 

accelerometers were attached to the other end of the rod both at opposite edges of the rod 

face. The significance of the arrangement of accelerometers will be further addressed in 

Chapter 3, Section 3.3.1, but this is the common accelerometer arrangement used in a 

free-free resonant column test to measure the direct travel time arrival, the unconstrained 

compression, and the shear resonance of a specimen ((University of Texas internal 

procedure; UT-Fr-Fr-1, Rev. 0 (GR09-09), Stokoe and Choi, 2009)).  

Free-free resonant column testing of an aluminum specimen can be performed by 

placing the aluminum specimen on a soft medium (soft sponge) with the same 

accelerometer configuration. The difference in stiffness between the aluminum and 

sponge is so large that the sponge can be neglected as influencing the system. 
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Figure 2.5 Basic free-free resonant column setup with specimen supported by straps (Vaghela, 1995) 

2.2.2 Engineered Specimens 

Dynamically measured elastic properties of an engineered material such as 

concrete are of high value. Similar to an aluminum specimen, the wave velocities of a 

concrete specimen is independent of confining pressure and therefore requires minimal 

(b) Properties determined: 

Vc, DCmin 

Vp 

(a) Properties determined: 

VS, DSmin 
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equipment to perform free-free resonant column tests. A specimen would either be 

suspended with straps on a frame or supported by a soft medium (sponge). In the past, 

horizontally oriented free-free resonant column tests have been performed to measure the 

wave velocities, and calculate the moduli and the Poisson’s ratio of concrete specimens. 

Three relationships exist to calculate Poisson’s ratio using any pair of the three measured 

velocities or moduli, (Menq, 2003). These relationships are discussed in Chapter 5, 

Section 5.4. 

A major advantage of dynamically measuring moduli of concrete is that the 

specimen can be intermittently tested as curing progresses to gain a relationship of 

stiffness with time. This can be accomplished with minimal samples due to the non-

destructive nature of this testing technique. The primary modulus of interest for concrete 

is Young’s modulus of elasticity, E. Traditional static methods require the measurement 

of axial strain as a specimen is placed under unconfined axial stress. This fractures the 

specimen and hence requires multiple specimens if a relationship of the change of 

Young’s modulus with curing time is desired. Under small-strain loading, the static and 

dynamic measured results are highly comparable for both Young’s modulus of elasticity, 

Emax, and Poisson’s ratio,  (Bay and Stokoe, 1992). As the next logical application of 

this free-free testing method progresses, natural geologic material is studied. 

2.2.3 Unconfined, Stiff Geologic Specimens 

When dynamic moduli and material damping of natural rock specimens are 

desired, the horizontally oriented free-free resonant column test has also been frequently 

used to obtain these properties. The configuration is again similar to the aluminum 

specimen setup with the specimen suspended with straps or resting on a sponge 

comparable to the illustrated setup in Figure 2.5. Again, the moduli are relatively 
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independent of confining pressure assuming the specimen is an intact competent rock 

with minimal fractures.  

The limitation of this setup for testing rock is that the sample cannot be friable, or 

fractured. During sampling, a stress relief occurs once the sample is removed resulting in 

an opening of fractures. In this case, there is a need for confinement to simulate in-situ 

field stresses in an effort to close the fractures and return the sample to pre-sampled 

conditions as closely as possible. Unconfined free-free testing methods are not 

appropriate in this case as a change in confinement will affect the moduli and material 

damping ratios. Confining pressure dependent specimens required the free-free resonant 

column method to evolve to include confinement. 

2.2.4 Vacuum-Confined, Soft Geologic Specimens 

The confinement of an intact natural sample or a reconstituted natural soil 

specimen using vacuum pressure requires five additional components: (1) a vacuum 

source, (2) a vacuum gauge, (3) two end caps, (4) a membrane to confine the specimen 

and (5) o-rings to ensure a proper seal between the membrane and the end caps as 

illustrated in Figure 2.6. Using this method, fractured rock samples and remolded, 

constructed soil specimens can be tested. The sample is either placed within a membrane 

or a specimen is constructed within the membrane using a compaction mold. End caps 

are placed at each end and the membrane is stretched over the end caps which have 

vacuum grease applied to the perimeter of the disk shaped end caps to facilitate a proper 

seal between the end caps and membrane. O-rings are then placed around the membrane 

at each end cap to further ensure a proper seal. A seating vacuum pressure is applied at 

one or both end caps to remove the air from the specimen, placing it under a negative 

pressure which draws the confining membrane and end caps into the sample. The 
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specimen is then removed from the mold if it is a constructed soil sample and placed on a 

soft medium, either straps or a sponge. The testing procedure is then conducted in the 

same manner as previously discussed, but with the application of an increasing 

magnitude of negative pressures at predetermined intervals to simulate field confining 

stresses at varying depths. 

 
Figure 2.6 Typical vacuum-confined free-free setup 

However this range of confining pressure is limited by the magnitude of vacuum 

pressure that can be reached. In typical laboratories, the maximum vacuum pressure may 

only reach 8 to 10 psi (1152 to 1440 psf), which corresponds to depths of about 17 to 22 

feet for a sample with a dry unit weight, γd, of 100 pcf, a typical unit weight of dense 

ASTM graded Ottawa sand. In the case of testing a typical dense aggregate base rock 

material where the dry unit weight can be upwards of 140 pcf, maximum vacuum 
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confining pressures would represent confining pressures equivalent to depths of about 12 

to 15 feet.  

As valuable as this data is, the limitations of the magnitude of confining vacuum 

pressure is present in most typical laboratories. Clearly, a larger confining pressure is 

needed to gain as much information as possible when a specimen’s moduli and material 

damping changes with confining pressure. Thus, the need for a greater larger confining 

pressure further progresses the free-free resonant column method to use positive air 

pressure in a chamber as the means of confinement.  

2.3 FREE-FREE RESONANT COLUMN TESTING WITH A CONFINING CHAMBER  

The need for greater confining pressure is addressed by introducing a confining 

pressure where positive air pressure can be introduced to confine a specimen. While a 

confining chamber leads to larger confining pressures, it also leads to a more complicated 

and expensive option than the basic free-free testing setup. The higher cost and 

complexities are due to the need for a chamber as well as mechanisms to excite the 

specimen both longitudinally and torsionally. Two examples of free-free resonant column 

devices are discussed below. 

2.3.1 Horizontally Oriented Confined Free-Free Device 

A horizontally oriented, confined free-free resonant column device was developed 

by M.E. Kalinski and M.S.R. Thummaluru. In 2005 the mechanics of this device were 

presented in a paper in the ASTM Geotechnical Testing Journal (Vol. 28, No. 2), co-

authored by Kalinski and Thummaluru. This paper presents a device similar to the device 

discussed in this study. The Kalinski and Thummaluru device, shown in Figure 2.7, is a 

horizontally oriented cylindrical acrylic chamber with a length, inside diameter, and 

thickness of 11.5 in, 8.0 in, and 0.5 in respectively.  
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A specimen tested in this device is prepared using a compaction mold, where the 

specimen would be constructed in a manner similar to the aforementioned vacuum-

confined method. The material is placed into the membrane and prepared to achieve the 

desired unit weight and two end caps are placed at both boundaries of the specimen. A 

vacuum hose is connected to one or two end caps and a negative vacuum pressure is 

applied to internally confine the specimen by removing positive pore pressure from the 

sample (Kalinski and Thummaluru, 2005). This enables the stability of the specimen 

during handling before the specimen is placed into the chamber. This device is intended 

to induce small strain loading in shear. With this device the shear wave velocity is 

measured and the small-strain material damping ratio in shear, Dsmin, is calculated from 

the resonance response using the half-power bandwidth method (Kalinski and 

Thummaluru, 2005). Kalinski and Thummaluru discuss issues and challenges of inducing 

small-strain excitation (Kalinski and Thummaluru, 2005). 

The method and eventual goals of the Kalinski and Thummaluru device are 

similar to the goals set for the development of this study’s device. However, the 

confinement is slightly different, as well as the means of torsional excitation. The 

confinement of the Kalinski and Thummaluru device relies on both negative vacuum 

pressure as well as positive pressure applied around the specimen. The total confinement 

applied to the specimen is the sum of the absolute pressures. This addition of the two 

different modes of confinement may lead to more unknowns and makes it more difficult 

to compare to published results based on a lack of comparable data.  



 20 

 
Figure 2.7 Kalinski and Thummaluru Chamber (Kalinski and Thummaluru, 2005) 

Additionally, longitudinal wave excitations are not induced to measure the 

constrained compression wave velocity, Vp nor the unconstrained compression wave 

velocity, Vc, which respectively lead to the constrained modulus, Mmax, and Young’s 

modulus of elasticity, Emax. This lack of longitudinal excitation does not allow for the 
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calculation of Poisson’s Ratio by means of the relationships with the three velocities, Vp, 

Vc and Vs.  

2.3.2 Free-Free, Torsional Resonant Column Devices 

It is of interest to mention the use of vertically oriented, free-free torsional 

resonant column devices. The clear advantage of this system over a typical free-free 

device is the ability to perform measurements in the small to large strain range which 

yield non-linear dynamic properties when investigating shear modulus G. Some free-free 

torsional resonant column devices also have the potential to induce longitudinal loading 

in order to determine constrained modulus, M and Young’s modulus, E.  

Menq (2003) developed a free-free torsional resonant column device at the 

University of Texas at Austin and presented his results in 2003. This device is capable of 

measuring the constrained compression wave velocity, Vp, the unconstrained 

compression velocity, Vc, and the shear wave velocity, Vs corresponding to small-strain 

and non-linear medium strains. The advantage of Menq’s device (Figure 2.8) over a 

typical fixed-free RCTS device is that it is capable of measuring the constrained 

compression wave velocity, Vp, as well as the unconstrained compression wave velocity, 

Vc. The main challenge with the device is the complexity of the free-free condition. The 

stiffness of the springs needs to be considered when assessing the unconstrained 

compression wave velocity, Vc. This device holds more value over horizontal free-free 

resonant column devices based on its ability to measure moduli in the non-linear medium 

strain range, however the boundary conditions of a horizontally oriented free-free 

resonant column device are easier to quantify. 
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Figure 2.8 Menq's free-free resonant column device (after Menq, 2003) 

2.4 SUMMARY 

Past studies and the progression of horizontally oriented free-free resonant 

column devices have driven the development of the device discussed in this study. The 

goal was to develop a large scale device that measures the small-strain longitudinal and 

torsional velocities Vp, Vc and Vs, in a repeatable, reliable manner while inducing a 

higher level of confinement. Horizontally oriented free-free resonant column devices 
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have always had economical and simplicity advantages over the more expensive and 

complex vertically oriented torsional resonant column devices and RCTS devices. The 

device that was developed for the purpose of this study still possesses those advantages.  
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Chapter 3 

Equipment Development 

3.1 INTRODUCTION  

The free-free resonant column device that was developed is a confined, large-

scale device in which the test specimen is oriented horizontally. The three main goals in 

developing this device were: (1) to reach a higher confining pressure than traditional 

vacuum confinement to better simulate larger in situ stresses in the field, (2) to have the 

capability of testing specimens up to six inches in diameter to better quantify the behavior 

of materials with large particles, and (3) to induce repeatable small-strain longitudinal 

and torsional waves to reduce measurement uncertainty.  

In this chapter, development of specific components of the device are discussed, 

including the confining and excitation hardware, as well as the software used to capture 

the resonant frequencies, direct travel-time measurements and small-strain material 

damping ratios. Calculations of the three wave velocities, resulting moduli and 

corresponding material damping ratios are covered in detail in Chapter 5. The 

components of this device can be divided into two main categories: (1) hardware and (2) 

data acquisition. 

3.2 HARDWARE OF THE FREE-FREE SYSTEM 

The major hardware components that are discussed are: 

1 Confining chamber,  

2 “Hammock” and frame,  

3 Excitation sources used to generate shear and compression waves, and 

4 Power source. 
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3.2.1 Confining Chamber 

The body of the chamber is a 0.5-inch thick, 16-inch O.D., 25-inch long, schedule 

40 PVC pipe. This type of PVC pipe is generally used for transportation of water. 

However, with the rating of the maximum water pressure well in excess of the maximum 

air pressure available (80 psi) in the laboratory, this material is a suitable alternative to 

much more expensive and heavy steel or aluminum pipe. The specifications of the pipe 

are given in Table 3.1. A photograph of the PVC pipe prior to machining is shown in 

Figure 3.1. 

 
Table 3.1 Specifications of the schedule 40 PVC pipe  

Outside Diameter (in.) 16 

Inside Diameter (in.) 15 

Maximum operation pressure (psi) 130 psi 

 

 
Figure 3.1 Pre-machined schedule 40 PVC pipe used to build the confining chamber 
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The rated values of this pipe are for an environment that is maintained at a mild 

temperature. Therefore, it is assumed that the average temperature in the laboratory will 

not have an effect on the performance of the pipe. However, with safety in mind, it was 

decided that the pipe should be reinforced. The reinforcement consisted of a 0.1-inch 

thick lattice aluminum sheet and three, 0.2-inch thick, 2-inch wide reinforcing straps. The 

lattice sheet was wrapped around the pipe with no overlap and the aluminum straps were 

ratcheted to a tight fit around the sheet. This reinforcement is shown in Figure 3.2.  

 
Figure 3.2 Reinforced Chamber 

After the reinforcement of the body, the next step was to design the end plates for 

either end of the chamber. The initial material used for the end plates was 1.0-inch thick, 

18-inch square PVC plates with a circular groove machined for the proper fit to the body 

of the chamber. Additionally, four, 1.0-inch diameter holes were drilled near the corners 

of each plate for tie rods to pass through as seen in Figure 3.3. The function of the tie 

rods is to resist the total load due to confining pressure on the end plates. Each tie rod has 

a tensile strength of 125,000 psi. 
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Figure 3.3 PVC end plate 

The function of the end plates is to create a seal to inhibit air from leaking out of 

the chamber. There was a concern that flexure in the PVC plates under the high chamber 

pressures and from the moments created by tightening the tie rods at the perimeter of the 

PVC plate would cause leakage. Such a torque would likely bend the PVC plate and the 

seal may be lost. To deal with this potential problem, a 0.5-inch thick, 16-inch square 

aluminum plate with crossed aluminum H-beams were machined and placed against the 

outside of each PVC plate. The final design of the aluminum end plates is shown in 

Figure 3.4. The additional reinforcement of the PVC end plates ensures that the torque 

from tightening the tie rods would be distributed to the cross braces and the aluminum 

plate. In addition, any potential flexing of the PVC end plates from the outward force of 

the internal pressure would also be resisted by the aluminum plate and cross braces. This 

system allows the seal to be maintained while securing the plates to the body of the 

chamber as well as throughout the confinement and testing of the sample.  
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Figure 3.4 Reinforcing aluminum end plate covering each PVC end plate 

 (a) Pressure System 

To pressurize this system, air pressure is applied within the chamber. 

Additionally, there is a vacuum hose that is within the chamber and attached to the 

specimen end cap to apply a negative seating pressure to the specimen. The negative 

seating pressure is applied immediately after construction of a specimen and removal of 

the compaction mold in order for the specimen to be handled and remain intact. The 

seating vacuum pressure remains as the specimen is loaded into the chamber and during 

the sealing of the chamber with the end plates. As the positive air pressure is applied 

within the chamber, the seating vacuum pressure is reduced by an equal absolute amount 

until the vacuum pressure is zero and the positive air pressure replaces the vacuum 

seating pressure. Once the positive seating pressure is applied, the vacuum hose is opened 
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to atmospheric pressure by removing a connection outside the chamber. This situation 

allows the positive pressure to have a true confining effect on the specimen by allowing 

drainage of air from the specimen. A general schematic of the air pressure and vacuum 

pressure confinement arrangement is shown in Figure 3.5. The vacuum line is placed in a 

water cup to check for compression of the specimen or small leaks in the membrane. If 

there is a significant leak, then air bubbles will be vigorously forced into the water cup. If 

such a leak is present, then there is a need to suspend the test and start over.  

 
Figure 3.5 Vacuum and air pressure confinement systems 

The need to continuously apply a seating vacuum pressure to a specimen 

presented a challenge during the development of the vacuum pressure system. For a 

continuous vacuum pressure to be applied, the same vacuum hose needs to be used 

throughout the specimen construction and setup of the test. This was achieved by first 
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drilling a hole through the rear aluminum and PVC rear plate. A hollow Swagelok® male 

fitting was placed within the void of the drilled hole of the PVC plate and epoxy was 

placed between the fitting and the PVC to ensure a seal around the perimeter of the 

fitting. After the fitting was in place, the vacuum hose was threaded through a 

Swagelok® female connector and then epoxied in place to create a seal between the 

perimeter of the vacuum hose and the female connector. With the hole in the rear of the 

end plate, the vacuum hose is free to be pulled out through the front of the chamber to an 

adequate length in order to reach the specimen construction area. After the application of 

a seating vacuum pressure to the specimen, the specimen is then placed in the 

“hammock” (discussed in Section 3.2.2) and then moved to the chamber staging area and 

then into the chamber. As the specimen is moved towards and into the chamber the slack 

in the vacuum line needs to be removed by pulling the vacuum line from the rear of the 

chamber until the male and female Swagelok® fittings meet. The next step is to tighten 

the fittings together to prevent leaking as shown in Figure 3.6. 

 
Figure 3.6 Vacuum line fitting attachment 
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The application of positive air pressure also enters through the rear end plate. 

Again a hole was drilled in the back of the aluminum and PVC plates. A male fitting was 

placed and epoxied within the void of the rear PVC end plate. The pressure line is then 

connected at the rear exterior of the end plate.  

To allow rapid release of the chamber pressure, one more hole was drilled in the 

rear end plate and another male connection placed and epoxied in the hole. The line 

attached to this fitting is dedicated for a rapid release of air pressure in the event that it 

becomes necessary to do so. All three connections are shown in Figure 3.7. 

 

 
Figure 3.7 Vacuum pressure, positive air pressure and emergency pressure release fittings on the rear end  

plate 
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(b) Instrumentation and power cables 

The instrumentation and power cables have to pass through the chamber wall. 

These passages were done in a similar manner to the fitting connections. Individual holes 

were drilled for each accelerometer cable and power cable, a total of five holes. The 

cables were then passed through the holes and epoxy was placed between the cables and 

the perimeter of the holes in the PVC to prevent leaking of air pressure. These passages 

are shown in Figure 3.8. 

 
Figure 3.8 Instrumentation and power cable passages 

(c) Web cam cable 

A web cam was installed at the top front of the chamber near the triggering 

system to monitor the triggering system. The web cam allowed visual confirmation that 

the triggering system was performing properly. A hole was drilled at the top of the 

chamber for the web cam cable to pass through the top chamber wall. Again, epoxy was 

placed between the cable and the PVC wall to prevent air pressure leaking.  

3.2.2 “Hammock” and frame 

The next logical step after the construction of the chamber was to develop the 

interior of the chamber with sufficient space for a 6-inch diameter specimen to be placed 
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and for the triggering system to be housed. The initial step was to place a wooden board 

along the length of the chamber. As shown in Figure 3.9, this setup allowed for sufficient 

space above the board for a specimen and excitation triggering, as well as below for 

power and instrumentation cables.  

 
Figure 3.9 Interior chamber board with instrumentation connections 

 A sponge was considered as the supporting medium for the specimen with the 

triggers being fixed within the chamber at a specified height. However, there are 

complications with this option. The first concern was that if the sponge were not 

completely open-celled, it would compress under the confining pressure. This movement 

could change the specimen boundary conditions to a stiffer medium beneath the sample. 

A compression of the sponge would also affect the repeatability of the exciting source 

because the specimen would shift downward vertically with the addition of confinement, 

while the triggering system would remain at the same height. Secondly, if the triggering 

system were fixed in the chamber, it would be difficult to the make the necessary 
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adjustments to maintain the desired and consistent location of excitation on the specimen 

end cap. These two potential issues were the motivation for finding an alternative to a 

sponge resting on the board since it did not satisfy the goal of repeatability. 

 The second alternative for supporting the specimen and excitation equipment is a 

frame and “hammock” system. The material used for the hammock is a typical non-slip 

rug pad commonly found in a hardware store. The “hammock” and frame system are 

shown in Figure 3.10. 

 

Figure 3.10 Specimen housing, frame and "hammock" 
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The staging area is shown in Figure 3.11, where the specimen is loaded in the 

hammock and frame system outside the chamber. The elevation of the specimen is 

predetermined with the excitation sources also fixed to the frame which allows 

adjustments of the excitation triggers prior to loading the specimen into the chamber. The 

staging pad is at the same height as the interior board and, as both components have rails 

on them, the frame with wheels is able to be loaded easily into the chamber. This setup 

reduces complications that can occur during the preparation of the test and ultimately 

reduces the time required to perform the test. 

 
Figure 3.11 Hammock and frame overview 
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The “hammock” provides a medium with a comparable stiffness to the commonly 

used sponge. A test was performed using both the “hammock” and sponge as the 

specimen supporting mediums. As discussed in Chapter 6, Section 6.4.1, the results are 

quite comparable, based on comparisons of the resonant wave velocities and the small-

strain material damping ratios. The hammock material is strong enough to support the 

specimen yet does not affect the dynamic waves any more than a soft sponge.    

3.2.3 Dynamic wave excitation  

Once the suitable medium was selected for the support of the specimen, the next 

step was to develop the systems to excite small-strain longitudinal and torsional waves 

and the associated triggering mechanisms. In traditional unconfined and vacuum-

confined free-free resonant column methods, longitudinal excitation has been induced 

manually with a hand-held hammer. For traditional torsional excitation the instrument 

used has been either a hammer or a torsional scissors device.  The hammer would be used 

to deliver a glancing blow to the specimen end cap and the torsional scissors device 

would be rotated to induce a torsional wave. Either of these impacts induce a torsional 

wave in the sample; however problems can be encountered in the resonance response 

because of “ringing” from the impact. Moreover, the added mass and change in geometry 

to the end cap can adversely influence the end conditions by changing the moment of 

inertia of the specimen. Below are summaries of both the longitudinal and torsional 

excitation sources and triggers.  

With these limitations in mind, efforts were made to develop a triggering system 

capable of small-strain excitation while minimizing “ringing” interference. It is first 

necessary to look at the control station where the excitation trigger box, vacuum and 

pressure control system and data acquisition system is located as shown in Figure 3.12. 
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Presently the main components of interest are the power supply box, trigger box and 

potentiometer box. The 45-V DC power box supplies all the power for the excitation 

system. The trigger box engages the impulsive sources for both longitudinal excitation 

and torsional excitation. The potentiometer box controls the magnitude of the excitation 

for both modes by changing the driving voltage. The labels “P” and “S” respectively 

denote the longitudinal and torsional excitation (impulsive sources).  

 

Figure 3.12 Control station overview 
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(a) Longitudinal Excitation 

For the constrained compression wave velocity, Vp, and the unconstrained 

compression wave velocity, Vc, the traditional impulsive sources under vacuum 

confinement was manual and involved using a hand-held instrumented hammer as shown 

in Figure 3.13 (Stokoe et al., 1994). The hammer is instrumented for the direct travel-

time arrival measurement to calculate Vp. As previously discussed, manual excitation 

with a hammer may not be perfectly reliable is care is not taken to induce small-strain, 

repeatable excitation. This problem mainly arises from the non-repeatable nature of the 

magnitude and duration of the impact. The magnitude of the impact is of concern because 

of the possibility to excite the specimen to strains outside of the small-strain (linear) 

range. The duration of impact is an important issue because of the possibility to transmit 

unnecessary vibrations from the hammer to the specimen which may cause a “ringing” in 

the response and adversely affect the shape of the resonance curve used in the calculation 

of the small-strain material damping ratio. 

 
Figure 3.13 Typical manual longitudinal excitation for Vc and Vp measurements (Stokoe et. al, 1994) 
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During the development of this longitudinal excitation and triggering system, the 

issue of repeatable, variable impact magnitude, and a reduction in the duration of impact 

was of concern. The final option chosen for the excitation of longitudinal waves was a 

solenoid with a threaded rod as the piston as shown in Figure 3.14. The solenoid is 

engaged by applying a voltage using the trigger box. An acorn head nut is screwed onto 

the piston ensuring a point contact of excitation against the end cap. The threaded piston 

allows for heads of different sizes, weights and hardness to be affixed for the striking 

head. This range in mass and stiffness allows a flexibility of varying the excitation 

frequency content to reduce the noise in the resonance response. This adjustment was 

found during previous vacuum-confined free-free resonant column tests with manual 

excitation. Sources of varying weights and hardness’s have been used by trial and error to 

reduce the noise in the response in all types of seismic tests.  

Also shown in Figure 3.14 is the fine tuning adjustments of the solenoid to change 

the location of the impact both perpendicular to the specimen as well as longitudinally to 

the specimen. Firstly, this fine-tune adjustment prior to testing allows the impact to be 

consistently in the center of the end cap. The longitudinal adjustment also serves as a 

method to reduce the duration of impact of the acorn tip. Prior to loading the specimen in 

the chamber, the solenoid is adjusted so that at the time of impact of the solenoid it is 

close to the maximum of the stroke. This stroke length was chosen in an attempt to 

minimize the duration of source impact on the end cap. To further reduce the impact 

duration, an elastic rebound band was fixed between the piston and the solenoid frame. 

Once the piston is engaged, the rebound band also engages, and at the full stroke of the 

piston, the rebound band induces a force on the piston acting in the opposite direction as 

the positive piston stroke. This rebound band assists the rebound of the piston, again 

reducing impact duration. 



 40 

In addition to the mechanical adjustments to the longitudinal source, a 

potentiometer is used at the power source to increase or decrease the magnitude of 

excitation by varying the driving voltage. This potentiometer adjustment is performed 

together with mechanical adjustments prior to testing to find the maximum resonance of 

the specimen when it is still under vacuum confinement; i.e. small-strain resonance. 

 (b) Torsional Excitation 

During the development of the torsional excitation system, the paramount 

concerns were issues that are present in the traditional vacuum-confined methods of free-

free resonant column testing. The primary difficulty is easily and repeatedly inducing a 

wave with a “clean” impact that does not create a “ringing” effect in the resonance 

response curve, nor an impact of larger magnitude that exceeds small-strain excitation. 

Prolonged contact with an end cap or sample could lead to a “ringing” and clearly a large 

magnitude impact or an excessively heavy excitation source could lead to larger strains. 

 
Figure 3.14 Longitudinal excitation system 
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This “ringing” phenomenon was also discussed in the manual excitation of longitudinal 

waves; however it can be more prevalent in torsional resonance and thus is of more 

concern. A typical manual setup for torsional excitation is shown in Figure 3.15. 

 
Figure 3.15 Manual torsional excitation (Stokoe et. al, 1994) 

To avoid prolonged contact with the specimen system, the initial thought was to 

remove the source from the end cap completely. This reduction in the time in contact 

with the specimen would most likely reduce the transmission of unnecessary vibrations 

from the source to the specimen and therefore reduce the “ringing” or noise in the 

response. Two main options were explored prior to the final design: (1) a glancing 

solenoid piston striking the perimeter of the end cap; and (2) a solenoid striking a screw 

that would be fixed to the face of the end cap near the perimeter. The problem with a 

glancing impact to the end cap was a difficulty of lining up the excitation source and 
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specimen so that the solenoid piston glances the end cap and then retracts without 

jamming. Thus, this option was quickly dismissed. The problem with the second option 

was again related with retraction of the piston. However, it was not the possibility of 

jamming that was of concern but the difficulty in creating the distance between the piston 

and the attached screw at the time when the piston essentially reached its full stroke. 

Though it would not be difficult to determine the required distance, it is difficult to 

consistently perform the proper alignment in a repeatable manner. 

Due to the issues with the solenoid piston, it was rejected as a viable option for 

torsional excitation. The idea that followed was an investigation into the possibility of a 

mechanical arm that would strike a screw fixed near the perimeter of the end cap face. An 

arm would have to be swung upwards, strike the screw and then swing back down. This 

idea led to the final design of the torsional excitation system which is shown in Figure 

3.16.  

The driving force for the rotary arm is a rotary motor. This DC-powered motor 

provides rotation in one direction and is fixed to the frame, thus removing it from the 

specimen system. A voltage is applied using the same trigger box as the longitudinal 

trigger. Once the voltage is applied, the motor rotates and the attached arm swings 

upwards and strikes the screw fixed to the end cap which, in turn, induces a torsional 

excitation to the end cap and then to the specimen. After striking the screw the arm 

rebounds away from the screw and returns to the initial rest position under its own 

weight. Again, mechanical and driving voltage adjustments are made prior to testing to 

maintain small-strain excitation. The advantage of this mechanical arm is the simplicity 

of the design. The arm rebounds off the screw under its own weight minimizing the time 

in contact with the end cap. Furthermore, arms of different weights and hardness’ can be 

used to reduce the noise in the resonance response of the specimen.   
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Figure 3.16 Torsional excitation system 

(c)Monitoring dynamic exciters 

As previously mentioned, a web cam was placed near the excitation system to 

monitor both longitudinal and torsional excitations. This camera was used to assess the 

unknown performance of the triggers under pressure. It also provided a means of 

intermittently monitoring the excitation to ensure that the excitation components were 

striking the specimen at the desired locations. A flashlight is placed within the chamber 

to provide light. The web cam system is shown in Figure 3.17. 
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Figure 3.17 Web cam monitoring system 

3.3 DATA ACQUISITION SYSTEM 

The four major components of the data acquisition system are as follows: 

1 Accelerometer instrumentation on specimen end caps, 

2 Two-channel dynamic signal analyzer, 

3 Four-channel digital oscilloscope, and 

4 Data loggers to capture all voltage signals. 

3.3.1 Specimen Instrumentation 

It is necessary to think about what results are desired prior to instrumenting the 

specimen. The desired results are the direct travel-time measurements for calculation of 
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Vp, and the resonant frequencies and the associated response curves related to 

unconstrained compression and shear waves to calculate Vc and Vs, respectively. The 

final instrumentation of the specimen, as shown in Figure 3.18, includes four, PCB 

#352C66 accelerometers; one on the trigger end cap, and three on the receiving end cap.  

 

 
Figure 3.18 Instrumentation associated with capturing the dynamic responses of the specimen 

(a) Constrained compression wave, Vp, instrumentation 

To employ the direct travel-time method, it is necessary to know the instant the 

longitudinal source strikes the source end cap as well as the instant the constrained 

compression wave arrives at the receiving end cap. This measurement requires two 

accelerometers; one on the source end cap, accelerometer #1 and one on the receiving 

end cap, accelerometer #2. This setup allows measurement of the time it takes the 

constrained compression wave to pass through the end caps and the specimen. Knowing 

the thickness of the end caps and the measured constrained compression velocity of the 
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end caps, the time it takes for the wave to pass through the end caps can be calculated. 

This time is then subtracted from the total measured time from end cap to end cap to find 

the elapsed time it takes the wave to pass through the specimen only. The orientations of 

the two accelerometers are parallel with the longitudinal axis of the specimen to measure 

the compression wave. The location of each accelerometer is close to the center of each 

end cap. 

After the two PCB #352C66 accelerometers are screwed into the end caps, cables 

are connected between each accelerometer and the PCB #480D06 signal conditioners. A 

cable is then connected between the signal conditioners to Channel 1 and Channel 2 of 

the Tektronix four-channel oscilloscope. The purpose of the signal conditioners is to 

amplify the accelerometer response and condition it into a signal that the oscilloscope can 

accept. This configuration is shown in Figure 3.18.  

(b) Unconstrained compression wave, Vc, and Dcmin instrumentation 

Calculation of the unconstrained compression wave velocity, Vc, is determined 

directly from the longitudinal resonant frequency of the specimen. This measurement 

only requires one accelerometer on the receiving end cap and, in this setup, it is the same 

#2 accelerometer that was used for the measurement of Vp. Once the longitudinal source 

excites the specimen, the response measured by accelerometer #2 is passed through a 

cable to a PCB #480D06 signal conditioner and then from the signal conditioner through 

the cable to Channel 1 of the HP 3562A two-channel dynamic signal analyzer. The 

voltage response is captured in the time domain (typically over a duration of tenths of a 

second) and the HP 3562A two-channel dynamic signal analyzer performs a Fast Fourier 

Transform to convert the time domain response to a voltage-frequency domain response. 
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The resonant peak is used to calculate Vc, and the width of the response curve, using the 

half-power bandwidth method, is used to calculate Dcmin (see Chapter 5, Section 5.3.1). 

(c) Shear wave velocity, Vs, and Dsmin instrumentation 

Calculation of the shear wave velocity, Vs, is directly related to the torsional 

resonant frequency of the specimen. Maximizing the torsional response and reducing the 

flexural resonance of the specimen requires two accelerometers oriented perpendicular to 

the longitudinal axis of the specimen and fixed at perimeter of the receiving end cap as 

shown in Figure 3.19. The two accelerometers, accelerometer #3 and #4, are physically 

oriented parallel to the each other but are oriented 180 from each other with respect to 

the torsional motion of the specimen as seen in Figure 3.20. This orientation leads to a 

positive voltage response in accelerometer #3, which is oriented with the torsional motion 

and a negative voltage response in accelerometer # 4, which is oriented opposite to the 

torsional motion.  
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Figure 3.19 Source end cap (bottom cap) and receiving end cap (top cap) instrumentation 
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Figure 3.20 Torsional motion versus accelerometer orientation 

Once the torsional source excites the specimen, the responses recorded in 

accelerometers #3 and #4 are passed through the cables to the PCB #480D06 signal 

conditioners #3 and #4. The two signals are then passed from the signal conditioners 

through the cables to the torsional signal amplification box where the response from 

accelerometer #4 is subtracted from the response of accelerometer #3. When the negative 

response is subtracted from the positive response [(+) - (-)], the result is an addition of the 

two torsional responses that are in phase due to the inversion of one signal. When the 

response from #4 is subtracted from #3, the torsional response is amplified and the 

flexural (bending) response is reduced. Accelerometers #3 and #4 are oriented to 

minimize the bending response, although some response from the bending motion is still 

measured by accelerometers #3 and #4. However, advantageously the two accelerometers 

have the same positive or negative response with respect to the bending motion as seen in 
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Figure 3.21, and the subtraction of accelerometer #4 from accelerometer #3 minimizes 

any potential bending response.  

 

Figure 3.21 Bending motion versus accelerometer orientation 

This combined response is then passed though a BNC-to-BNC cable to Channel 2 

of the HP 3562A two-channel dynamic signal analyzer where again, the voltage response 

is captured in the time domain and a Fast Fourier Transform is performed to convert the 

time domain response to a voltage-frequency domain response. The resonant peak is used 

to calculate Vs, and the width of the response curve, using the half-power bandwidth 

method, is used to calculate Dsmin (see Chapter 5, Section 5.3.2). 

3.3.2 Data Loggers 

The responses from the direct travel-time measurement of the constrained 

compression wave velocity, Vp, and the resonant frequency responses of the 

unconstrained compression wave velocity, Vc, and the shear wave velocity, Vs, are saved 

for use in calculations and presentation of results. For the Vp results, the computer 

program OpenChoice™, a supplemental program from Tektronix®, was used to capture 
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the responses from Channel 1 and Channel 2 of the four-channel oscilloscope. For the Vc 

and Vs resonances, a Visual Basic® generated data logger was used to capture the 

resonant frequency responses. The data logger also evaluates the frequency response 

curves and the small-strain material damping ratios (Dcmin and Dsmin) are calculated using 

the half-power bandwidth method which is discussed in Chapter 5.  

3.4 SUMMARY 

Development and construction of a confining chamber in which free-free resonant 

column tests are performed under isotropic confining pressures ranging from about 288 

psf (2 psi) to 5760 psf (40 psi) were discussed in this chapter. The three main goals in 

developing this free-free resonant column device were: (1) to reach a higher confining 

pressure than traditional vacuum-confinement, (2) to have the capability of testing 

specimens up to six inches in diameter and (3) to induce repeatable, small-strain, 

longitudinal and torsional stress waves. The higher confining pressure has been attained 

by means of designing and constructing the PVC chamber with adequate end plates and 

proper seals at the necessary locations. The design and construction of the large PVC 

chamber and the specimen frame and “hammock” has allowed the testing of larger 

diameter specimens, with diameters up to 6 inches. Excitation of repeatable longitudinal 

and torsional stress waves has been attained with the construction of the adjustable and 

variable source system. The next step in the complete development of this device is to 

test specimens with known properties to determine the performance of the device and 

make adjustments if necessary. This verification work is presented in Chapter 6 and 

initial studies with the device are presented in Chapter 7. 
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Chapter 4  

Materials, Material Preparation, Specimen Construction  

and Testing Procedures 

4.1 INTRODUCTION 

The primary purposes of this research are to develop a confined, free-free 

resonant column device and verify its performance. To verify the performance, one 

engineered specimen and two natural materials were tested. After performance was 

verified, an initial study was undertaken (discussed in Chapter 7). In this chapter, the 

material properties of the materials used in the verification study and a preliminary study 

of artificially cemented materials are presented. Following the descriptions of the 

materials, the preparation, specimen construction, and testing procedures are discussed. 

 4.2 VERIFICATION TESTING ENGINEERED SPECIMEN  

Following the design and construction of the free-free device, the system was 

checked for proper performance. This was done by performing verification tests of the 

device by first testing an engineered specimen, composed of material (aluminum) that is 

not dependent on confining pressure, as natural soil materials whose properties are 

dependent on confining pressure.  

4.2.1 6061 Aluminum Alloy Rod 

As previously mentioned, the benefit of testing an engineered specimen is that the 

physical characteristics do not vary with time or pressure. The stiffness of a synthetic 

specimen is not affected by strain amplitude or stress history up to medium strains, nor 

confining pressure (Stokoe et al. 1990).  Manufactured aluminum specimens such as 

6061 aluminum share the same advantages as synthetic materials. Therefore, an 

aluminum specimen was used as the primary means of verifying the confined free-free 
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resonant column. The proper performance of instrumentation verification for this 

developed device. The pertinent published material properties of 6061 aluminum alloy 

are shown in Table 4.1. 

 
Table 4.1 6061 Aluminum Alloy Material Properties (Craig, Roy R. (2000), Mechanics of Materials,  

2nd ed., John Willey & Sons, Inc., New York, NY, pp. 752.) 

Shear Modulus, Gmax (psf)          

Young’s Modulus of Elasticity, Emax (psf)          

Poisson’s ratio () 0.33 

Unit Weight (pcf) 168.2 

4.3 VERIFICATION TESTING WITH NATURAL SOIL MATERIALS  

Natural soil materials were also tested as part of the verification study. These 

materials were uncemented ASTM graded Ottawa sand, and a crushed rock aggregate 

base material. 

4.3.1 Uncemented ASTM Graded Ottawa Sand 

ASTM graded Ottawa sand has been studied extensively with both static and 

dynamic tests in the field of Geotechnical Engineering. Testing this material provides an 

opportunity to compare results from the new device with previous studies based on a 

consistent and reliable material, ASTM graded Ottawa sand. The properties and grain 

size distribution curve for ASTM graded Ottawa sand are presented in Figures 4.1 and 

4.2. The relevant coefficients are: D50 = 0.36 mm; Cu = 2.05; and Cc = 1.30. A 

photograph of the material is shown in Figure 4.3. According to the Unified Soil 

Classification System (USCS), ASTM graded Ottawa sand is classified as a poorly-

graded sand, SP.  
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Figure 4.1 ASTM graded Ottawa sand Product Data (US Silica) 
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Figure 4.2 ASTM graded Ottawa sand grain size distribution (representation of US Silica Product Data) 

 

 

Figure 4.3 Photograph of the ASTM graded Ottawa sand tested in this study 
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4.3.2 Crushed Rock Aggregate Base 

In June 2009, crushed rock aggregate base material was dynamically tested by the 

Soil and Rock Dynamics Laboratory at UT as part of an assignment to investigate this 

material. Dynamic testing that was performed on this material included fixed-free 

resonant column and torsional shear (RCTS) tests and vacuum-confined, free-free 

resonant column tests. The fact that this material had been tested in a quality controlled 

environment and was still in the possession of The University of Texas at the time of the 

development of the new confined, free-free device, provided an opportunity to replicate 

specimen conditions and compare results. The material properties of the crushed rock 

aggregate base are shown in Figure 4.4. A photograph of the material is presented in 

Figure 4.5. According to the USCS, this crushed rock aggregate base is classified as a 

poorly-graded gravel with silt and sand, GP-GM. One omitted property from the below 

figure is the specific gravity of solids, Gs. A value of Gs = 2.72 was determined by UT’s 

client prior to the initial testing assignment. 
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Figure 4.4 Properties of the crushed rock aggregate base material  
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Figure 4.5 Photograph of the crushed rock aggregate base tested in this study 

4.4 INITIAL STUDIES WITH AN ARTIFICIALLY CEMENTED SAND 

Once the verification studies were complete, a study of the dynamic properties of 

artificially cemented sands was conducted. The primary material tested for these initial 

studies was artificially cemented ASTM graded Ottawa sand. However, before the 

artificially cemented ASTM graded Ottawa sand was tested, one test was performed with 

an artificially cemented washed mortar sand. The washed mortar sand specimen had 

about 3% cement by weight and was quite stiff so that the specimen was easily handled. 

This test was performed as an initial test to see if the behavior was consistent with what 

would be expected of a rather stiff, cemented sand. 

4.4.1 Artificially Cemented Washed Mortar Sand 

Washed mortar sand was used for the first artificially cemented specimen based 

on the consistently with which the sand is available in the UT Civil Engineering 
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laboratories. The washed mortar sand is obtained from Capitol Aggregates in Austin, 

Texas. The material is a poorly-graded sand, SP, with a trace amount of fines (Najjar and 

Rauch, 2003). The material properties and a photograph of the washed mortar sand are 

shown in Figures 4.6 and 4.7, respectively. 

 
Figure 4.6 Material properties of washed mortar sand (from Najjar and Rauch, 2003) 

 
Figure 4.7 Photograph of the washed mortar sand used in this study 
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4.4.2 Artificially Cemented ASTM Graded Ottawa Sand 

The ASTM graded Ottawa sand used in the verification study was also used in 

these initial studies with artificially cemented sand. The only difference is that, in this 

study, varying amounts of cementation were added to the sand. The properties of the sand 

are discussed in section 4.3.1.  

The following sections cover the material preparation, specimen construction and 

testing procedure.  

4.5 MATERIAL PREPARATION 

The following sections include the preparation of both uncemented and artificially 

cemented specimens. Prior to construction and testing of a specimen the desired 

properties were determined as related to: (1) water content (w, %), (2) cement content in 

terms of a percent dry weight of the sand (c, %), and (3) dry density (d, pcf). The 

following sections cover the methods of preparing the materials and constructing the 

specimens to the desired water contents, cement contents, and dry density states. To 

allow for a proper comparison to, the specimen properties (w, c, and d) were determined 

with previously tested specimen properties in mind.  

4.5.1 Water Content 

Once the water content for a specimen is determined, whether it is for an 

uncemented specimen or cemented specimen, the first step is to prepare the dry soil that 

will be mixed with a specified amount of water. If the soil is not in a dry state, then it is 

necessary to air dry the soil until the water content is approximately zero. Following air 

drying, the true water content will not likely be exactly zero depending on the air 

humidity and the ability of the soil to retain moisture. However, for the purpose of this 

study the air drying method is sufficient to attain a water content close to zero. 
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Once the soil is air dried, an ample amount of dry soil to construct the specimen is 

placed in a sealable plastic bag. The weight of water to be added to the soil to achieve the 

desired water content is calculated with Equation (4.1).  

                    
               

              
 
  

  
 (4.1) 

After the required weight of water is calculated, the water is added incrementally 

to the bag of soil in stages between mixing in order to have a uniform soil-water mix. For 

the sand specimens tested, the specimens were constructed shortly after mixing the soil 

and water due to the fast penetration of water into the pore space. However, for the 

crushed rock aggregate base material, in order to ensure a uniform penetration of water 

into the pore space of the fines, the soil was prepared one day in advance of specimen 

construction. 

4.5.2 Cement Content 

Once the cement content for a specimen is determined, the first step is to prepare 

the dry soil that will be mixed with Type II Portland cement in the same manner as 

previously mentioned. Once the soil is air dried, a sufficient amount of dry soil to 

construct the specimen is placed in a sealable plastic bag. The weight of cement to be 

added to achieve the desired cement content is calculated using Equation (4.2). The 

required amount of cement is then obtained prior to mixing. Figure 4.8 shows the two 

ingredients prior to mixing.  

                     
                

              
 
  

  
 (4.2) 
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Figure 4.8 ASTM graded Ottawa sand and 0.5% by weight of Type II Portland cement prior to mixing 

Once the required weight of cement is obtained, the cement is incrementally 

added to the bag of soil in stages between mixing in order to uniformly mix the soil-

cement mixture as shown in Figure 4.9. Once the cement is properly mixed with the dry 

soil, the next step is to add water to the mixture. 

 
Figure 4.9 ASTM graded Ottawa sand with an incremental amount of  Type II Portland cement added  

between stages of the mixing process 



 63 

The water content for the artificially cemented ASTM graded Ottawa sand 

specimens was fixed at w = 2.0% for all samples regardless of cement content and was 

added in the same manner as previously discussed. This water content was selected to 

ensure the “activation” of all cement. This amount of water prevented dry spots during 

mixing, where the water may not come in contact with dry cement. Additionally, the time 

when the water was completely added and mixed with the cement-sand mix is, t = 0 for 

the initial study beginning of cement reaction. 

4.5.3 Dry Density Determination 

Once the water content and cement content is determined and the material was 

prepared accordingly, the next step was to select a dry density of the constructed 

specimen. As previously stated, the dry density was determined in order to construct an 

equivalent specimen to a previously tested specimen so that the density would not enter 

the comparison.  Determination of dry density of a specimen is given by:  

                     
              

                        
 
  

 
 

where: 

                                                                

 

(4.3) 

 

 

 
(4.4) 

 

It should be noted that the weight of the cement solids is not used in the 

calculation of dry unit weight in Equation 4.3. The process of constructing the specimen 

covered in the following section.  

4.6 SPECIMEN CONSTRUCTION 

After the material is prepared and the dry density is determined, the next step is to 

construct the sample. All samples were constructed as right circular cylinders using 
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compaction molds. Whether the specimens were 2.8-inches or 6-inches in diameter, the 

setup of the mold and method of compaction were the same. All samples were 

constructed to have a height-to-diameter ratio close to 2.0 and the compaction molds 

were previously machined to allow for that height-to-diameter ratio. 

4.6.1 Compaction mold assembly 

Since the method of setup and compaction of the specimen are the same 

regardless of specimen diameter, the following procedure only focus on the set-up and 

preparation using a 2.8-inch diameter compaction mold. The 2.8 inch diameter mold used 

during specimen preparation is shown disassembled in Figure 4.10.  

 
Figure 4.10 Disassembled 2.8-inch diameter compaction mold 
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Before specimen compaction commences the mold is assembled using following 

components: (1) two halves of the mold, (2) assembly screws, (3) bottom end cap, (4) top 

end cap, (5) vacuum grease, (6) latex membrane(s), and (7) O-ring(s). The following 

steps are followed to assemble the compaction mold: 

1. Apply vacuum grease to the perimeter of the bottom end cap and place a 

membrane around the bottom end cap. 

2. Place an O-ring around membrane and end cap to further ensure the seal 

between the membrane and the bottom end cap. 

3. Place the membrane and end cap into one of the halves of the compaction 

mold and place the second half of the mold around the end cap so that the 

two halves meet and secure with the assembly screws. 

4. Stretch the membrane upwards and out of the top of the compaction mold 

and secure at the top of the mold. 

5. Apply a vacuum pressure to the void between the membrane and the 

compaction mold in order to secure the membrane to the mold, readying 

the system for placement of the material to be compacted. 

 

The compaction mold is now ready after completion of the above steps and 

material may be placed and compacted within the assembled compaction mold as shown 

in Figure 4.11. 
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Figure 4.11 Mold and membrane ready for placement and compaction of soil 

4.6.2 Compact specimen 

The specimens were constructed using the undercompaction method as described 

by Ladd (1978) using the following parameters:  

n      = number of layers = 5, 

Un1  = percent under-compaction for the 1
st
 layer = 5 %, and 

Un5 = percent under-compaction for the 5
th

 layer = 0 %. 

The specimen is constructed in five layers of equal weight. The process of the 

undercompaction method is the placement of an equal weight of soil for each layer and 

the next layer is progressively compact more than the previous. An example of a 

compaction data sheet is presented in Table 4.2, where hn is the final target height of each 

compacted layer above the base of the bottom end cap, and the depth is the distance 
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below the rim of the compaction mold to the top of the compacted layer. The depth 

column is strictly for ease of measuring the height of the compacted layer during the 

compaction process. The advantage of the undercompaction method is the ease of 

implementation and the resulting relatively uniform density of the constructed specimen. 
 

Table 4.2 Example of compaction process followed with the undercompaction method 

n 

(layer) 

Un 

(%) 

hn 

(in.) 

depth 

(in.) 

1 5.00 1.176 5.244 

2 3.75 2.324 4.096 

3 2.50 3.444 2.976 

4 1.25 4.536 1.884 

5 0.00 5.600 0.820 
 

 

4.6.3 Attach the top end cap and O-ring 

Once the specimen is constructed within the mold the next steps are to secure the 

top end cap and apply the seating vacuum pressure. These are done while the mold is still 

intact. Below The mold with the top cap in place is shown in Figure 4.12. 

 

Figure 4.12 Top cap placement on a compacted specimen 
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The seating vacuum pressure is applied prior to removal of the mold to ensure that the 

specimen will be stable and maintain its constructed shape during handling. This step is 

shown in Figure 4.13. 

 
Figure 4.13 Application of a seating vacuum pressure to the specimen 

Finally, before instrumentation of the specimen, the mold is removed, as shown in Figure 

4.14. The specimen is then laid horizontally where the membrane is trimmed, and 

instrumentation used in the free-free testing is attached to the top and bottom end caps.   

 
Figure 4.14 Removal of the compaction mold 
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4.6.4 Instrumentation of the specimen 

Before placement of the specimen into the “hammock,” the specimen needs to be 

instrumented with four PCB #352C66 accelerometers. Also, the screw that will be 

impacted by the torsional excitation arm (as previously discussed in Chapter 3) is 

attached. The accelerometers are shown in Figure 4.15, and the two instrumented end 

caps are shown in Figure 4.16. 

 
Figure 4.15 PCB # 352C66 accelerometers and torsional excitation screw 

 
Figure 4.16 Top and bottom cap instrumentation 
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4.7 TESTING PROCEDURES 

Once the specimen instrumentation is attached to the end caps, the specimen is 

then loaded into the “hammock” and excitation system.  The “hammock” and excitation 

system is then moved to the chamber staging table where the instrumentation cables are 

connected, the data logger is set up, and the sources and triggering system are setup. The 

sample is then excited longitudinally and torsionally and the sources are adjusted 

accordingly to maximize the resonant response of the specimen to ensure small-strain 

excitation.  

Once the triggering system is adjusted, the vacuum line is pulled through the back 

of the chamber and the vacuum fitting is attached to the back plate as shown in Figure 

4.17. 

 
Figure 4.17 Sealing of the vacuum line fitting 
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The whole system is then loaded into the chamber and the chamber is sealed with 

the placement of the end plates as seen in Figure 4.18.  Once the chamber is sealed, the 

vacuum pressure is slowly removed while an equal absolute magnitude of positive 

pressure is applied to the specimen until the vacuum pressure is zero and the positive air 

pressure equals the seating pressure, which is typically 5 psi.  

The positive air pressure is then increased in increments equal to the 

predetermined confining sequence while the three stress waves of interest; constrained 

compression, unconstrained compression and shear are induced in the specimen. At each 

confining pressure, the direct-arrival time corresponding to Vp, the resonant frequency of 

Vc, and the resonant frequency of Vs are measured and recorded. The predetermined 

loading sequence for the majority of the tests is 5, 10, 20 and 40 psi. Any loading 

sequence that deviates from the above noted sequence is addressed in Chapters 6 and 7 

where the data is presented. 

 
Figure 4.18 Loading the system into chamber 
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4.8 SUMMARY 

In this chapter, the materials tested in this study, the material preparation, 

specimen construction and testing procedures are discussed. The specific specimens 

tested and their properties are discussed within the verification and initial study results in 

Chapters 6 and 7. In the following chapter, example data and calculations are presented.  
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Chapter 5 

Example Data and Calculations 

5.1 INTRODUCTION  

At the conclusion of each free-free test, the recorded measurements provide the 

information necessary to calculate the three wave velocities of interest, Vp, Vc and Vs. 

From the three respective velocities, the three small-strain moduli, Mmax, Emax and Gmax 

can be calculated. Additionally, from the response curve measured around the resonant 

frequencies in unconstrained compression, and in shear, small-strain material damping 

ratios in unconstrained compression and shear (DCmin and DSmin respectively) can be 

calculated. Relationships with any pair of wave velocities can be used to calculate three 

Poisson Ratio values. In this chapter, the data obtained from each test and the calculations 

of the above mentioned wave velocities, moduli, material damping ratios and Poisson’s 

Ratio are discussed. 

5.2 DIRECT TRAVEL TIME METHOD   

It is theoretically possible to measure all three wave velocities using the direct 

travel time method. These measurements would be performed by inducing a longitudinal 

or torsional wave and measuring the time it takes each wave to travel across the known 

length of the specimen. This approach is theoretically possible but it is difficult to 

implement because generally the wave velocity of the constrained compression wave is 

measured. This occurs because the fastest wave is a constrained compression wave, with 

an unconstrained compression wave slightly slower, while the shear wave is the slowest. 

These differences in wave velocities generally lead to interferences between the waves 

which make it difficult to identify the arrival of an unconstrained compression wave or a 

shear wave. During excitation of these waves, there is a constrained compression wave 

component which is also created and is seen on the analyzer record before the 
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unconstrained compression wave or shear wave arrives. For this reason, the only wave 

velocity measured in this study using the direct travel time method is the constrained 

compression wave velocity, Vp. 

5.2.1 Constrained Compression Wave Velocity, Vp 

The dynamic property measured under constrained compression is the constrained 

compression wave velocity, Vp and the constrained modulus, Mmax. 

(a) Velocity, Vp 

To measure the constrained compression wave velocity, Vp, the specimen is 

excited longitudinally. The time it takes the wave to travel over the known length of the 

specimen, including the two end caps, is measured using two channels of a Tektronix 

oscilloscope. The triggering time at the moment of longitudinal impact is registered on 

Channel 1 of the oscilloscope and the response at the receiving end of the specimen is 

registered on Channel 2. A typical travel time measurement is shown in Figure 5.1. 

 
Figure 5.1 Direct travel-time measurement using accelerometer signals 
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The difference in the triggering time and the initial accelerometer response time is 

the total elapsed time,         for the constrained compression wave to travel across one 

end cap, the specimen, and the second end cap as shown in Figure 5.2, as well as any 

delay times associated with the electronics,    . This total time can be expresses as: 

                         
 

(5.1) 

 

Figure 5.2 Direct travel-time measurement 

The elapsed time of interest is not         but rather    , the time it takes for the 

wave to travel from one end to the other end of the specimen. To calculate the travel time 

across the specimen,    , it is necessary to subtract    ,     and     from the total 

elapsed time          . The sum of the times,    ,    , and     is called the calibration 

time,       . The value of         is determined by measuring the constrained compression 
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wave velocity of only the aluminum end caps pushed together. The time for the wave to 

pass through the end caps with known thicknesses is shown in Equation (5.2) and (5.3). 

 

    
                       

           
 

 

(5.2) 

    
                       

           
 (5.3) 

The time it takes for the unconstrained compression wave to pass through the specimen is 

then calculated using Equation (5.4) as: 

                           
(5.4) 

Once     is determined the constrained compression wave velocity, Vp of the specimen 

can be calculated using Equation (5.5) as: 

    
                  

   
 (5.5) 

(b) Constrained Modulus, Mmax 

From the constrained compression wave velocity, Vp, the constrained modulus, 

Mmax, can be calculated. The equation for calculating Mmax is given as: 

         
   

(5.6) 

where                                
 

 
,                                , and 

                               
  

  
. 
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5.3 RESONANT FREQUENCY 

The unconstrained compression wave velocity, Vc, and the shear wave velocity, 

Vs, are calculated from resonant frequency measurements. To find the relationship for Vc, 

a relationship is needed that includes the mass of the specimen and added masses 

attached to the specimen. To find the relationship for Vs, a relationship is needed that 

includes the mass polar moment of inertia of the specimen and the mass polar moment of 

inertia due to the added masses attached to the specimen. The two relationships are 

discussed in the following sections.  

5.3.1 Unconstrained Compression Wave Velocity, Vc 

The dynamic properties of interest for loading in unconstrained compression are 

the unconstrained compression wave velocity, Vc, Young’s modulus of elasticity Emax, 

and the material damping ratio in unconstrained compression Dc. A typical resonance 

curve in unconstrained compression is shown in Figure 5.3. Generally, flexural (bending) 

resonance does not interfere with the selection of the resonant frequencies in 

unconstrained compression. This result generally occurs because the excitation is 

longitudinal and ideally the flexural component will not be present if the excitation 

source is aligned parallel to the specimen length and is applied at the center point of the 

end cap. In this research the free-free device was fine tuned at the excitation source 

(solenoid piston) to ensure that the desired excitation has minimal (to no) flexural 

excitation. 
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Figure 5.3 Typical resonance curve in unconstrained compression: (a) rough window measurement to  

locate multiple resonance modes, (b) fine, 400 Hz window to focus on first-mode resonance  

curve 

(a) 

(b) 



 79 

(a) Velocity, Vc 

The unconstrained compression velocity is related to the first-mode circular 

resonant frequency of the specimen,   , the length of the specimen,  , and a relationship 

concerning the mass of the specimen and the added masses attached to the specimen, 

  as: 

    
    

 
 (5.7) 

where   is the first-mode circular resonant frequency, which is related to the 

resonant frequency measured during testing as: 

 

                                                 
(5.8) 

and,   is a factor that accounts for the added masses. The relationship for the factor   for 

the free-free boundary conditions is:  

        
          

         
    

  (5.9) 

where mass ratio 1,   , and mass ratio 2,   , are given below as: 
 

   
  

  
 (5.10) 

   
  

  
 (5.11) 

in which case,     added mass at one free end,     mass of the specimen and      

    added mass at the other free end. 
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The masses taken into consideration for    and    are the end caps, added 

instrumentation on each end cap, the portion of the membrane on each end cap and the O-

ring(s). The masses taken into consideration for    are the mass of the specimen and the 

mass of the membrane around the specimen. 

In unconstrained compression loading, a longitudinal wave passes through the soil 

particles. The motion of the soil particles due to the wave is both longitudinal and radial. 

In 2003, Menq discussed (with citations of Lewis, 1990) the calibration factor kc, which 

corrects Vc by accounting for the dispersion of the unconstrained compression wave. 

Menq (2003) discussed aspects of the dispersion of unconstrained compression waves as 

follows:  

 

In conclusion, the compression wave velocity measured in this study is 

propagating in the first propagation mode, and the compression wave 

velocity measured in the free-free resonant column test needs to be 

adjusted to account the dispersive nature of the compression waves. The 

unconstrained compression wave velocity, Vc, can be obtained by 

adjusting Vc
* 

with the unconstrained  compression wave velocity 

calibration factor, kc, as: 

                            Vc = Vc
*
 / kc     

  

The above equation includes Vc (the corrected unconstrained compression wave velocity) 

and Vc
*
 (the calculated unconstrained compression wave velocity from the measured 

resonant frequency). This calibration factor, kc also applies to the unconstrained 

compression wave velocity calculated in this study. The calibration factor is related to the 
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diameter, 2a, the wavelength, , and Poisson’s ratio, , of the specimen material as 

illustrated in Figure 5.4.  

 
 

Figure 5.4 Frequency Spectrum for longitudinal Waves in a Cylindrical Rod without end caps  

(after Lewis, 1990) 

For free-free conditions the first-mode wavelength, , is equal to: 

    , 
(5.12) 

where L is the length of the specimen. In this study the length to diameter ratio (L/2a) of 

the tested specimens without end caps is about 2, resulting in 2a/ being equal to 0.25. 

The Poisson’s ratio of the material tested in this study is assumed to be near 0.3. With an 

assumed Poisson’s ratio of 0.3 and a value of 0.25 for 2a/, the calibration factor, kc 

found using the chart in Figure 5.4 is 0.985 (Menq, 2003). When this calibration factor is 

used the correction is about 1.5% (Menq, 2003). With the addition of end caps there is an 

increase in the first-mode wavelength of the specimen leading to a correction of less than 

1.5% (Menq, 2003). This is assumed to be within a tolerable range of error thus this 

correction factor is neglected in the presented results. In this study the calculated 

unconstrained compression wave velocity calculated from the first-mode resonant 

frequency is presented as Vc. 
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 (b) Young’s Modulus of Elasticity, Emax 

From the unconstrained compression wave velocity, Vc, Young’s Modulus of 

Elasticity, Emax can be calculated. The equation for determining Emax is: 

         
   (5.13) 

where                                
 

 
,                                , 

and                                
  

  
. 

 

(c) Material damping ratio in unconstrained compression, DCmin 

The material damping ratio in unconstrained compression is calculated using the 

shape of the first-mode resonant frequency response curve. The method for calculating 

the material damping ratio is the half-power bandwidth method. This method is 

illustrated in Figure 5.5. Note that the amplitude of each half-power point is equal to the 

peak resonant amplitude divided by the       

In this study, material damping ratio in unconstrained compression was calculated 

using the data logger discussed in Chapter 3, Section 3.3.2. The data logger evaluated the 

frequency response curve and the material damping ratio was calculated using the half-

power bandwidth method as shown in Figure 5.5.  
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Figure 5.5 Schematic of the half-power bandwidth method (after Menq, 2003) 

5.3.2 Shear wave, Vs 

The dynamic properties of interest for loading in shear are the shear wave velocity 

Vs, shear modulus Gmax, and the material damping ratio in shear Ds. A typical response 

curve is shown in Figure 5.6Error! Reference source not found..  

Generally speaking there could be an issue with flexural (bending) resonance 

interfering with the resonance curve in shear in this free-free setup. The flexural 

resonance is consistently at a lower frequency than the resonant frequency in shear. 

Therefore, as long as the operator is aware that flexural resonance is lower than torsional 

resonance, torsional resonance can be properly selected. 
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Figure 5.6 Typical resonance curve in shear: (a) rough window measurement to locate multiple resonance  

modes, (b) fine, 400 Hz window to focus on first-mode resonance curve 

(a) 

(b) 
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The presence of flexural resonance makes sense despite efforts made to reduce the 

flexural resonance as discussed in Chapter 3, Section 3.3.1. The single arm that induces 

torsional excitation also generates some flexural excitation because there is only one 

point of contact and it is at the edge of the specimen. As a result a flexural moment is also 

induced. Typically, the response due to the flexural resonance is small and does not affect 

the torsional resonant frequency if the operator is aware of this flexural resonance. The 

flexural resonance is also shown in Figure 5.6.   

(a) Velocity, Vs 

As previously stated the shear wave velocity is related to the first-mode circular 

resonant frequency of the specimen   , the length of the specimen  , and a relationship 

involving the mass polar moment of inertia of the specimen and the mass polar moment 

of inertia due to the mass attached to the specimen. The relationship involving   is shown 

below as: 

     
    

  
 (5.14) 

where the first-mode circular resonant frequency in shear,   , is simply to the resonant 

frequency measured during testing,   , as: 

                                                 
(5.15) 

Given that the length of the specimen   is known, and the resonant frequency     is 

measured, the only unknown needed in order to calculate    is the mass polar moment of 

inertia relationship,    . The relationship for the factor   for a free-free boundary 

condition is given in Equation (5.16) as:  
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  (5.16) 

where the mass polar moment of inertia ratio 1,  
 
, and the mass polar moment of inertia 

ratio 2,  
 
, are given by: 

 
 
 
  
  

 (5.17) 

 
 
 
  
  

 (5.18) 

in which case,     mass polar moment of inertia at one free end,     mass polar 

moment of inertia of the specimen, and     mass polar moment of inertia of the mass at 

the other end. The mass polar moment of inertia is calculated by: 

  
 

 
    , (5.19) 

where    radius of the end caps and specimen. 
 

The masses required to calculate    and    are the end caps, added instrumentation 

on each end cap, the portion of the membrane on each end cap and the O-ring(s). The 

masses taken into consideration for    are the mass of the specimen and the mass of the 

membrane around the specimen.  

 (b) Shear modulus, Gmax 

From the shear wave velocity, Vs, the shear modulus, Gmax can be calculated. The 

equation relating Vs and Gmax is: 

         
   

(5.20) 

where                                
 

 
,                                , 

and                                
  

  
. 
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(c) Material damping ratio in shear, DSmin 

The material damping ratio in shear is calculated using the shape of the first-mode 

resonant frequency response curve. The method for calculating the material damping 

ratio is the half-power bandwidth method as illustrated in Figure 5.5. The amplitude of 

the half-power points are equal to the peak resonant amplitude divided by the       

In this study, the material damping ratio in shear was calculated using the data 

logger discussed in Chapter 3, Section 3.3.2. The data logger evaluated the frequency 

response curve and the material damping ratio was calculated using the half-power 

bandwidth method (see Figure 5.5).  

5.4 CALCULATION OF POISSON’S RATIO 

Poisson’s ratio can be calculated with any pair of the three wave velocities; Vp, 

Vc, and Vs (Richart et. al, 1970). The relationships for these calculations of Poisson’s 

ratio are: 

   
 
  
  
 
 

 
   

(5.21) 

   
 
  
  
 
 

  

   
  
  
 
 

  

 (5.22) 

   

   
  
  
 
 

    
  
  
 
 

   

 

    
  
  
 
 

  
  
  
 
 

   

   
  
  
 
    

(5.23) 

The results and potential difficulties in calculating Poisson’s ratio using the three 

wave velocities are discussed in detail in Chapter 6 and Chapter 7.  
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5.5 SUMMARY 

In this chapter, the measured data used to determine the wave velocities and to 

calculate the wave velocities, material damping ratios and Poisson’s ratio are presented. 

This presentation is not intended to provide a deep understanding of the theory behind 

wave propagation in a cylindrical rod, but rather a general understanding of the theory of 

wave propagation in a cylindrical rod with free-free boundary conditions. If the reader 

wishes to develop a deeper understanding, wave propagation theory is explored in detail 

in Richart et al. (1970). 
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Chapter 6 

Verification Studies with Uncemented Materials 

6.1 INTRODUCTION  

The system was checked for proper performance by performing verification tests 

with: (1) a manufactured material with properties that are independent of confining 

pressure and (2) natural materials with properties that depend on confining pressure. The 

tests were performed to verify the performance of the longitudinal and torsional 

excitation systems, to compare a specimen in the “hammock” support system versus a 

soft sponge, as well as to test the vacuum confinement and pressure confinement systems. 

These checks were done to determine the performance of the instrumentation and address 

any unforeseen issues. A summary of the verification tests that were performed is given 

in Table 6.1. 

 
Table 6.1 Summary of verification tests 

Material Tested 
Number 

of tests 
Purpose 

6061 Aluminum Alloy Rod 1 Instrumentation verification 

Uncemented ASTM graded Ottawa sand 1 

Compare sponge versus 

“hammock” support systems to 

compare resonant frequencies 

and material damping 

Uncemented ASTM graded Ottawa sand 1 
Comparison to one previous 

RCTS test from another study 

Crushed Rock Aggregate Base 3 

Comparison to one previous 

manual free-free tests as well as 

an investigation into the effect of 

a change in water content. 
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6.2 INSTRUMENTATION VERIFICATION TESTS USING A MANUFACTURED SPECIMEN  

As mentioned in Chapter 2, the benefit of testing a specimen made from a “rigid” 

manufactured material (aluminum) is that the physical characteristics of the specimen and 

properties do not vary with time. Additionally, the stiffnesses of a material like aluminum 

are not affected by strain amplitude or stress history that can be generated by this free-

free system. Manufactured aluminum specimens such as 6061 aluminum alloy share the 

same advantages as other synthetic materials that have been tested (Stokoe et al. 1990) 

and formed the primary means of instrumentation verification tests for this new device. 

6.2.1 Specimen of 6061 Aluminum Alloy 

The aluminum alloy cylindrical specimen used in these verification tests has a 

diameter of 6.01 inches and a length of 11.99 inches. This cylindrical specimen has been 

used in previous studies to calibrate newly constructed devices (Menq, 2003) and is often 

used for intermittent calibration tests of accelerometers and data acquisition systems for 

projects requiring quality control testing at the University of Texas at Austin (University 

of Texas Internal Procedure; UT-Fr-Fr-1, Rev. 0 (GR09-09), Stokoe and Choi, 2009). For 

the above reasons, the 6061 aluminum specimen is well suited for use in the verification 

tests of the instrumentation and excitation system of the new device.  

The results (wave velocities, moduli, and damping ratios) of the verification tests 

are compared with the most recent previous calibration tests using the aluminum 

specimen. The most recent calibration testing was performed with the aluminum 

specimen resting on a soft sponge. It was assumed that there should be no significant 

difference in test results of the aluminum specimen resting on a sponge versus the 

“hammock” in the new device. This assumption is based on the extremely stiff nature of 

the aluminum compared with the uncemented and cemented soil to be tested.  The greater 

the difference in stiffness between a specimen and the supporting medium (sponge, 
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“hammock”, straps, etc.), the lower the effect the medium has on the dynamic properties 

of the specimen. If there is a significant difference between the results of this calibration 

test when compared to previous results, then there is clearly an issue with either the 

instrumentation or the excitation system.  

To begin the calibration, the aluminum specimen was placed in the “hammock” 

and instrumented with accelerometers in the same configuration as mentioned in Chapter 

3. The dynamic properties of aluminum do not change over the confining pressures used 

in this study (0 to 40 psi), and therefore the specimen was tested without confinement. 

The summary of the two tests is presented below in Table 6.2. 

 
Table 6.2 Summary of verification tests using a large, 6061 aluminum alloy specimen 

Test ID Test type Excitation type 

Specimen dimensions 

Diameter 

(in.) 

Length 

(in.) 

CAL-01 

University of Texas free-

free resonant column test; 

previous calibration test 

(sponge support) 

Traditional manual 

excitation 

6.01 11.99 

CFF-00 

Confined, free-free 

resonant column device: 

verification test 

(“hammock” support) 

Automatic excitation 

with solenoid and 

torsional arm 

As previously stated, it was assumed that no significant difference in the moduli 

would be seen between the “hammock” setup and the previous tests with the sponge 

setup. This assumption was confirmed by the verification tests as seen by comparing the 

results presented in Table 6.3. Additionally, the material damping ratios, DCmin and DSmin, 

agree (with insignificant differences) considering the very small values of material 
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damping (less than 0.1%). The dynamic properties are comparable between test setups 

and with published results for both the “hammock” and sponge support systems. 

Table 6.3 Results of verification tests with the large, 6061 aluminum alloy specimen 

Test ID 
Mmax 

(psf) 

Emax 

(psf) 

Gmax 

(psf) 
         

DCmin 

(%) 

DSmin 

(%) 

CAL-01                            0.33 0.33 0.33 0.011 0.032 

CFF-00                            0.33 0.33 0.33 0.061 0.059 

Published 
properties* 

-                   0.33 - - 

*
Craig, Roy R. (2000), Mechanics of Materials, 2nd ed., John Willey & Sons, Inc., New York, NY, pp. 

752.
 

It is worth noting the excellent agreement in the values of Poisson’s ratio 

determined from the velocities using the relationships presented in Chapter 5. This 

agreement is to be expected due to the homogeneous nature of the aluminum alloy. These 

results led to confidence in the longitudinal and torsional triggering system working 

properly as well as the other instrumentation. The raw records for the CFF-00 test are 

shown below for the direct travel-time, unconstrained compressional resonance, and 

shearing resonance measurements in Figures 6.1 through 6.3, respectively. 

6.3 VERIFICATION TESTS USING NATURAL SPECIMENS  

The initial system check using the aluminum specimen led to positive results 

relative to the excitation system and instrumentation. The tests did not, however, address 

the performance of the excitation system and instrumentation under confinement pressure 

with a strain-sensitive material. To test the performance under confinement, specimens 

sensitive to confining pressure and strain amplitude needed to be tested. 
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Figure 6.1  Direct travel-time measurement in the aluminum specimen using the accelerometer signals 
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Figure 6.2 Resonance curve in unconstrained compression of the aluminum specimen: high-resolution, 400  

Hz window to focus on first-mode resonance 
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Figure 6.3 Resonance curve in shear of the aluminum specimen: high-resolution, 400 Hz window to focus  

on first-mode resonance  
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The first test was performed to verify that the “hammock” support system is 

suitable. As discussed, aluminum is a very stiff material so that the comparison of the 

supporting systems using the aluminum specimen did not prove if the “hammock” 

medium led to results comparable to, or even superior to that of a sponge support system. 

To compare the two support systems, a constructed natural specimen would need to be 

tested using both systems. One of these verification tests was performed with a dense 

ASTM graded Ottawa sand specimen to compare the two support systems. This test was 

performed under a constant vacuum-confinement of 6 psi (864 psf). 

After the test comparing the two support systems was completed, one test was 

then performed to check the system under confinement. The test results are directly 

compared to results of a previous test performed with ASTM graded Ottawa sand for a 

study carried out by The University of Texas at Austin (Choi et al., 2004).  

Additionally, three tests were performed with a crushed rock aggregate base 

material discussed in Chapter 4. The three tests were performed to compare the results of 

previously tested crushed rock specimens using the manual-excitation, vacuum-confined 

free-free resonant column method.  

6.4 UNCEMENTED ASTM GRADED OTTAWA SAND 

ASTM graded Ottawa sand has been studied extensively both statically and 

dynamically in the field of Geotechnical Engineering. One dynamic study (Standard 

Graded Ottawa Sand, Combined Resonant Column and Torsional Shear Testing) was 

carried out by the University of Texas at Austin in February 2004 (Choi et al., 2004). The 

study was performed by testing dry ASTM graded Ottawa sand using a combined 

resonant column and torsional shear device (RCTS). The linear and nonlinear dynamic 

behavior of the sand in terms of shear wave velocity, VS, shear modulus, G and material 
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damping ratio in shear, DS were measured. Of interest in this verification study for the 

confined free-free resonant column device are the linear properties presented in the RCTS 

study (Choi et al., 2004). 

The study by Choi et al., 2004, of the linear behavior of Ottawa sand involves 

investigation of the effects of confining time, loading frequency, number of dynamic 

loading cycles, loading and unloading confining cycles, void ratio, and confining pressure 

on the shear wave velocity. The variable with the greatest effect on the small-strain 

(linear) shear wave velocity, Vs, was found to be confining pressure (Choi et al., 2004). 

Additionally, the small-strain material damping in shear, DSmin, was also measured in the 

investigation.  

For the purpose of this verification study, the shear wave velocity, Vs, is 

compared as well as the material damping ratio in shear, DSmin. All Ottawa sand 

specimens were 2.8-inch in diameter, with a length-to-diameter ratio of close to 2. 

Because of the homogeneity of Ottawa sand and the small diameter particles, this 

specimen size was assumed to well represent a homogeneous material.    

6.4.1 Ottawa sand comparison to evaluate the specimen support system 

First, one test was performed to investigate whether the “hammock” system was a 

suitable support system for the specimen. The main reason for this investigation is that 

the material damping ratio in unconstrained compression and in shear may be affected, 

depending on the medium supporting the specimen. It is also of concern to ensure that the 

resonances are not affected. The constrained compression wave (Vp) was not investigated 

because this system should have no effect on the measurement if the medium is less stiff 

than the specimen.  
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A summary of the test results from this study are presented in Table 6.4. This test 

was performed outside the chamber under vacuum confinement prior to testing with the 

chamber confinement. The test outside the chamber was performed under vacuum 

confinement because of the unknown behavior of a sponge under confinement as well as 

the ease in switching between the sponge and “hammock” support systems. One vacuum 

confining pressure of 6 psi (864 psf) was chosen based on the stability of the vacuum 

source at that pressure.   

For each resonance test (unconstrained compression and shear), there were five 

impacts from each source (five longitudinal and five torsional impacts) in order to reduce 

noise in the resonance curves. The average of the five impacts led to a cleaner response 

curve, allowing a better comparison of the two support systems. A cleaner response curve 

is especially important when evaluating material damping (using the half-power 

bandwidth method) because any noise in the response can lead to difficulties in selecting 

amplitudes and frequencies. To further ensure a proper comparison, the excitation 

magnitude and triggering location for each support system test were the same. The tests 

were also performed immediately after one another to ensure that any time effect was 

negligible.  

The wave velocities and material damping ratios are presented in Table 6.4. There 

is virtually no difference in the velocities measured and the material damping ratios agree 

well (insignificant differences) considering the very small values of material damping 

(less than 1%). It is assumed that a change in confining pressure would have no effect on 

the influence of the hammock support system so there was no need to change the 

pressure. This test was solely run to verify assumptions of an adequate support system as 

it relates to the “hammock”. With these results, it was assumed that the “hammock” 

system is a dependable system. 
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Table 6.4 Summary of test results (tests performed outside the chamber) using a sponge versus a  

“hammock” support system 

Material ASTM graded Ottawa sand 

Dry Unit weight, γd  101.0 pcf 

Water content, w  2.0 % 

Effective isotropic (vacuum) confining pressure, ′    6.0 psi (864 psf) 

Support 

System 

Vc 

(fps) 

Dc 

(%) 

Vs 

(fps) 

Ds 

(%) 

Sponge 971 0.56 618 0.73 

“Hammock” 971 0.49 617 0.57 

6.4.2 Summary of Replicate Tests with Ottawa Sand 

The summary of specimen characteristics of the previously tested (RCTS) 

specimen and the verification test specimen performed with ASTM graded Ottawa sand 

is presented in Table 6.5.The goal of this test was to replicate as closely as possible the 

dry density of the previously tested specimen in order to properly compare results. The 

RCTS specimen was constructed using the undercompaction method with 10 layers. 

Table 6.5 Summary of specimen characteristics of ASTM graded Ottawa sand specimen previously tested  

(Choi et al., 2004) and the verification test specimen (CFF-15) 

Test ID 
Specimen dimensions Water 

content 

(%) 

Dry unit 

weight 

(pcf) 

Void 

ratio, e
* 

Diameter (in.) Length (in.) 

Choi et al. 

(2004) 
2.76 5.50 0 100.7 0.64 

CFF-15 2.80 6.10 2.0 101.0 0.64 

*
Note: the specific gravity of solids is 2.65 

The only real difference between the two specimens is that the CFF-15 specimen 

has a water content of 2%. A water content of 2% was chosen because this test is also 
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used as a baseline in the initial study of cemented ASTM graded Ottawa sand in which all 

specimens have a water content of 2%.  

6.4.3 Results of Ottawa Sand Replicate Tests 

The study entitled “Standard Graded Ottawa Sand, Combined Resonant Column 

and Torsional Shear Testing” by Choi et al., 2004 only looked at torsional resonance and 

material damping in shear. Therefore comparisons with this study are only between shear 

wave velocities and material damping ratios in shear. However, constrained compression 

and unconstrained compression velocity measurements were also made for this specimen 

using the new confined free-free (CFF) resonant column device, which are presented later 

in Section 6.4.3(d). 

Choi et al. (2004) found that the major factor affecting the shear wave velocity 

and shear modulus was effective isotropic confining pressure, ′o. Replicate specimen, 

CFF-15, was subjected to a range in confining pressures of 720 psf (5psi) to 5760 psf (40 

psi) to match much of the confining pressure range used by Choi et al. During an increase 

in confining pressure, the resonant frequency in shear was measured and the material 

damping ratio was evaluated for comparison purposes.   

The raw and normalized first-mode shearing resonance measurements at all 

confining pressures are shown in Figures 6.4 and 6.5. Each resonance response was 

determined from an average of five impacts from the torsional source. This averaging 

was done to reduce the noise in the resonance curve in order to accurately identify 

resonant frequencies, fr, and evaluate material damping in shear, DSmin. 

 



 101 

 
Figure 6.4 Shearing resonance raw records in the first-mode at all confining pressures for the ASTM graded  

Ottawa sand specimen, CFF-15.  

 

 
Figure 6.5 Shearing resonance normalized records in the first-mode at all confining pressures for the  

ASTM graded Ottawa sand specimen, CFF-15. 
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From the resonant frequency measurements, the shear wave velocity, Vs, and 

shear modulus, Gmax, were calculated, and DSmin was evaluated using the methods 

discussed in Chapter 5. Least-squares fitting was used to quantify: (1) the increase of 

both Vs and Gmax with an increase of confining pressure and (2) the decrease in DSmin 

with an increase of confining pressure. This fitting method was performed for both the 

CFF-15 specimen and the Choi et al. specimen. Before presenting these results, it should 

be noted that the values of Vs and Gmax for Choi et al. at 170 psf (1.18 psi) were omitted 

from the least-squares fit because of apparent overconsolidation created during specimen 

construction. 

(a) Shear wave velocity, Vs 

As presented in Choi et al. (2004), the relationships to which least-squares fitting 

was done is patterned after Hardin’s (1978) model as: 

    
  

     
    

   
  
 

  

 (6.1) 

where,  

Av = shear wave velocity at ′o = 1 atm and e = 1.0, in fps,  

(Av has the same units as Vs) 

F(e) = 0.3 + 0.7 e
2
, 

e = void ratio, 

′o = effective isotropic confining pressure in the same units as Pa, 

Pa = one atmosphere (2117 psf), and 

nv = dimensionless exponent (typically in the range of 0.23 to 0.26 for sands 

with Cu between 1.0 and 3.0 (Menq, 2003)). 
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 As seen in Figure 6.6, the values at the confining pressure of 170 psf (1.18 psi) 

are greater than the trend of the shear wave velocity and shear modulus at the higher 

pressures. Most likely during construction of the specimen, the soil was subjected to a 

stress greater than the confining pressure of 170 psf leading to larger measured shear 

wave velocity. Because of apparent overconsolidation, the shear wave velocity and shear 

modulus at the pressure of 170 psf were omitted from the least-squares fitting. In 

addition, the Vs and Gmax values in the CFF tests were removed from the fitting due to 

complications with the source at a confining pressure of 5760 psf (40 psi) as discussed in 

the sub-section on the DSmin measurements. 

With the indicated shear wave velocity measurements omitted from the trend 

lines, the results are quite comparable for the 
  

     
 term, and the value of nv as presented 

in Figure 6.6.  Some factors that can possibly contribute to the small differences in the 

results are a difference in water content and simply experimental variability/accuracy. 

The minor difference of 0.3 pcf in dry density between the two specimens has no impact. 

By observing Hardin’s F(e) term, a minor decrease in void ratio leads to an increase in 

the 
  

     
 term.  

The measured value of Vs at a confining pressure, ′o, of 5760 psf (40 psi), for the 

CFF-15 test is slightly lower than the Choi et al measured Vs. As noted below, the 

difference in the test results in the CFF-15 specimen is also seen in Figure 6.8 for DSmin, 

where there is an increase in material damping at a pressure of 5760 psf (40 psi). The 

increase in damping paired with the lower velocity indicated that some effect from the 

excitation source, either due to a greater impact, or a prolonged impact, occurred during 

the 5760 psf (40 psi) measurements. This uncertainty in the impact system is a drawback 

in the initial development of this device as discussed in Chapter 8. Because of this 

discrepancy, the value of Vs for the CFF-15 specimen at the highest confining pressure 
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was omitted from the best-fit trend line to better compare results. With the potentially 

questionable results omitted from the best-fit trend lines, the values of the change in 

velocity per log cycle of ′o, as expressed by the confining pressure exponent, nv, are 

very comparable (within 1%). The value of nv = 0.262 for CFF-15 is at the high end of 

the range of 0.23 to 0.26 for sands with Cu between 1.0 and 3.0 (Menq, 2003). Likewise, 

nv = 0.265 for Choi et al. is also at the high end of the range presented by Menq (2003). 

 
Figure 6.6 Variation in Vs with ′o from the replicate specimens of ASTM graded Ottawa sand  

 

(b) Shear modulus, Gmax 

The values of Gmax shown in Figure 6.7 were also fit using the least-squares 

method. Just as the fitting for the Vs trend lines, the values of Gmax for the Choi et al. and 

CFF-15 tests were omitted at the low and high confining pressures prior to the fitting.  

 

𝑁   :    =  
  

  ( )
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As presented in Choi et al. (2004), the least-squares fitting is patterned after 

Hardin’s (1978) model as: 

      
  
    

    
   
  
 

  

 (6.2) 

where,  

AG = shear modulus at ′o = 1 atm and e = 1.0, in ksf,  

(AG has the same units as Gmax) 

F(e) = 0.3 + 0.7 e
2
, 

e = void ratio, 

′o = effective isotropic confining pressure in the same units as Pa, 

Pa = one atmosphere (2117 psf), and 

nG = dimensionless exponent (typically in the range of 0.46 to 0.53 for sands 

with Cu between 1.0 and 3.0 (Menq, 2003)). 

 The results for nG from both studies are again very comparable (within 1%) with 

the omitted values of Gmax. Just as in Hardin’s relationship for Vs, a minor decrease in 

void ratio should lead to an insignificant increase in the 
  

    
  term. Any difference is 

again best explained by experimental variability/accuracy and the unknown of the 

torsional impact and duration as indicated by the material damping ratio, DSmin at the 

largest confining pressure. The values of nG = 0.525 for CFF-15 and nG = 0.529 for Choi 

et al. are within the range of 0.46 and 0.53 as presented by Menq (2003) 
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Figure 6.7 Variation in Gmax with ′o from the replicate specimens of ASTM graded Ottawa sand 

During the comparison of any results, it must be noted that no specimen is truly 

replicated even with a standard material. In this comparison, the Choi et al. specimen was 

constructed in 10 layers using Ladd’s undercompaction method, while the CFF-15 

specimen was constructed in 5 layers using the undercompaction method. The water 

content is different but small variations in water content have little effect on Vs, and Gmax 

when the void ratios are similar (Menq, 2003). Lastly, the two testing methods are 

different; fixed-free resonant column versus free-free resonant column. These possible 

differences are outside the scope of this comparison but are likely to have some effect 

(possibly 2 or 3% which is inconsequential). For the purpose of verification of this device 

during the early development, these results compare well.  

𝑁   :     𝑥 =  
  
 ( )
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(c) Small-Strain Material Damping Ratio in Shear, DSmin 

The small-strain material damping ratio in shear, DSmin, decreases with an increase 

in confining pressure. Choi et al. (2004) presented the decrease of DSmin with an increase 

in confining pressure using a model patterned after Hardin’s (1978) model shown as: 

             
   
  
 

  

 (6.3) 

where,  

AD = small-strain material damping ratio at ′o = 1 atm in %,  

′o = effective isotropic confining pressure in the same units as Pa, 

Pa = one atmosphere (2117 psf), and 

nD = dimensionless exponent. 

Choi et al. reported values of AD and nD as shown in Figure 6.8. The values of nD = -0.45 

for Choi et al. and nD = -0.47 for CFF-15, are in very good agreement as seen in Figure 

6.8. However, these values are three to five times larger than what was found for dry 

granular materials using relationships presented by Menq (2003) (Choi et al., 2004). On 

the other hand, the values of AD from this study, AD = 0.37, and from Choi et al., AD = 

0.18, are quite low and in reasonable agreement for such small numbers considering that 

the addition of water to the soil skeleton increases material damping. 

 The values of DSmin for the CFF-15 specimen are consistently higher than Choi et 

al. which is expected due to the presence of water in the soil skeleton having an impact 

on DSmin. There is a clear trend of DSmin decreasing as confining pressure increased. The 

exception to this trend is the unexpected increase of DSmin at a pressure of 5760 psf. This 

increase in DSmin may be due to possible non-linearity effects or issues with prolonged 

duration of impact of the torsional arm, which is discussed below. The higher value of 

DSmin at a pressure of 5760 psf (40 psi) was removed from the fitting of this data. 
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Figure 6.8 Variation in small-strain material damping ratio in shear, DSmin with ′o from the replicate  

specimens of ASTM graded Ottawa sand 

The anomaly in the material damping ratio at 5760 psf is possibly the result of 

nonlinearity in the sand due to an increased impact level, or a prolonged impact. It was 

found that while varying impacts can have a small effect on shear resonance, the material 

damping ratio is more sensitive. The sensitivity of material damping versus the 

insensitivity of shear resonant frequency leads to the assumption that the issue is most 

likely due to a prolonged impact from the torsional source. At this point in the 

development of the new device, the triggering system has not removed the human 

element from the testing method as triggering adjustments may be made with the 

intention of generating a cleaner response. The adjustment may change both the duration 

and magnitude of the impact. This issue is addressed within the recommendations in 

Chapter 8. 

𝑁   :   𝑆   =        
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(d) Unconstrained and constrained compression wave velocity measurements 

The primary reason for performing the test with Ottawa sand was to evaluate the 

small-strain response in shear and compare these results to previous results which were 

obtained from fixed-free resonant column tests. However, longitudinal compression 

waves (unconstrained compression waves) were also evaluated in the initial baseline 

study using the new confined free-free resonant column device. In addition, constrained 

compression wave velocity, Vp, was also measured. The additional compression wave 

velocity measurements allow calculation of Poisson’s ratio using the relationships 

discussed in Chapter 5, Section 5.4. 

The constrained compression wave (direct travel-time measurements) and the raw 

and normalized first-mode unconstrained compressional resonance measurements at all 

confining pressures are shown in Figures 6.9 through 6.11. The direct travel-time 

measurements are captured from an average of five longitudinal source impacts, which 

reduces the noise in the response and allows a more accurate selection of the trigger and 

arrival times. Additionally, each resonance response is from an average of five impacts 

from the longitudinal source. This averaging was done to reduce the noise in the 

resonance curve to accurately select resonant frequencies, fr, and evaluate material 

damping in unconstrained compression, DCmin. 

 



 110 

 
Figure 6.9 Constrained compression loading (direct travel-time records) at all confining pressures for the  

ASTM graded Ottawa sand specimen, CFF-15 
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Figure 6.10 Unconstrained compressional resonance raw records in the first-mode at all confining pressures  

for the ASTM graded Ottawa sand specimen, CFF-15.  

 

 
Figure 6.11 Unconstrained compressional resonance normalized records in the first-mode at all confining  

pressures for the ASTM graded Ottawa sand specimen, CFF-15.  
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From the travel-time measurements, constrained compression wave velocity, Vp 

was calculated using the method discussed in Chapter 5. From the measured resonant 

frequencies, the unconstrained compression wave velocity, Vc, and Young’s modulus, 

Emax, were calculated, and DCmin was evaluated using the methods discussed in Chapter 5. 

The wave velocity results are shown in Figure 6.12, and the resulting constrained 

modulus, Mmax, and Young’s modulus of elasticity, Emax, are compared with shear 

modulus, Gmax in Figure 6.13. The three measured wave velocities, moduli and material 

damping ratios are given in Table 6.6. 

Table 6.6 Summary of wave velocities (Vp, Vc ,Vs), moduli (Mmax, Emax, Gmax) and material damping  

ratios (DCmin and DSmin) for the present study, CFF-15, ASTM graded Ottawa sand specimen 

Confining 

pressure 

(psf) 

   

(fps) 

   

(fps) 

    

(fps) 

     

(ksf) 

     

(ksf) 

     

(ksf) 

DCmin 

(%) 

DSmin 

(%) 

720 1139 971 617 4149 3018 1218 0.49 0.69 

1440 1374 1199 760 6038 4597 1848 0.45 0.43 

2880 1560 1412 888 7786 6380 2520 0.45 0.36 

5760 1831 1650 1034 10,731 8708 3423 0.52 0.46 

A least-squares fit was again used to evaluate the change in constrained 

compression and unconstrained compression wave velocities with ′o as well as the 

variation of constrained compression and Young’s moduli with ′o. The nM, nE, and nG 

values shown in Figure 6.13 are also given in Table 6.7 and are compared with the results 

from Menq (2003).  
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Figure 6.12 Measurements of the variations of constrained compression, unconstrained compression and  

shear wave velocities with ′o for ASTM graded Ottawa sand  

 

Figure 6.13 Measurements of the variations of constrained, Young’s and shear moduli with ′o for ASTM  

graded Ottawa sand 
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Table 6.7  Least-squares change in velocity and moduli with confining pressure, n exponents for present  

study, CFF-15 and  Choi et al. (2004) compared to Menq (2003) for dry sands with Cu between  

1.0 and 3.0  

Wave 

Velocity / 

Modulus 

CFF-15 

Velocity 

Exponent, 

n 

Choi et al. 

(2004) 

Velocity 

Exponent, 

n 

Menq 

(2003) 

Velocity 

Exponent, 

n 

CFF-15 

Moduli 

Exponent, 

n 

Choi et al. 

(2004) 

Moduli 

Exponent, 

n 

Menq 

(2003) 

Moduli 

Exponent, 

n 

Vp  / Mmax 0.224 - - 0.448 - 0.39 to 0.44 

Vc  / Emax 0.253 - - 0.506 - 0.48 to 0.53 

Vs  / Gmax 0.262 0.264 0.23 to 0.26 0.525 0.529 0.46 to 0.53 

 For a dry sand with a Cu between 1.0 and 3.0, Menq (2003) reported values of nM 

ranging from 0.39 to 0.44 and values of nE ranging from 0.48 to 0.53. Even though the 

CFF-15 specimen has a water content of 2%, it has been found that water content has 

essentially no effect on the slope of the log moduli – log ′o relationships for this type of 

sand (Menq, 2003). The value of nM= 0.448 for the CFF-15 specimen is barely above the 

range presented by Menq (2003) and nE = 0.506 is within the range of values presented 

by Menq (2003). Therefore, there is good agreement when comparing the relationships of 

similarly tested material by Menq (2003). This agreement leads to confidence that the 

new device is performing well when measuring the three wave velocities; Vp, Vc, and Vs. 

It is felt, of course, that the values of nM, nE and nG should all be equal under ′o 

conditions (as noted above) and that the differences are likely attributed to limitations in 

the experimental measurements, specimen construction/characteristics and manual 

operations. 

(e) Poisson’s ratio 

As discussed in Chapter 5, Poisson’s ratio can be calculated with any pair of the 

three wave velocities (or three moduli). It is expected that with a homogeneous material 
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(which the ASTM graded Ottawa sand is not, likely due to some structural anisotropy) 

and highly accurate measurements, that the relationship would yield equal values for nv 

and only one value for . As seen in Figure 6.14, the average calculated Poisson’s ratio 

from the three methods is about 0.27, with less scatter at the larger confining pressures. 

The relatively small scatter in the values for all three relationships indicates that the 

slopes of the change in wave velocities with ′o are quite similar, as seen in Figure 6.12 

and Table 6.7 .  

 
Figure 6.14 Variations of the calculated Poisson’s ratios, EG, ME, MG, with ′o for ASTM graded Ottawa  

sand 

(f) Small-strain material damping ratio in unconstrained compression, DCmin 

From the unconstrained compression resonance curves, the material damping ratio 

in unconstrained compression, DCmin, was evaluated. As expected, material damping ratio 

in unconstrained compression decreases with an increase in confining pressure as seen in 

Figure 6.15. However, this trend is less than expected. Again, an anomaly exists at a 

confining pressure of 5760 psf, where DCmin increases. This increase could be due to the 



 116 

same issue as discussed within the results of DSmin, where a prolonged impact from the 

excitation source can adversely affect DCmin by dwelling too long, impeding the free 

vibrations and simultaneously lowering fr and absorbing energy (increasing Dmin). 

Despite the unexpected material damping ratio results due to potential issues with the 

excitation system, the resonance seems to be only slightly affected. The small amount of 

scatter in the calculated values of Poisson’s ratio supports the assumption that the 

resonance measurements are not as sensitive as material damping ratio measurements. 

Also included with the DCmin vs. ′o results in Figure 6.15 are the DSmin vs. ′o 

results. The data are plotted together for comparison purposes. It is interesting to see that 

basically DCmin and DSmin exhibit the same trend with, on average, the same values. The 

best-fit equation to the results (excluding the measurements at 5760 psf) is: 

                     
   
  
 

      

 (6.4) 

 
Figure 6.15 Measurements of the variations of small-strain material damping ratio in unconstrained  

compression, DCmin and in shear, DSmin, with ′o for ASTM graded Ottawa sand 
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6.5 CRUSHED ROCK AGGREGATE BASE MATERIAL 

In June 2009, crushed rock aggregate base material was dynamically tested in the 

Soil and Rock Dynamics Laboratory at UT as part of an assignment to investigate this 

material. Dynamic testing that was performed on this material included fixed-free 

resonant column and torsional shear (RCTS) tests and vacuum-confined, free-free 

resonant column tests. The free-free resonant column tests were performed to find the 

small-strain moduli (Mmax, Emax and Gmax) as well as the material damping ratios in 

unconstrained compression, DCmin, and in shear, DSmin. Additionally, Poisson’s ratio was 

calculated using the methods outlined in Chapter 5. 

The fact that this material had been tested in a NQA-1 study as well as the fact 

that some of this material was still in the possession of the Soil and Rock Dynamics 

Laboratory at UT at the time of the development of this confined, free-free device led to 

the opportunity to replicate specimen conditions and compare results.  

6.5.1 Testing summary of replicate test 

The summary of one previous (manually excited, vacuum-confined) tested 

specimen (MFF-02) and the verification test performed (CFF-01) with the crushed rock 

aggregate base is presented in Table 6.8.  

Table 6.8 Summary of specimen characteristics of crushed rock aggregate base specimen previously  

tested (MFF-02) and verification test specimen (CFF-01) 

Test ID Material 

Specimen dimensions Water 

content 

(%) 

Dry Unit 

weight 

(pcf) 

Void ratio, e
*
 

Diameter 

(in.) 

Length 

(in.) 

MFF-02 
Crushed 

Rock 
6.0 12.0 4.8 135.7 0.25 

CFF-01 
Crushed 

Rock 
6.0 12.0 4.6 136.4 0.24 

*
Note: the specific gravity of solids is 2.72 
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The goal of the construction of the CFF-01 specimen was to replicate as closely as 

possible the water content and dry density of the previously tested sample (MFF-02) in 

order to compare results. 

 6.5.2 Results of replicate test 

For each specimen, constrained compression, unconstrained compression and 

shear wave velocity measurements were performed. Additionally, the moduli 

corresponding to the three velocities, Mmax, Emax and Gmax, were calculated as well as the 

small-strain material damping ratio in unconstrained compression, DCmin, and in shear, 

DSmin. 

 Least-squares fitting was used to quantify: (1) the increase of both Vs and Gmax 

with an increase of confining pressure and (2) the decrease in DSmin and DCmin with an 

increase of confining pressure. This fitting method was performed in the same manner as 

the ASTM graded Ottawa sand evaluation. 

(a) Wave velocities and moduli 

As seen in Figures 6.16 and 6.17, the measured constrained compression wave 

velocities, Vp, the shear wave velocities, Vs, and the corresponding moduli for CFF-01 

and MFF-02, are essentially equal. However, the unconstrained compression wave 

velocity, Vc, and Young’s modulus of elasticity, Emax, for the two specimens differ by 

about 5 and 10% respectively (still a good comparison). A possible reason for this 

difference is due to the difference in the longitudinal excitation systems used in testing 

the two specimens.  
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Figure 6.16 Measurements of the variations in Vp, Vc, and Vs with o from the replicate specimens of crushed  

rock 

 

 
Figure 6.17 Variation in Mmax, Emax, and Gmax with o from the replicate specimens of crushed rock  

Test          
ID 

  
 ( )

 nM 
  
 ( )

 nE 
  
 ( )

 nG 

CFF-01 24,663 0.441 10,631 0.557 4722 0.538 

MFF-02 25,776 0.458 11,799 0.524 4820 0.545 

Test          
ID 

   

  ( )
 nVP 

  𝐶

  ( )
 nVC 

  𝑆

  ( )
 nVS 

CFF-01 2359 0.221 1550 0.279 1032 0.269 

MFF-02 2417 0.229 1635 0.262 1045 0.272 

𝑁   :    =  
  𝑆

  ( )
    

   
  
 

  𝑆

 

 

𝑁   :     𝑥 =  
  
 ( )
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At the time of the CFF-01 test, the effect of the longitudinal impacting system 

was not as carefully controlled as it was in future testing. At this time, the solenoid that 

induced longitudinal stress waves was adjusted to impact the end cap at its maximum 

stroke to reduce the duration of impact. However this may have caused too large an 

impact or may have not been successful and the impact may have dwelled longer than 

intended. In any case, the difference is not seen in the constrained compression wave 

velocity, Vp, measurements and constrained modulus, Mmax due to the insensitivity of the 

Vp measurements for this material. The constrained compression wave follows the 

“fastest” path through the sample. In the case of this crushed rock material, that path will 

include more of the larger particles and less of the sand and fines in the matrix. The larger 

particles, and fastest path, are less sensitive to the characteristics of the source impact and 

therefore this difference is not apparent in the evaluation of the constrained compression 

wave. However, an unconstrained compression wave better represents the matrix as a 

whole and is based on the resonance which is more sensitive to the source characteristics. 

This difference in the shear measurements is not seen because of the independent control 

of the torsional arm. At this time in the development of the device and testing, the effect 

of excitation magnitude in shear was better understood and thus better controlled. 

Another possibility in the difference of these measurements could be due to the 

distribution of particles during specimen construction. To perfectly replicate a specimen 

with this material is near impossible and highly impractical.  

(b) Poisson’s ratio 

Poisson’s ratio was calculated using the three relationships of the wave velocities 

as discussed in Chapter 5. The relationships are shown in Figures 6.18 through 6.20. 

While looking at the MFF-02 and CFF-01 results for EG (Figure 6.18), the difference in 
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unconstrained compression wave velocity is seen again. While the shear wave velocities 

are relatively equal, the lower values of unconstrained compression wave velocity for the 

CFF-01 specimen lead to a lower Poisson’s ratio. 

The two Poisson’s ratio relationships that include Vp (MG, and ME) are more 

consistent for the two specimens throughout an increase in confining pressure, and are 

consistently higher than the relationship EG. This difference is again due to the 

constrained compression wave velocity in this material being more influenced by the 

larger particles and, hence, not representing the matrix as well. Of course, these results 

simply show that this material cannot be reasonably approximated by a homogeneous, 

isotropic material, with only one value of Poisson’s ratio. 

 
Figure 6.18 Variation of the calculated Poisson’s ratio, EG with o from the replicate specimens of crushed  

rock 
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Figure 6.19 Variation of the calculated Poisson’s ratio, MG with o from the replicate specimens of crushed  

rock 

 

 
Figure 6.20 Variation of the calculated Poisson’s ratio, ME with o from the replicate specimens of crushed  

rock  
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(c) Small-Strain Material Damping Ratios, DCmin and DSmin 

Small-strain material damping ratios in unconstrained compression, DCmin, and in 

shear, DSmin, were also evaluated for the two specimens. These results are shown in 

Figures 6.21 and 6.22. As expected, for both DCmin and DSmin, the general trend is a 

decrease in material damping with an increase of confining pressure. However, it is 

important to note the large values of DCmin and DSmin, with values of 3.6% or greater at          

o = 1 atm. Also, when looking at the CFF-01 results, the material damping ratio in 

unconstrained compression, DCmin, is consistently higher than the MFF-02 specimen, 

even though the values of DSmin are very comparable. Again, this difference likely 

illustrates the issue with the longitudinal excitation system, where a prolonged impact 

results in elevated material damping measurements. This issue is addressed in the 

recommendations in Chapter 8. 

 
Figure 6.21 Variation in small-strain material damping ratio in unconstrained compression, DCmin, with o  

from the replicate specimens of crushed rock  
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Figure 6.22 Variation in small-strain material damping ratio in shear, DSmin, with o from the replicate  

specimens of crushed rock 

6.5.3 Testing summary of investigation with different water contents 

After completion of the replicate test, CFF-01, two more specimens were 

constructed and tested in the new device. These two specimens were constructed at the 

same dry densities but at lower and higher water contents than 4.6 % (Table 6.9).  

Table 6.9 Summary of the crushed rock aggregate base tests at varying water contents 

Test ID Material 

Specimen dimensions Water 

content 

(%) 

Dry 

Density 

(pcf) 

Void ratio, 

e
*
 Diameter 

(in.) 

Length 

(in.) 

CFF-03 
Crushed 

Rock 
6.0 12.0 2.0 136.4 0.243 

CFF-01 
Crushed 

Rock 
6.0 12.0 4.6 136.4 0.243 

CFF-06 
Crushed 

Rock 
6.0 12.0 6.0 136.4 0.243 

*
Note: the specific gravity of solids is 2.72 

𝑁   :   𝑆   =        
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This study was performed to observe the effect of water content on the velocities, moduli, 

and material damping ratios. 

6.5.2 Effects of varying the water contents  

(a) Wave velocities and moduli 

The three wave velocities (Vp, Vc, and Vs) were all measured with incremental 

increases in confining pressure as seen in Figure 6.23. In general, the relative results are 

consistent with what would be expected; that is, an increase in water content leads to a 

decrease in velocity and moduli. However, the effect decreases as o increases, most 

likely due to the impact of capillary stresses becoming a smaller portion of the 

confinement state as o increases. This effect is noticeable in this crushed rock material 

and not in a clean sand because of the presence of fines in the material. An increase in 

water content decreases the stiffness of the fines by decreasing the stress state. Again, this 

effect can be seen more clearly in the evaluation of the unconstrained compression wave 

(Vc and Emax) and shear wave (Vs and Gmax)  as they better represent the matrix as a whole 

in contrast to the constrained compression wave. 

From the velocities, the corresponding moduli were calculated and the moduli-

results are shown in Figure 6.24. From these results the difference between the 

specimens can be more easily recognized. For these results the method of least-squares 

fitting was implemented to compare results. From this limited data set, the slope of the 

velocities and moduli (nVP, nVC, nVS, nM, nE and nG) increase with an increase in water 

content as seen in the tables within Figures 6.23 and 6.24. This trend is most easily 

recognized by the larger differences of moduli at low confining pressures and the 

convergence at higher confining pressures. 
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Figure 6.23 Measurements of the variations of constrained compression, unconstrained compression and  

shear wave velocities with o for crushed rock specimens with different water contents 

 

 
Figure 6.24 Variations of small-strain constrained modulus, Mmax, Young’s modulus, Emax, and shear  

modulus, Gmax, with o for crushed rock specimens with different water contents  

Test          
ID 

   

  ( )
 nVP 

  𝐶

  ( )
 nVC 

  𝑆

  ( )
 nVS 

CFF-03 2340 0.211 1697 0.258 1163 0.233 

CFF-01 2359 0.221 1550 0.279 1032 0.269 

CFF-06 2258 0.283 1429 0.325 959 0.309 

Test          
ID 

  
 ( )

 nM 
  
 ( )

 nE 
  
 ( )

 nG 

CFF-03 23,656 0.422 12,452 0.516 5842 0.466 

CFF-01 24,663 0.441 10,631 0.557 4722 0.538 

CFF-06 22,868 0.565 9159 0.649 4133 0.618 

𝑁   :    =  
  𝑆

  ( )
    

   
  
 

  𝑆

 

 

𝑁   :     𝑥 =  
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(b) Poisson’s ratio 

Poisson’s ratio was also calculated for the three specimens using the relationships 

of the three wave velocities. The resulting  vs. o relationships are seen in Figures 6.25 

through 6.27. Once again the relationship using Vc and Vs (EG) is consistently lower than 

the relationships that include Vp (MG, and ME). Also, while looking at the values of EG 

for specimen CFF-03 (w = 2%), the Poisson’s ratio values seem to be unreasonably low 

(and are unexpectedly low) at the lower confining pressures. These low values of EG are 

due to the relatively high values of Vs at the lower confining pressures (Figure 6.23). 

Looking at the relationship of MG for the same specimen, CFF-03, the values are 

consistently lower than the other two specimens, which again results from the relatively 

high values of Vs for this specimen. 

When evaluating the values of ME for specimen CFF-06 (w = 6%), the results are 

consistently lower than the other two specimens indicating both the smaller sensitivity of 

Vp to water content and the sensitivity to water content in the measurements of 

unconstrained compression wave velocity, Vc. 
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Figure 6.25 Variations of the calculated Poisson’s ratio, EG, with o for crushed rock specimens with  

different water contents  

 
Figure 6.26 Variations of the calculated Poisson’s ratio, MG, with o for crushed rock specimens with  

different water contents 
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Figure 6.27 Variations of the calculated Poisson’s ratio, ME, with o for crushed rock specimens with  

different water contents 

(c) Small-Strain Material Damping Ratios 

The general trend for all three specimens is that the material damping ratios, DCmin 

and DSmin, decrease with increasing confining pressure, as expected. The issues with the 

evaluation of material damping for specimen CFF-01 were discussed within the replicate 

study results. Therefore, the material damping ratios of specimens CFF-03 and CFF-06 

are the focus of this study. With an increase in water content it is expected that small-

strain material damping will increase. This behavior is seen in Figures 6.28 and 6.29 

when comparing specimens CFF-03 and CFF-06. Additionally, for these two specimens, 

the material damping is more comparable to the results of the MFF-02 specimen, possibly 

indicating an absence of negative triggering issues. The relationship between material 

damping and water content is not straightforward and deserves more investigations with 

this material if a better understanding is required. 
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Figure 6.28 Measurements of the variations of small-strain material damping ratio in unconstrained  

compression, DCmin, with o for crushed rock specimens with different water contents 

 

 
Figure 6.29 Measurements of the variations of small-strain material damping ratio in shear, DSmin, with o  

for crushed rock specimens with different water contents 
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6.6 SUMMARY 

In this chapter, verification studies and results from these studies were presented. 

The first material tested was a manufactured aluminum specimen that has been tested in 

numerous past projects at UT that have required quality control tests with a material of 

known dynamic properties. With the new confined, free-free resonant column device, this 

material was tested outside the chamber and the results agree well with results from past 

manual free-free tests performed on this specimen. This test was performed to verify the 

performance of the excitation system as well as the instrumentation. After the positive 

results of this test, the next step was to test natural materials with dynamic properties that 

vary with confining pressure.  

The first test of a natural material was a test of ASTM Graded Ottawa sand. The 

material was prepared with a water content of 2% and the specimen was constructed to 

replicate the dry density of a dry Ottawa sand specimen previously tested by Choi et al. 

(2004). Prior to testing this material under chamber confinement to compare the results of 

Choi et al. (2004), this specimen was tested outside the chamber under vacuum-

confinement to compare the hammock support system to a sponge support system. For 

this comparison, the specimen was tested under one vacuum-confinement pressure of 6 

psi (864 psf). The specimen was tested in the hammock system and then immediately on 

a soft sponge that replaced the hammock. Both tests were performed using the automatic 

longitudinal and torsional sources. The primary reason for this test was to compare the 

material damping ratios in order to verify the assumption that a test performed with the 

hammock system was comparable to a test with a soft sponge as the supporting medium. 

The results were positive, with the resonant frequencies nearly identical, and the material 

damping ratios in good agreement (insignificant differences, less than an absolute value 

of 0.2% apart).  
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Choi et al. (2004) tested a dry Ottawa sand specimen with an RCTS device to 

measure the linear and nonlinear shearing properties of this material throughout a range 

of confining pressures (1.2 to 40 psi). The replicate specimen in this study (CFF-15) was 

tested throughout a similar range of pressures (5 to 40 psi) in the confining chamber and 

the small-strain (linear) properties were measured. The shearing properties (Vs, Gmax, 

DSmin) of the replicate specimen were compared with the Choi et al. (2004) small-strain 

results. The two tests were very comparable with respect to shear wave velocity, Vs, and 

small-strain shear modulus, Gmax. The small-strain material damping ratio in shear, DSmin, 

evaluated in the replicate test (CFF-15), was consistently higher (likely due to the 

presence of water) than the Choi et al. (2004) results. However, the material damping 

decreased at a similar rate as confining pressure increased for confining pressures up to 

about 20 psi (2880 psf). At the highest confining pressure of 40 psi (5760 psf), the 

material damping of the replicate specimen (CFF-15) unexpectedly increased. This 

anomaly is most likely due to issues with the torsional source, where a prolonged 

duration of impact can lead to apparent increases in material damping. This issue is 

discussed in Section 6.4.3 (c), and is also addressed in Chapter 8. Following this replicate 

test, the results led to a confidence in the resonance measurements of this system, and 

also led to an awareness of the need for careful control of the torsional impact duration. 

The next natural material that was tested was a crushed rock aggregate base. This 

material was tested in the past using the manual method of free-free resonant column 

testing. One specimen (CFF-01) was tested to compare the results of a previous test 

performed (MFF-02) using the manual, vacuum-confined, free-free resonant column 

method. Overall, the results were very positive, with the exception of the unconstrained 

compression wave velocity, Vc, and the material damping in unconstrained compression, 

DCmin. The difference in the material damping is likely due to a prolonged longitudinal 
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impact duration. The small difference in Vc is also likely due to the prolonged 

longitudinal impact. However, because of the inability to exactly replicate specimen 

conditions with the crushed rock material, the difference may also be due to a difference 

in the matrix of the two specimens. 

After the replicate crushed rock test, two more crushed rock specimens were 

tested. The two specimens had water contents smaller and larger than the replicate 

specimen discussed above. These tests were performed to investigate the effect of water 

content on the dynamic properties of this crushed rock material. The biggest effect is seen 

in the wave velocities and moduli. For this material, increased water content leads to 

lower velocities and moduli at the smaller confining pressures. However, with an increase 

in confining pressure the wave velocities and moduli slowly converge, indicating that 

specimens (of this material) with higher water contents are more affected by confining 

pressure than lower water content specimens. This difference is likely attributed to the 

larger effect of capillary stresses at lower confining pressures. 

Both positive and negative results of verification are equally important when 

developing any new device. It is important that such results are discovered so that devices 

are not used without informed judgment. With the knowledge of the effects of elevated 

and prolonged impact levels, care was taken to avoid such undesirable effects in the 

initial studies. These studies also generated ideas for future improvements that are 

discussed in Chapter 8. 
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Chapter 7 

Initial Studies with Artificially Cemented Sand 

7.1 INTRODUCTION 

It was clear after the verification tests that the system was performing well under 

confinement for the direct travel-time measurements and, with care operating the source 

triggering system, the resonance measurements were also being properly performed. 

After the verification studies, it was decided that the material to be investigated was 

moderately cemented ASTM graded Ottawa sand. The change in dynamic properties with 

changes in cement content is the target parameter. Additionally, the rate at which the 

velocities increase with curing time is investigated in order to find the curing time after 

which most of the stiffening effect from the cementation had occurred. 

However, before the cemented Ottawa sand was tested, one test was performed 

with moderately cemented washed mortar sand. This test was performed to determine if 

the properties were consistent with what would be expected of a moderately cemented 

sand under an increase in confining pressure. A summary of the tests performed as part of 

the initial study of artificially cemented sands is presented in Table 7.1. 

Table 7.1 Summary of initial study on artificially cemented sands 

Material Tested 
Number 

of tests 
Purpose 

Artificially (moderately) 

cemented washed 

mortar sand (c = 3%) 

1 

Observe the change in dynamic properties with 

an increase of confining pressure. Specimen was 

tested four days after material preparation 

(introduction of water to the cement-sand 

mixture). 

Artificially cemented 

ASTM graded Ottawa 

sand 

4 

Investigate the change in velocity with cement 

contents (c) of 2, 1, 0.5 and 0 %, while applying 

a constant vacuum-confinement of 5 psi (720 

psf). However, one specimen (c = 2%) was also 

tested at several confining pressures 
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7.2 ARTIFICIALLY CEMENTED WASHED MORTAR SAND 

Washed mortar sand was chosen as an initial artificially cemented specimen based 

on the availability of the sand, which is supplied locally and is consistently available in 

the UT Civil Engineering laboratories.  The specimen was artificially cemented to a 

cement content of 3% by dry weight to determine the general behavior of moderately 

cemented sand with increasing confining pressure. The specimen properties are 

summarized below.  

 7.2.1 Testing summary and results of artificially cemented washed mortar sand 

The summary of the specimen characteristics of the artificially cemented washed 

mortar sand is presented in Table 7.2. The specimen was a large specimen (6 in. in 

diameter) and had a cement content (c) of 3 % by dry weight. 

Table 7.2 Summary of specimen characteristics of the artificially cemented washed mortar sand 

Test 

ID 
Material 

Specimen 

dimensions Cement 

content 

(%) 

Initial 

Water 

content   

(%) 

Dry 

Density 

(pcf) Diameter 

(in.) 

Length   

(in.) 

CFF-10 washed mortar sand 6.0 12.3 3.0 2.0 108.3 

The confining pressures used in this test ranged from 2.5 to 50 psi. Dynamic 

testing was performed four days after material preparation (introduction of water to the 

soil-cement mixture). The effect of confining pressure on the three wave velocities, Vp, 

Vc and Vs, is shown in Figure 7.1. As seen in Figure 7.1, the effect of confining pressure 

on wave velocities is decreased when compared with an uncemented sand. This decrease 

is seen by comparing the small change in velocity per log cycle change in with that 

predicted for uncemented sand (shown by the reference line of nv = 0.25). This effect is 

due to the strength of the bond cementing the sand particles together. The larger the 



 136 

cement content of the specimen, the stronger the bond between the sand particles. The 

stronger the inter-particle bond, the smaller the effect of confining pressure on the (sand) 

particles because the structure of the cement will resist the confining pressure.  

 
Figure 7.1 Variations of Vp, Vc and Vs with o for the moderately cemented washed mortar sand 

The results of this test are compared to the results presented by Laird (1994) for 

similar washed mortar sand in Figure 7.2. Laird (1994) tested dry washed mortar sand 

using a combined RCTS device to examine the dynamic properties of this uncemented 

sand at high confining pressures. The primary difference between the material properties 

of the two sands is the uniformity coefficient, Cu. The washed mortar sand that Laird 

tested had Cu = 1.71 while the sand tested in this study had Cu = 2.67. However, this 

difference is not significant for the purpose of this comparison. As seen in Figure 7.2, the 

shear wave velocity, Vs, of the cemented sand is less sensitive to confining pressure when 

comparing the change in velocity per log cycle change in  expressed by nv. In addition, 

the cemented sand has a consistently larger shear wave velocity throughout the confining 

𝑁   :    =  
  

  ( )
    

   
  
 

  

 

 



 137 

pressure range. For comparison, the shear wave velocity of the cemented sand is more 

than 2.5 times that of the uncemented sand at a confining pressure of 1 atm (2116 psf).  

 
Figure 7.2 Comparison of the log Vs – log o relationships of a moderately cemented washed mortar sand  

and an uncemented washed mortar sand tested by Laird (1994) 

A comparison in terms of the shear modulus, Gmax, of the uncemented and 

moderately cemented sand specimens is shown in Figure 7.3. The effect of confining 

pressure on shear modulus, Gmax, is clearly greater for the uncemented washed mortar 

specimen. These differences in the effect of confining pressure is seen by comparing the 

change in shear modulus per log cycle change in with that predicted for uncemented 

soil (slope of nG = 0.50).  Additionally, for the cemented specimen, Gmax at 1 atm (2116 

psf) is more than 8.5 times larger than the uncemented specimen. The increase in Gmax 

and the decrease in sensitivity of the cemented specimen to  is due to the inter-particle 

bond, where the cement increases the stiffness of the soil skeleton and decreases the 

effect of  
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Figure 7.3 Comparison of the log Gmax – log o relationships of a moderately cemented washed mortar sand  

and an uncemented washed mortar sand tested by Laird (1994) 

A comparison in terms of the material damping ratio in shear, DSmin, of the 

uncemented and moderately cemented sand specimens is shown in Figure 7.4. Similar to 

the shear wave velocity and shear modulus comparisons, the confining pressure has less 

effect on material damping in shear for the cemented sand. This difference is due to the 

cementation, where the strength of the cement resists the confining pressure. Therefore, 

there is minimal change in the inter-particle stresses. Another important result is that the 

material damping is larger for the cemented sand.  This increase in DSmin is thought to be 

due to increased losses in the cement bond (possibly due to cracks and other 

imperfections in the cement paste) and nonlinearities at the particle-cement boundary. 
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Figure 7.4 Comparison of small-strain material damping ratio in shear, DSmin, of a moderately cemented  

washed mortar sand and an uncemented washed mortar sand tested by Laird (1994) 

7.3 ARTIFICIALLY CEMENTED ASTM GRADED OTTAWA SAND 

The uncemented, ASTM graded Ottawa sand specimen (CFF-15) discussed in 

Chapter 6 provides a baseline for the behavior of this sand with no cementation. In this 

initial study, the primary goal is to observe the change in small-strain wave velocities 

(Vp, Vc and Vs) with a change in artificial cementation (Type II Portland cement). The 

comparison between the uncemented and cemented specimens should be made after the 

cement has significantly reacted so that the wave velocities are no longer significantly 

increasing with additional time. At this point the specimens should be tested a different 

confinements to observe the effect of confining pressure on the cemented sand. 

In this study, the first step in testing specimens with different cement contents  

was to measure wave velocities as soon as possible after material preparation 

(introduction of water to the cement-soil mixture) in order to capture the initial wave 
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velocities. The measurements were all performed at 5 psi. After the initial 

measurements, the wave velocities were then measured over multiple days (at 5 psi) 

to observe the change in velocity versus time. While measuring the velocities, the results 

are plotted versus time to observe when the velocities began to level off (significant 

reaction in the cement had taken place). The velocities at this time are then assumed to 

represent each specimen with a different cement content under a confining pressure of 5 

psi (720 psf). 

In the following sections, a testing summary is presented and the results of the 

tests are compared to the baseline uncemented specimen presented in Chapter 6. The 

material properties of the ASTM graded Ottawa sand are discussed in Chapter 4. The 

only change for this initial study is the addition of Type II Portland cement. 

7.3.1 Testing summary of artificially cemented ASTM graded Ottawa sand 

A summary of the artificially cemented Ottawa sand specimens is presented in 

Table 7.3. In this group of tests, the goal was to maintain a constant dry density and vary 

the cement content in small increments to study the effect of cementation. In the 

following section, a detailed description of each test is presented. 

Table 7.3 Summary of artificially cemented ASTM graded Ottawa sand specimens tested in this study 

Test ID 

Specimen 

dimensions Cement 

content 

(%) 

Initial  

Water 

Content 

(%) 

Dry Density 

(pcf) 
Diameter 

(in.) 

Length   

(in.) 

CFF-11 2.8 6.1 2.0 2.0 101.0 

CFF-13 2.8 6.1 1.0 2.0 101.0 

CFF-14 2.8 6.1 0.5 2.0 101.0 

CFF-15 2.8 6.1 0 2.0 101.0 
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7.3.2 Wave velocities of cemented specimens and an uncemented specimen versus 

 time 

The initial step in the study was to find the time at which the wave velocities were 

no longer significantly increasing with time. This time was determined by plotting the 

wave velocities versus time. However, before a presentation of the results, the testing 

process of the three cemented and one uncemented specimens are presented below. 

1. Specimen CFF-11:   c = 2% 

This specimen was vacuum-confined at a constant pressure of 5 psi for about 

seven days while studying the effect of time on the wave velocities. After the 

measurements at 7 days were completed, it was clear that the rate of increase in wave 

velocities with time had slowed significantly. At this time, the specimen was then placed 

in the confining chamber in order to evaluate the effect of confining pressure on the wave 

velocities. After testing the specimen with a range of confining pressures, the chamber 

pressure was decreased zero and a vacuum pressure of 5 psi was again applied to the 

specimen while the wave velocities were measured again at 17 and 20 days. These 

additional measurements were performed to assess the degree of change in velocities 

after seven days. 

2. Specimen CFF-13:   c = 1.0% 

The next specimen, CFF- 13, was tested with a constant vacuum-confinement of 5 

psi. This specimen was tested for about 4.5 days and then removed from the system in 

order to test the specimen with a cement content of 0.5% (CFF-14). The intention was to 

return specimen CFF-13 into the system to perform further measurements. However 

during handling of the 1% cemented specimen, it was clear that the specimen became 

disturbed (cementation broken) and was no longer comparable to an undisturbed 

specimen. For that reason, no further measurements were performed after 4.5 days.  
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3. Specimen CFF-14:   c = 0.5% 

Specimen CFF-14 was tested in order to have a lower-bound cementation level. 

The specimen was tested frequently for about 5 days and then removed from the system 

in order for the uncemented specimen (CFF-15) to be tested. After testing the 

uncemented specimen, CFF-14 was again placed in the system under a vacuum-

confinement of 5 psi and tested for a final measurement at about 21 days. The only 

confining pressure that this specimen was subjected to was 5 psi. This specimen was 

again removed from the system and upon handling it was clear that the soil near the end 

caps had softened in comparison to the center portion of the specimen and was no longer 

an undisturbed specimen. Procedural modifications that can decrease the chance of 

specimen disturbance are discussed in Chapter 8. 

4. Specimen CFF-15:   c = 0% 

Specimen CFF-15 was the final specimen tested in order to have a baseline of 

uncemented behavior for this sand. This specimen is the same specimen that was 

discussed in Chapter 6. Before investigating the effect of confining pressure on this 

specimen, the specimen was held at a constant vacuum-confinement of 5 psi for 12 hours 

to observe any potential time effects. Intermittent measurements made over the 12 hours 

indicated no significant increase in wave velocities. However, in this chapter, the wave 

velocities at a constant vacuum-confinement of 5 psi are the values that were measured at 

about 12 hours of confinement. 
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 7.3.2.1 General results of the change in wave velocities with time 

The change in wave velocities with time for all three cemented specimens is 

presented in Figures 7.5 through 7.7. When examining these data, the first item to note is 

that it is necessary to look at the velocity-time relationships on both arithmetic and semi-

log scales when assessing the rate of increase of velocity with time. When only looking at 

time on an arithmetic scale, it appears that the wave velocities are significantly leveling 

off earlier than when looking at a semi-log time scale. Though it is outside of the scope of 

this study, it is important to keep in mind that the reaction of cement continues long after 

water is introduced. However, it is also important to keep in mind what is practical in 

laboratory testing. 

The c = 2 % specimen (CFF-11) was tested over a range of confining pressures at 

time = 7 days after material preparation. Because it seemed that the majority of the 

increase in velocities had been observed for the c = 2% specimen at this time, and to 

clearly evaluate all three cemented specimens, 7 days was chosen as the common time for 

comparisons.  

For the c = 1% specimen (CFF-13), the final measurement was performed at 4.5 

days, at which time a large increase in wave velocities had already occurred. However, 

for comparison to the other specimens, a small extrapolation to 7 days was made.  

The final measurement of the c = 0.5% specimen (CFF-14) was at 21 days. 

However, the second to last measurement was at 5 days so an interpolation was made at 7 

days in order to better compare this specimen to the others.  
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(a) Arithmetic scale 

 
(b) Semi-log scale 

Figure 7.5 Variations of constrained compression wave velocity, Vp, of the cemented specimens with time  

at a constant confinement of 5 psi 



 145 

 
(a) Arithmetic scale 

 
(b) Semi-log scale 

Figure 7.6 Variations of unconstrained compression wave velocity, Vc, of the cemented specimens with  

time at a constant confinement of 5 psi 
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(a) Arithmetic scale 

 
(b) Semi-log scale 

Figure 7.7 Variations of shear wave velocity, Vs, of the cemented specimens with time at a constant  

confinement of 5 psi 
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7.3.2.2 Overall increase of wave velocities with time 

 As expected, the initial values of the velocity of a given wave type of the three 

specimens with different degrees of cementation are very close shortly after introduction 

of water to the cement-soil mixture and after specimen construction. As an example of 

these similar wave velocities at the beginning of testing, consider Figure 7.5 for the Vp 

measurements. At a confining time of about 30 minutes, Vp of all three specimens is 

approximately 1250 fps. On the other hand, the final Vp values were found to increase 

with increasing cement content as expected. It is assumed that the velocities of the 

specimen with c = 1% would continue to increase and be greater than the 0.5% specimen 

at equal times. In general, with increased cement content, the bond between particles is 

stiffer and stronger and thus increases the stress wave velocities in the cemented sand.  

7.3.2.3 Rate of increase of wave velocities with time at different stages of time  

From the present results, it may be concluded that the higher the cement content, 

the faster the stiffness increases during the initial curing time. When looking at the slopes 

of the increase in velocities, up to about the time of the last measurement of the c = 1 % 

(CFF-13) specimen (about 4.5 days), the higher the cement content, the faster the rate of 

increase of velocity. However, after this time, the slopes of the c = 2% (CFF-11) 

specimen velocities began to decrease. Looking at the c = 0.5% (CFF-14) specimen after 

about 4.5 days, the slopes of the velocities appears to be very similar to that of the c = 2% 

specimen.  

While looking at the shear wave velocity, Vs, for the c = 2%, specimen (CFF-11), 

at a final measurement around 20 days, the shear wave velocity (Figure 7.7), Vs, only 

increased 53 fps since the previous measurement at around 17 days (an average of about 

18 fps/day). Another way to look at this is that the last incremental increase of 53 fps was 

only about 2% of the total increase over 20 days.   
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The c = 0.5% specimen was held under a constant 5 psi confining pressure for 21 

days. The exact change in velocities with time between about 5 and 21 days is unknown 

because no intermediate measurements were made. However, the increase in wave 

velocities was rather significant between 5 and 21 days for this specimen. For example, 

while looking at the increase in shear wave velocity, Vs,  over this time (Figure 7.7) the 

increase averaged about 42 fps/day and was about 45% of the total increase (over 21 

days). This increase is seen by comparing the similar slopes of the c = 0.5% specimen 

and the c = 2% specimen in above figures between the times of about 5 days (7200 min) 

to 20 days (28,800 min). 

Therefore, when looking at these results, it seems reasonable to assume that a 

sand with a higher cement content exhibits an initial increase in velocity that is greater 

than a sand with a lower cement content. After this initial curing period of 5 to 7 days, it 

seems reasonable to assume the velocity changes with time are about the same (or less 

with decreasing cement content) for the three cement contents of 0.5, 1.0 and 2.0%. That 

being said, more testing over greater periods of time is necessary to come to a conclusive 

relationship. 

7.3.3 Wave velocities of cemented versus uncemented specimens 

It is known that an increase in cement content leads to larger wave velocities but 

the degree of the increase when compared to uncemented sand is the question addressed 

in this study. In this section the increase of wave velocities due to cementation at one 

confining pressure (5 psi), and the effect of confining pressure on cemented and 

uncemented Ottawa sand are discussed. 

After 7 days at a pressure of 5 psi, the c = 2% specimen (CFF-11) was tested 

throughout a range of confining pressures from 5 psi (720 psf) to 40 psi (5760 psf). The 
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specimen was then unloaded to 5 psi, and then reloaded back to 40 psi. The effect of 

confining pressure on the wave velocities (Vp, Vc and Vs) is shown in Figure 7.8. 

 
 

Figure 7.8 Moderately cemented (c = 2%) ASTM graded Ottawa sand wave velocities (Vp, Vc, Vs) versus  

confining pressure relationships 

 From these results, the first thing to notice is that confining pressure has almost 

no effect on the wave velocities as indicated by the very small change in velocity per log 

cycle change in o (nv). In fact, the change is so small that it is hard to determine the 

value of nv which is close to zero. Additionally, after the confining pressure is unloaded 

back to the initial confining pressure of 5 psi, there is a small decrease in the wave 

velocities versus the initial values at this pressure prior to loading. This change is thought 

to indicate some minor disturbance of the specimen (small amount of breakage of 

cementation) due to the increased pressure. However, when the confining pressure is 

again increased to 40 psi, the wave velocities return to similar values when compare to 

the initial wave velocities at 40 psi. Therefore, the decrease in wave velocities at the 
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unloaded 5 psi measurement could be partially due to imperfect bonding between the soil 

specimen and the end caps.  

For a general comparison of the behavior of cemented and uncemented sand, the 

shear wave velocities of the 2% cemented Ottawa sand, the 3% cemented washed mortar 

sand (Section 7.2) and the uncemented counterparts are presented in Figure 7.9.  

 
 

Figure 7.9 Moderately cemented ASTM graded Ottawa sand (c = 2%) and washed mortar sand (c = 3%)  

wave velocities (Vp, Vc, Vs) versus confining pressure relationships compared with uncemented  

Ottawa and washed mortar sand 

The behavior of the cemented Ottawa and washed mortar sands are very similar. 

However, the increase (due to cementation) in shear wave velocity for the Ottawa sand is 

slightly higher than the increase of the washed mortar sand. Additionally, the cemented 

Ottawa sand is less sensitive to confining pressure as seen by comparing the change in 

velocity per log cycle change in o (nv) to that of the cemented washed mortar sand. 

These results are interesting because of the greater degree of cementation of the washed 



 151 

mortar sand. However, the washed mortar sand was tested only 4 days after specimen 

preparation versus 7 days for the cemented Ottawa sand. If the cemented washed mortar 

sand was tested at 7 days, it is assumed that the shear wave velocity would increase 

slightly and the effect of confining pressure would be slightly less.  

In Figures 7.10 through 7.12, the wave velocities of the cemented Ottawa sand 

specimens seven days after material preparation are compared to the wave velocities of 

the uncemented Ottawa sand over a range of confining pressures from 5 to 40 psi. For all 

three wave velocities, the effect of the cementation resulted in an increase of about 2.4 to 

4.2 times higher than the uncemented sand velocities at o = 5psi (720psf) as seen in 

Table 7.4. 

Table 7.4 Wave velocities Vp, Vc and Vs of the uncemented and the cemented Ottawa sand specimens  

at a confining pressure of o = 5 psi (720 psf), 7 days after material preparation 

 Confining pressure,o = 5 psi (720 psf) 

Cementation 

(%) 

   

(fps) 

  

    
 

   

(fps) 

  

    
 

   

(fps) 

  

    
 

2.0 4753 4.2 4036 4.2 2576 4.2 

1.0 3400 3.0 2950 3.0 1900 3.1 

0.5 2712 2.4 2371 2.4 1517 2.5 

0 1139 1.0 971 1.0 617 1.0 

Also of note is the insensitivity to confining pressure of the 2% cemented 

specimen (CFF-11) when compared to the uncemented Ottawa sand specimen. This 

difference in sensitivity to confining pressure is seen by comparing the change in velocity 

per log cycle change in o (nv) of both specimens. The wave velocities of the 2% 

specimen remain relatively consistent throughout the increase of confining pressure. In 

contrast, the velocities of the uncemented specimen at 40 psi (5760 psf) increased by 

more than 1.6 times the velocities measured at a confining pressure of 5 psi (720 psf). 
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Despite the increase in wave velocities of the uncemented specimen, the final wave 

velocities of the uncemented sand are still well below the cemented sand velocities at 40 

psi (5760 psf). This difference in velocities at the largest confining pressure is seen in 

Table 7.5. 

Table 7.5 Wave velocities Vp, Vc and Vs of the uncemented and the 2% cemented Ottawa sand  

specimens at a confining pressure of o = 40 psi (5760 psf), 7 days after material preparation 

 Confining pressure,o = 40 psi 

Cementation 

(%) 

    

(fps) 

  

    
 

   

(fps) 

  

    
 

   

(fps) 

  

    
 

2.0 4845 2.6 4035 2.4 2584 2.5 

0 1831 1.0 1650 1.0 1034 1.0 

 

 
Figure 7.10 Variations of constrained compression wave velocity, Vp, with confining pressure for all  

uncemented and cemented ASTM graded Ottawa sand specimens tested in this study 
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Figure 7.11 Variations of unconstrained compression wave velocity, Vc, with confining pressure for all  

uncemented and cemented ASTM graded Ottawa sand specimens tested in this study 

 

 
Figure 7.12 Variations in shear wave velocity, Vs, with confining pressure for all uncemented and cemented  

ASTM graded Ottawa sand specimens tested in this study 
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7.3.4 Change in Poisson’s ratio with time 

 Poisson’s ratio was calculated using the three relationships with the wave 

velocities as presented in Chapter 5. The variations of Poisson’s ratio with time are 

shown in Figures 7.13 through 7.15 for MG, ME and EG respectively. The average 

values of Poisson’s ratio for the uncemented specimen (CFF-15) are also presented in the 

figures (See Chapter 6, Figure 6.14).  

It is of interest to look at the change in Poisson’s ratio with time. As readily seen 

in Figures 7.13 and 7.14, Poisson’s ratio generally decreases with log time. For the two 

relationships involving the constrained compression wave velocity, Vp, (MG and ME), 

the calculations of Poisson’s ratio are related to the ratios of Vp/Vs and Vp/Vc, 

respectively (see Chapter 5, Section 5.4 for the exact relationships). The decrease in 

Poisson’s ratio with time is due to the ratios of Vp/Vs and Vp/Vc decreasing with time. 

The rate that the three wave velocities (Vp, Vc and Vs) increase with time are similar. 

However, when looking at the total increase of the three wave velocities over time, the 

percent increase of Vp is smaller than the percent increase of Vc and Vs. Hence, over 

time, the ratios of Vp/Vs and Vp/Vc decrease, resulting in Poisson’s ratio decreasing with 

time. Therefore, for a cemented sand, Poisson’s ratio will level off at a value smaller than 

an uncemented sand.  

As seen in Figure 7.15, for all three cemented specimens, the values of EG is 

consistently lower than the values of Poisson’s ratio calculated using the other two 

relationships. One possible explanation for these results could be that the unconstrained 

compression wave velocity, Vc, was slightly underestimated for unknown reasons. This 

difference is especially true for the 1 % cemented specimen (CFF-13). When looking at 

the two specimens with measurements at greater times (CFF-11 and CFF-14) there is a 

general decrease in Poisson’s ratio with time.  
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When examining all three relationships for Poisson’s ratio, the two relationships 

of ME and MG yield relatively consistent results. However, there is no clear correlation 

between the degree of cementation and Poisson’s ratio. Further extensive studies are 

necessary to explore possible correlations of the effects of cementation on Poisson’s 

ratio. 

 
Figure 7.13  Variations of Poisson’s ratio, MG, with time 
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Figure 7.14  Variations of Poisson’s ratio, ME, with time 

 

 
Figure 7.15  Variations of Poisson’s ratio, EG, with time 
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7.3.5 Material damping ratio  

The material damping ratio in unconstrained compression, DCmin, and in shear, 

DSmin were evaluated with the resonance response curves of the wave velocities measured 

around 5 days after material preparation. These results are shown in Figures 7.16 and 

7.17 for DCmin and DSmin respectively. Unlike the results of the wave velocities, no 

extrapolation or interpolation was performed due to the sensitive nature of material 

damping with time in this study. 

 With a greater inter-particle bond and stiffer behavior, one might think that 

material damping would decrease with an increase in cement content. However, as shown 

in Figures 7.16 and 7.17 as well as the material damping behavior of the cemented 

washed mortar sand (Figure 7.4), it can be concluded that a presence of artificial 

cementation leads to an increase in material damping. However, while only comparing 

material damping of the cemented specimens, a relationship between the values of 

material damping as related to the level of cementation is inconclusive, with all damping 

ratios (except for DSmin for c = 1%) between 1.3 and 2.3%.  
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Figure 7.16  Variations of small-strain material damping in unconstrained compression, DCmin, with  

confining pressure for the cemented and uncemented ASTM graded Ottawa sand specimens 

 

Figure 7.17  Variations of small-strain material damping in shear, DSmin, with confining pressure for the  

cemented and uncemented ASTM graded Ottawa sand specimens 
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Further studies need to be performed to investigate relationships between the level 

of cementation and the values of material damping in shear and in compression. Such a 

future investigation could be performed with this device after the improvements related to 

the source system are made. As discussed in Chapter 6, it was found that while the 

resonant frequency is not very sensitive to changes in excitation as long as the source 

does not dwell too long on the end cap, material damping is very sensitive to variations in 

triggering the source and the duration of the source impact. The recommendations for 

source modifications to better evaluate material damping are addressed in Chapter 8. 

7.4 SUMMARY 

In this chapter, the behavior of uncemented and moderate artificially cemented 

sands was evaluated. The first material investigated was a washed mortar sand specimen 

to which 3% cement by weight was added. For this specimen, the variations in shear 

wave velocity, shear modulus and material damping in shear were evaluated with 

increasing confining pressure, o. To evaluate the change in behavior due to cementation, 

the results were compared to an uncemented specimen of similar dry washed mortar sand 

tested by Laird (1994). The largest effects of the cementation were that: (1) the cemented 

sand was insensitive to confining pressure and (2) the shear wave velocity, and shear 

modulus were increased significantly. Additionally, the material damping ratio in shear 

of the cemented specimen was both, higher than the uncemented specimen and also 

affected less by confining pressure. 

The second material tested was an ASTM graded Ottawa sand. Three cemented 

specimens (c = 2, 1, 0.5 %) and one uncemented (c = 0.0%) specimen were tested. The 

primary intention of this study was to place the cemented specimens under a constant 
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confinement of 5 psi and measure the wave velocities over time. The reason for testing 

the specimens over time was to determine the time where the increase in velocities no 

longer significantly changed (increased) with increasing time after the addition of water 

to the cement-sand mixture. The initial intention was to measure the wave velocities with 

increasing confining pressure once the effect of the curing of the cement had significantly 

slowed. However, before the effect of confining pressure was evaluated, observations 

were made pertaining to the rate that the wave velocities increased versus the level of 

cementation.  

For all cemented specimens, the initial wave velocities shortly after material 

preparation (about 30 minutes) were very similar because the reaction within the cement 

had not yet significantly affected the wave velocities. However, shortly after this time, 

the wave velocities began to increase. This increase was reasonably proportionate to the 

cement content up to a time of about 5 days (i.e. the largest cement content showed the 

greatest increase. However, after this time, the velocity increase with time seems to be 

similar for all cement contents. From this information, an assumption may be made that 

the greater the level of cement, the faster the most significant increase in wave velocities 

occurs. 

After the wave velocities of the specimen with c = 2% were plotted with time, it 

was clear that a significant increase had occurred after 7 days of curing. Therefore, at this 

time, the specimen was tested to observe the effect of confining pressure. This test was 

compared to the behavior of the uncemented specimen over the same range of confining 

pressures. The results were similar to that of the cemented washed mortar sand, where the 

effect of cementation led to larger wave velocities, yet those wave velocities did not vary 

much with confining pressure. Additionally, there was an increase in material damping of 
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the cemented specimen and the material damping was also less sensitive to confining 

pressure when compared to the material damping of the uncemented specimen.  

Although the 2% specimen was the only cemented specimen tested with a range 

of confining pressures, a comparison with the uncemented specimen was made of the 

wave velocities of the three cemented specimens. This comparison was made at a time of 

7 days of curing with the specimens under a vacuum-confinement of 5 psi. A respective 

increase of about 2.4, 3.0 and 4.2 was seen in all three wave velocities for the three 

cemented specimens (cement contents of 0.5, 1.0, 2.0%) when compared to wave 

velocities of the uncemented sand at a confining pressure of 5 psi. 

The main effects seen in the results as they are related to the addition of a 

seemingly small amount of cement are: (1) a large increase in wave velocities, (2) an 

increase in material damping, and (2) a decrease in sensitivity of wave velocities and 

material damping to confining pressure. The key observations related to the increase of 

wave velocities with time are: (1) the larger the cementation, the larger the initial increase 

of wave velocities and (2) after a time of about 5 days, the increase in wave velocity with 

time appears to be similar for all cement contents.  
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Chapter 8 

Summary, Conclusions, Recommendations and Future Studies 

8.1 SUMMARY 

A multi-measurement, confined, free-free resonant column device was designed 

and constructed for this study. The motivation for the development of this device was to 

improve upon the traditional vacuum-confined, manual-excitation, free-free resonant 

column method. The main drawback of the manual method is the limitation created by 

the magnitude of vacuum pressure that is used to confine the specimen, which is typically 

limited to 8 to 10 psi. Additionally, the repeatability of the source in terms of excitation 

magnitude and location is difficult to achieve with the manual method even when 

extreme care is taken by the user. 

The motivations for constructing this device, a review of common free-free 

resonant column techniques, and the variations of testing depending on material type are 

first addressed in this study. The design process and equipment development of this new 

confined, free-free, resonant column device are then presented. Next, the materials that 

were tested in the verification and initial studies are presented along with the material 

preparation and testing methods. A review of example data and calculations performed in 

this study are then presented, followed by the results of the verification and initial studies.  

8.2 CONCLUSIONS 

The conclusions are presented below as they relate to: (1) development of the new 

confined, free-free resonant column device, (2) the verification studies, and (3) the initial 

studies with artificially cemented sand. 
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8.2.1 Development of the new confined, free-free, resonant column device 

The three main goals in developing this device were: (1) to reach a higher 

confining pressure than traditional vacuum confinement to better simulate larger in situ 

stresses in the field, (2) to have the capability of testing specimens up to six inches in 

diameter to better quantify the behavior of materials with large particles, and (3) to 

induce repeatable, small-strain longitudinal and torsional waves to reduce measurement 

uncertainty.  

The ultimate pressure rating for the PVC chamber is 130 ps. However, the interior 

pressure was limited to 40 to 50 psi in this study. At this pressure, with the end plates 

properly secured, the system maintained a stable pressure with no leaking. Additionally, 

the size of the chamber allowed for the design of a “hammock” system to support the test 

specimen that is capable of holding a 6-in. diameter, 14-in. long specimen (including end 

caps). The capability of testing specimens of this size allows testing of material with 

larger particles in order to improve our understanding of such materials. 

The design and construction of the excitation system allowed repeatable torsional 

and compressional excitation levels to be generated when used with care. The locations 

of the torsional and longitudinal impacts were well controlled. Direct travel-time and 

resonance measurements were found to be consistent. However, there were difficulties 

with the duration of the excitation impact, especially when testing 2.8-in. diameter 

specimens which are more sensitive than 6-in. diameter specimens. The major effects of 

the impact duration were a slight decrease in resonant frequencies and an apparent 

increase in material damping ratios in both unconstrained compression and in shear. 

However, after this issue was discovered during the verification tests, adjustments were 

made to minimize the duration of excitation impact and the initial studies of artificially 

cemented sands commenced. 
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8.2.2 Verification tests 

The first study was a group of verification tests in order to confirm that the new 

system was performing properly. This group of tests included testing a manufactured 

specimen (6-in. diameter and 12-in. long aluminum alloy rod), ASTM graded Ottawa 

sand, and crushed rock aggregate base. The aluminum rod, with known and time-

independent properties, was tested to verify that the instrumentation system was working 

properly. This test yielded very comparable results to the most recent testing of this 

specimen, leading to a confidence in the instrumentation system. The Ottawa sand 

specimen was tested, firstly to compare the “hammock” support system to a soft sponge 

support system. These direct comparison tests with the same specimen also yielded 

comparable results, leading to a confidence in the “hammock” support system. The same 

Ottawa sand specimen was then tested in the chamber to study the effect of confining 

pressure to compare the torsional resonance and material damping measurements to a test 

performed with a fixed-free RCTS device on a specimen of similar material. The results 

of this test were very comparable for the resonance and damping measurements in shear 

at confining pressures less than 40 psi. However, anomalies existed with a slightly lower 

stiffness, Gmax, and an elevated value of material damping in shear, DSmin, at the highest 

confining pressure of 40 psi. This decrease in modulus and increase in material damping 

is most likely due to a prolonged duration of impact of the torsional source. This issue is 

discussed in the recommendations section.  

The tests performed with crushed rock aggregate base were used to compare 

measurements with the new device with a previously tested specimen with large 

aggregate sizes. The previous tests were performed using the manual excitation, vacuum-

confined method. The results of this replicate test were comparable for the direct travel-

time and torsional resonance measurements. However, there were some differences in the 
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unconstrained compressional resonance measurements and the material damping in 

unconstrained compression. The difference in the compressional resonance may have 

been due to the excitation system and possibly to the matrix of the specimen with large 

particles not being identical to the previously tested specimen even though the dry 

densities and water contents were comparable. The elevated material damping 

measurements were most likely due to a prolonged impact with the longitudinal source 

which is addressed below in the recommendations.  

Two additional tests were performed on the crushed rock aggregate base with 

specimens that had water contents lower and higher than the replicate specimen in order 

to investigate the effect of water content. From these results, it was seen that the 

specimens with higher water contents had smaller wave velocities at the lower confining 

pressures, but as confining pressure increased, the wave velocities of the three different 

water content specimens trended to converge. This result indicated for this material that 

the higher the water content, the greater the change in wave velocity with confining 

pressure in the range of 2.5 to 40 psi. Also seen in the results was an increase in material 

damping with an increase in water content.  

8.2.3 Initial studies with artificially cemented sands 

After the verification tests were performed, initial studies with artificially 

cemented sands were undertaken. One moderately cemented (c = 3%) washed mortar 

sand was tested four days after the specimen was constructed (thus the cement had 

reacted with the added water in the cement-soil mixture for four days prior to testing). 

This specimen was tested over a range of confining pressures similar to a previously 

(RCTS) tested uncemented washed mortar sand. The effect of the cementation was 

investigated and it was found that, with cementation, the shear modulus, Gmax, at 1 atm 
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was more than 8.5 times higher than the uncemented specimen. Additionally, the shear 

modulus and material damping ratio in shear were quite insensitive to confining pressure 

as compared to the uncemented specimen. The material damping ratio was also 

consistently higher than the uncemented specimen, indicating that the presence of 

artificial cement leads to higher material damping.  

 The next set of tests was a set of three artificially cemented Ottawa sand 

specimens (c = 0.5, 1.0 and 2%). These specimens were constructed to the same dry 

density as the uncemented specimen to investigate the effect of cementation only. The 

three specimens were tested over multiple days, under a constant vacuum confining 

pressure of 5 psi. These measurements were made over multiple days in an attempt to 

find the time when the wave velocities of the specimens were no longer significantly 

increasing with time.  

One finding was that, with a higher cement content, the initial increase of wave 

velocities with time were larger than the lower cement content specimens up to a time of 

about 5 days. However, after this time, the velocity increase with time seems to be similar 

for all cement contents. From this information, an assumption may be made that the 

greater the level of cement, the faster the most significant increase in wave velocities 

occurs. 

The wave velocities of the three cemented specimens measured at around 7 days 

after material preparation (introduction of water to the cement-soil mixture), with a 

vacuum confining pressure of 5 psi, were compared to the wave velocities of the 

uncemented specimen at a confining pressure of 5 psi. The increase of the three wave 

velocities (Vp, Vc and Vs) for the cement contents of 0.5, 1.0 and 2%, were about 2.4, 3.0 

and 4.2 times higher than the uncemented specimen at a confining pressure of 5 psi. 

Additionally, the wave velocities of the uncemented specimen and the 2% cement content 
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specimen were compared over a range of 5 to 40 psi of confining pressure. The velocities 

of the 2% cemented specimen were quite insensitive to confining pressure, and at 40 psi 

of confinement, the three wave velocities were about 2.5 times higher than the 

uncemented specimen. 

The material damping ratios in unconstrained compression and in shear for the 

cemented specimens were found to be consistently higher than the uncemented specimen. 

This increase in material damping due to cementation was also seen in the cemented 

washed mortar sand test, again confirming the assumption that with the addition of 

artificial cement, material damping increases. 

8.3 RECOMMENDATIONS 

The focus of these recommendations is related to the excitation system of the 

newly developed, confined, free-free device. In the verification studies, a few instances of 

decreased stiffnesses and elevated values of material damping were measured, based on 

comparisons with extensive and proven past studies. These apparent minor changes in 

stiffness and increases in material damping are likely due to prolonged contact between 

the source(s) and the specimen. Efforts were made to reduce the duration of the impact 

between the source and the specimen. The efforts made during the design of this 

excitation system to reduce the contact time between the sources and specimen, as well as 

the recommendations that would consistently eliminate this issue are discussed below. 

Additionally, in the future, the strain amplitude due to loading should be evaluated to 

ensure that the sources are only inducing excitation within the small-strain range or the 

nonlinearity at higher strains is properly represented. 
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8.3.1 Longitudinal source 

The two major components of the longitudinal source are: (1) a solenoid/piston 

system with a rebound band and (2) the trigger box that initiates the driving voltage of the 

solenoid piston. The rebound band was added to the system to assist in the recoil of the 

solenoid piston which has some resistance to retraction due to friction between the piston 

and the solenoid cylinder. The thought during design was to fully engage the solenoid so 

that the piston strikes the end cap at full stroke. At the time of full stroke, the rebound 

band would be engaged to assist in the recoil of the piston. This system worked properly 

in most of the evaluations of wave velocities, or exhibited only a minor effect. However, 

after the verification studies of the Ottawa sand, it is thought that this method of 

impacting the specimen end cap at full stroke led to elevated material damping ratios.  

The reason for the slightly lower resonances and the elevated material damping 

values is most likely due to a prolonged time in contact between the solenoid piston tip 

and the specimen end cap. The rebound band was initially thought to aid in the retraction 

of the piston at full stroke. It does aid in the rebound. However, the rebound band is most 

likely engaged prior to full stroke. As the piston impacts the end cap, the piston still has 

some travel left in its stroke so that the momentum of the piston is still in the direction of 

impact. This combined with the friction of the piston cylinder can lead to a prolonged 

duration of the impact. 

The longitudinal source is triggered by the user that depresses the “P” button on 

the trigger box. This triggering system was not considered as a potential problem during 

the design of the system if the user quickly pressed and released the button. However, it 

was found that there could be a difference in excitation duration depending on how long 

the button was depressed. The duration of button depression is not easily measured, nor is 

it easily noticed by the user. However, these small changes in “holding” the trigger button 
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for too long can lead to a potentially prolonged duration of impact between the source 

and specimen end cap. The trigger button closes the power loop which delivers the 

driving voltage to the source. If the duration of pressing the trigger button is too long, 

then there is a possibility that the driving voltage is still present at the time of source 

impact. This condition would lead to a continuation in the driving motion after initial 

impact, thus leading to a prolonged impact. The issue of a prolonged impact is the most 

likely cause of the elevated material damping measurements and was discovered prior to 

the initial studies with artificially cemented sand. 

Before the initial studies, the longitudinal source system was adjusted so that the 

solenoid piston tip was, at its resting position, as close as possible to the specimen end 

cap. The source excitation level was then reduced with the potentiometer so that the 

piston would not reach its full stroke nor engage the rebound band. The user of the trigger 

box made efforts to reduce the duration of depression of the trigger button. This process 

was easily accomplished because the majority of the initial studies the system was under 

vacuum confinement outside the chamber, thus allowing adjustments when necessary. 

Two recommendations are presented to address the issue of prolonged contact 

time between the source tip and specimen.  

1. Reduce the friction between the piston and solenoid cylinder. 

 The most effective way to reduce the friction between the piston and the 

solenoid cylinder is to suspend the piston within the solenoid cylinder. This 

requires a solenoid-piston system with adequate cylinder clearance. For proper 

clearance, the inside diameter of the cylinder needs to be large enough so that the 

piston can be suspended within the cylinder without touching the cylinder. To 

suspend the cylinder, two or more string-type wires could be attached to the 

piston which would hang from a frame above the solenoid so that the piston is not 
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touching the cylinder. This arrangement would remove any friction between the 

piston and the solenoid cylinder and also allow a small trigger level (voltage) to 

be adequate to drive the piston. Once the driving voltage is applied, the piston 

would project toward the specimen end cap and then freely rebound off of the end 

cap after impact. 

2. Replace the trigger box with a variable, pulse-based control unit. 

 A pulse-based control unit would be necessary to apply a finite pulse to 

the driving system, thus removing the human element from the triggering system. 

With a specified pulse, there would be no effect from holding the trigger button 

too long. If necessary, a two-way solenoid could be used, composed of a driving 

pulse and a recoil pulse to minimize the time in contact with the specimen. 

If these two recommendations are implemented, the duration of source to 

specimen contact would be reduced, thus leading to a more consistently reliable 

evaluation of material damping as well as stiffness. 

8.3.2 Torsional source 

During the development of the torsional excitation system, efforts were made to 

reduce the time in contact by relying on the weight of the torsional arm to aid in a free 

rebound off the post on the end cap. The torsional source did not have the degree of 

issues that the longitudinal source had. However, there were a few instances of apparent 

elevated material damping. This is again most likely due to a prolonged time in contact 

between the source and end cap. 

The most likely reason for this prolonged contact is that a driving voltage may 

still be present at the time of impact. This issue can be addressed with the use of a pulse-

based control unit similar to the recommendation for the longitudinal source. A pulse 
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would be applied and then removed from the rotary motor so that the arm is guaranteed to 

move freely at the time of impact when it would rebound off of the post (screw). Another 

reason for the potential prolonged impact may be due to the connection of the rotary 

motor to the frame of the hammock system. This connection is not as rigid as it can be. 

The “play” in the connection may allow more time in contact with the end cap than 

desired. This situation was not considered as a potential issue at the time of design but is 

now considered as a possible improvement prior to future testing. 

The changes that were made to the torsional system prior to the initial study were: 

(1) moving the initial resting position of the arm closer to the end cap post and (2) 

reducing the driving voltage by adjusting the potentiometer. The user was also aware that 

the time that the button “S” was depressed should be reduced so that the driving voltage 

would be removed prior to impact.  

If the above recommendations are implemented for both the longitudinal and 

torsional sources, the reduction in the duration of impact is more certain. These 

improvements would complete the initial goals of the development of the device by 

leading to more consistent excitation sources. 

8.3.3 Physical adjustments in the longitudinal and torsional excitation systems 

During the vacuum-confinement portion of the verification study, both excitation 

systems could be adjusted during testing if necessary. However, once the system was 

placed in the chamber, the only possible adjustment was to the driving voltage by 

adjusting the potentiometer. To expand the range of material to be tested with this device 

to softer materials, a during-test adjustment system would be needed.  

With softer materials, there can be a compression of the specimen with an 

increase in confining pressure. For the longitudinal excitation, there is the possibility to 
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run out of stroke of the piston thus ending the test. For the torsional system, the impact 

location of the rotary arm on the post would be at a point further away from the 

specimen, thus imparting more of a flexural component in the excitation of the specimen. 

To address these potentially adverse issues, the excitation systems need to be fixed to 

adjustment plates similar to the longitudinal adjustments that are used prior to testing a 

specimen (Chapter 3, Figure 3.14). However, these adjustments need to be controlled 

during a test from outside the chamber. A slowly rotating, rotary motor with a pulley 

system attached to a longitudinal adjustment plate screw at each triggering system would 

suffice. This rotary motor would be able to be driven in both directions to move the 

trigger systems along a direction parallel to the length of the specimen thus compensating 

for any specimen compression. This would again assist in repeatable excitation levels 

when testing softer materials. 

8.4 FUTURE STUDIES 

The initial studies provided an insight into the effect of artificial cementation on 

the rate at which velocities increase with time. Additionally, the increase in wave 

velocities at constant confining pressures was investigated with respect to the degree of 

cementation. Aside from the need for a larger variety of cement contents, the following 

three future studies are suggested with respect to cementation: (1) investigate the effect of 

initial confining pressures on specimens with constant cement contents, (2) investigate 

the effect of varied cement contents with constant water-to-cement ratios and                    

(3) investigate the effect of cementation on material damping. 

(a) Varied initial confining pressures 

For the initial studies of artificially cemented Ottawa sand, three artificially 

cemented specimens were confined at a constant confining pressure of 5 psi. The initial 
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wave velocities of the three specimens were all similar to the wave velocities of the 

uncemented specimen at a confining pressure of 5 psi. A study should be carried out to 

look at the effect of the initial confining pressure on artificially cemented Ottawa sand. 

For this potential study, multiple specimens with the same cement content would be 

tested over time at different, constant confining pressures.  For example, four, 1% 

cemented specimens could be tested at constant confining pressures of 5, 10, 20 and 40 

psi. It is assumed that the initial measurements shortly after specimen preparation would 

be similar to the uncemented Ottawa sand specimen at the specific confining pressure. 

However, it is unknown what the rate of increase in velocity would be at different 

pressures and if the rates would level off at a sooner or later time depending on the 

confinement level.  

It is also unknown what the overall increase in wave velocities would be. It would 

be necessary to compare at least two specimens with the same cement content; one at a 

constant low confining pressure and one at a higher constant confining pressure. The 

overall percent increase could then be compared at times when the rate of increase in 

velocity had leveled off for each specimen in order to examine a possible relationship 

between the total percent increase and initial confining pressure. 

(b) Constant water-to-cement ratio 

The three cemented specimens that were tested for the initial study all had the 

same initial water content of 2%, therefore different water-to-cement ratios. The water 

content of 2% was chosen in order to ensure that all the cement in the cement-soil 

mixture was fully activated. This ratio likely had an effect on the rate of increase of the 

velocity. For the purpose of the initial study, this effect was not of concern because the 

time when the wave velocity leveled off was of primary interest, not the intermediate 
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times. However, a study with constant water-to-cement ratios would be of interest to look 

into the effect on the rate of increase in the wave velocity. There are difficulties, 

however, with building low, cement-content specimens. It is difficult to ensure that all the 

cement in the cement-soil mixture is evenly activated with a small amount of water. 

(c) Relationship of material damping with cement content 

During the initial studies of cemented sands, the results as they are related to 

material damping show that the presence of artificial cement increased material damping. 

However, within the three cemented specimens, there was no conclusive relationship 

between the level of cementation and the degree of material damping. Once source-

excitation modifications are implemented to achieve a more consistently reliable 

evaluation of material damping, this device can be used to test a large variety of 

cemented specimens to explore a potential relationship between the degree of material 

damping and cementation level. To eliminate some variables, both studies using a 

constant water-to-cement ratio and a constant water content should be performed. From 

these results, it may be easier to distinguish between the effects of cementation and water 

content on material damping. Additionally, enough time needs to elapse before the 

evaluation of material damping so that long-term effects are also examined. 
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