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ABSTRACT 

The resonant column and torsional shear testing device and its deformation 

sensors were developed and calibrated at RPI. The resonant column and torsional shear 

testing device was used to perform tests on generic sand such as Nevada and Ottawa 

sands prepared using the dry pluviation method. Values of shear wave velocity measured 

at low strain agree well with the results from the literature, which indicates that the 

resonant column and torsional shear testing device at RPI has the ability to precisely 

measure dynamic properties of soil. In addition to testing on specimens prepared using 

the hydraulic fill method, the procedure for the hydraulic fill method of preparation has 

been developed in this study. Effects of the specimen preparation method were also 

investigated on Ottawa sand and Ottawa sand with fines content prepared using two 

different methods: dry pluviation and hydraulic fill. Results verify that the specimen 

preparation method has effects on soil dynamic properties. The results from this study 

were also used to support the centrifuge model test at RPI and the full scale test at the 

State University of New York at Buffalo as part of the NEES project research. The 

results from the resonant column, centrifuge model, and full scale tests indicate that the 

specimen prepared by the hydraulic fill method has a lower shear wave velocity than the 

dry pluviation method. A decrease in the shear wave velocity was observed in the 

Ottawa specimen with fines content in comparison with the Ottawa sand specimen. 

Lastly, preshaking was performed on specimens prepared using the hydraulic fill 

method. Results from this study show an increase in the shear wave velocity with a small 

increase in relative density due to preshaking.    



1. INTRODUCTION 

 The mechanical behavior of soils under static loading conditions is quite 

complex. Based on experimental evidence, soils in general exhibit nonlinear stress-strain 

behavior which can be fully characterized by linear elastic soil models using an 

appropriate value for the secant shear modulus at the expected level of strain the soil 

would likely be subjected to. Under cyclic loading, this behavior becomes even more 

complex due to the hysteretic response that the soil shows in which part of the energy 

applied to the soil is dissipated through Hysteretic Damping. This damping can be 

effectively quantified by calculating an equivalent viscous damping ratio for the soil. 

In practice, cyclic loading is not constant in amplitude, thus soils could be subjected 

to different level of strains depending on the application considered. For example, for 

machine foundation applications, soils would typically experience medium levels of 

strains ranging from 10
-5

 to 10
-3

. However, for earthquake applications, soils typically 

undergo high levels of strains, typically greater than 10
-3

. Thus, representing the cyclic 

stress-strain behavior of the soil using a single value for the shear modulus and damping 

ratio would be inappropriate. 

The nonlinear cyclic stress-strain behavior of the soil can be represented more 

accurately using equivalent linear models and cyclic nonlinear models in which the 

variation of the shear modulus and damping ratio of the soil with the level of strain can 

be explicitly accounted for. In general this is defined using a Modulus Reduction Curve 

(G/Gmax curve) and a Damping Curve which can be characterized for different soils 

using laboratory experiments. 

The literature has shown that the Resonant Column and Torsional Shear tests are the 

most popular experiments used by past researchers in defining the Modulus Reduction 

and Damping curves for different soils. For example, Seed et al. (1986), based on the 

Resonant Column experiments, have proposed empirical curves for clean silty sand, and 

recently Darenderi (2001) has defined similar curves for clean sands, sands with high 

fine content, silts, and clays based on the Resonant Column experiments.      

 Stokoe’s Resonant Column and Torsional Shear testing (RC/TS) apparatus has 

been commonly used for several years and it has a fixed-free configuration. For this 

configuration, the drive plate is attached to the top of the cylindrical specimen while the 



 

 2

bottom is fixed. An excitation force is applied to the top of the specimen through the 

drive plate by using the electromagnetic force generated by the coil and magnet system. 

When an electrical current flows through the coils, magnetic fields are created, forcing 

the magnets attached to the top of the specimen to move freely without any contact. 

Although, the top of the specimen can be freely moved, the moment of inertia of the 

drive plate is an additional moment of inertia on the specimen that needs to be 

quantified. As the magnet moves, a back electromagnetic force is generated in the coil, 

resulting in equipment damping which is proportional to the velocity of the magnets. 

The measured damping from the RC test includes the equipment damping due the back 

emf effect. Therefore, before conducting any test, this type of apparatus requires a full 

calibration to precisely determine the properties of the drive system. The properties 

measured during the calibration include the moment of inertia of the drive plate and the 

equipment damping.   

 The Stokoe’s RC/TS apparatus was acquired by RPI from the Structure Behavior 

Engineering Laboratory, Inc., Phoenix, Arizona. The apparatus was last used at RPI by 

Vincenco (1989) to study the dynamic properties of soil. The RC/TS apparatus was used 

in Vincenco’s research to perform tests on both dry and saturated soils. Since this device 

had not been used for 10 years, it needed to be recalibrated. A full calibration was 

performed in 2008 as part of this study. 

For this study, the soil specimens were prepared using two methods of soil 

deposit: dry pluviation and hydraulic fill. The dry pluviation specimen was tested in a 

dry condition and the hydraulic fill specimen was tested in a saturated condition. The dry 

pluviation method was the focus of this study because many researchers performing the 

RC and TC tests have used this specimen preparation method. Tatsuoka et al. (1979) and 

Tatsuoka et al. (1986) performed the RC test on specimens prepared using the dry 

pluviation method. In this study, the purpose of performing the RC and TC tests on the 

specimens prepared using the dry pluviation method was to investigate not only the 

dynamics properties of the soil to compare the results to those found in the literature, but 

also verify the performance of the RC/TS apparatus at RPI.   

Another soil specimen preparation method that is included the scope of this study 

is the hydraulic fill method. Although the hydraulic fill method has been used in 
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laboratory experiments and is considered to be a good representation of natural soil 

deposit such as alluvial soils, lacustrine soils, and fluvial soil, this method is not 

commonly used to prepare specimens for the RC and TS tests. Moreover, this method is 

commonly used for a large scale model test. An example of the large scale test was the 

test performed at the State University of New York at Buffalo. The hydraulic fill 

preparation method was used to deposit soil approximately 5.6 meters deep in a model 

with approximately 3.35 meters wide and 5.6 meters long. In this study, the specimens 

prepared for the RC and TS tests have 70 mm in diameter and 150 mm in height, the 

preparation of the hydraulic fill method in the RC and TS tests and its component 

become a challenge.     

 The objective of this thesis includes: 

1) Develop the Resonant Column and Torsional Shear testing apparatus 

 
2) Calibrate the drive plate system, the equipment damping, and the deformation 

sensors such as the proximitors, the accelerometer, and the LVDT 

 
3) Perform the Resonant Column and Torsional Shear test on dry pluviated Ottawa, 

dry pluviated Ottawa with fines content, and hydraulic fill Ottawa sand at various 

void ratios and confining pressures 

 
4) Investigate the effects of void ratio, confining pressure, fines content, soil 

deposition, and preshaking on the dynamic properties of soil 



 

 4

2. LITERATURE REVIEW 

The resonant column (RC) and torsional shear (TS) tests have been performed to 

determine shear wave velocity, shear modulus, and damping of the variety types of soil. 

The several researches have been conducted to investigate the effect of void ratio, 

confining pressure, specimen preparation method, and preshaking. Furthermore, the 

approach to predict equipment of damping due to back emf effect was investigated and 

the approach to account for the nonlinear stress-strain in soil was developed to calculate 

the stress and strain for the RC and TS tests. Lastly, the shear wave velocity profiles 

were produced from the centrifuge model and full scale test include in this chapter.  

2.1 Effects of void ratio and confining pressure on shear modulus 

Hardin and Richart (1963), and Richart et al. (1970) performed the RC test on a 

clean sand of rounded grains. The results indicate that shear wave velocity is influenced 

by void ratio and confining pressure. The generic curve of shear wave velocity was 

proposed as shown in the following equation: 

v� � �170 � 78.2eσ��.��                                            (2.1) 

where v� = shear wave velocity (ft/sec), 

 e = void ratio, and 

 σ� = confining pressure (psf). 

In SI unit, this expression becomes: 

v� � 51�2.71 � eσ��.��                                              2.2) 

where v� is in m/sec and σ� is in kPa. 

 Base on the same experimental results, the generic curve of maximum shear 

modulus was proposed by Richarts et al. (1970).  This expression presents below: 

G��� � 6,900 ��.�����
� � σ�΄�.�                                        (2.3) 

where G��� = maximum shear modulus (kPa), 

 σ�΄ = effective confining pressure (kPa). 
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Figure 1 Variation of shear wave velocity with confining pressure and void ratio 

(Richart et al., 1970) 

 

Iwasaki et al. (1978) studied the reduction of shear modulus values with an 

increase in shear strain amplitude. The test was performed on the hollow cylinder 

specimen of the various types of sand using the RC and TS tests. The RC test was 

performed at the shear strain approximately ranging from 10
-6

 to 10
-4

 and the TS test was 

performed at the shear strain approximately ranging from 10
-4

 to 10
-2

. From the results, 

shear modulus values at the shear amplitude of 10
-4

 from RC and TS agree well. The 

change of shear modulus due to the change of void ratio can be evaluated by the function 

�2.17 � e� �1 " e⁄  for the wide range of shear strain from 10
-6

 to 3 % 10�& as 

presented in Figure 2. 
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Figure 2 Relationship of Shear modulus and void ratio of Toroura sand (Iwasaki et 

al.,1978)  

2.2  Effects of fines content on shear modulus 

Salgado et al. (2000) studied the effects of nonplastic fines on the small strain 

stiffness and the shear strength of clear sand. The triaxial and bender element tests were 

performed on Ottawa sand with fines content in the range of 5-20% by weight.  It is 

observed that for the small strain test, at the same confining pressure and void ratio, the 

stiffness of Ottawa sand decreases dramatically as the percent of fines content increases.  
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2.3 Effects of Specimen Preparation Method 

The effects of specimen preparation methods on the cyclic undrained stress-strain 

behavior was investigated on clean sand and mixture of sand and fines using the triaxial 

and TS tests by Tatsuoka et al. (1986). In this study, the specimens were prepared by 

using four preparation methods: air-pluviation, wet tamping, wet vibration, and water 

vibration. Figure 3 presents four specimen preparation methods. From the results of both 

tests, it was found that there is a significant effect of specimen preparation method on 

strength of soil.  The results from the triaxial test show that the air pluviated specimen 

has the smallest strength, the water vibration specimen has the intermediate strength, and 

the wet tap and the wet vibration specimens have the greatest strength. Similar to the 

results from the triaxial test, the results from the TS test show that the air pluviated 

specimen has the smallest strength, the water vibration specimen has the intermediate 

strength, and the wet vibration specimens have the greatest strength. In addition, the wet 

tap specimen is not always the strongest specimen for the torsional shear test. It was also 

found that the characteristic of the effects of the specimen preparation methods are not 

necessarily the same for the different type of sands and for the different type of tests.  
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Figure 3 Schematic diagram of the four specimen preparation methods (Tatsuoka 

et al., 1986) 

 

 The effect of specimen preparation on the strength of artificially frozen sand was 

studied by Baker and Konrad (1985). The frozen Ottawa specimens were prepared using 

the wet rodding (WR) and multiple-sieve pluviation (MSP) methods. The average dry 

density and water content for the frozen sand specimen prepared by both methods is 

shown in Figure 4. From both methods, the average dry density and water content has a 

linear relationship and corresponds to the 87% saturation curve for Ottawa sand but the 

results from WR method has significant scatter.  The inherent homogeneity of the 

specimen prepared by using both methods is also investigated. Figure 5 presents the 

variation of water content for each layer of the specimen prepared by the WR method. 

Large variation of water content in adjacent section was found. A variation of 2% in 

water content, corresponded to one of 50 kg/m
3 

in dry density, was commonly found in 
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each individual layer. Figure 6 presents the variation of water content and dry density for 

each layer of the specimen prepared by the MSP method. The variation of water content 

and dry density for each layer is very slighter. For the loose specimens, the dry density 

of the upper four fifth of the specimen was relatively constant with the maximum 

variation of 8 kg/m
3
 and the bottom of the specimen has a slightly higher density. For the 

denser specimen, the different of dry density between layers was higher. The maximum 

variation in the upper four fifth of the specimen was 15 kg/m
3
.   

 

Figure 4 Dry density and total water content of specimens prepared by the WR and 

MSP methods (Baker and Konrad, 1985) 

 

 

Figure 5 Typical water content distribution in the WR specimens (Baker and 

Konrad, 1985) 
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Figure 6 Typical water content and dry density distribution in MSP specimens 

(Baker and Konrad, 1985) 

 

Seed proposed a series of normalized modulus reduction and damping curves for 

sand (Seed and Idriss, 1970, Iwasaki et al., 1978, Seed et al., 1986).  The curves shown 

in Figure 7 represent the culmination of that series (Seed et al. 1986).  The upper and 

lower ranges in the curves are attributed to variability in the characteristics of the 

granular particles (shape, size, gradation, and mineralogy), variability of nonlinear soil 

behavior, effect of confining pressure and accuracy in measurement.  These curves 

represent the behavior of clean silty sand with confining pressure ranging from 0.25 atm 

to 4 atm. 
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Figure 7 Empirical relationships for normalized modulus reduction and material 

damping for sand (Seed et al.,1986) 

  

The generic modulus reduction and damping curves for clean sands, sands with 

high fine content, silts, and clays proposed by Darenderi ( 2001). In this approach, the 

reference strain ('() is assumed to be the strain amplitude at shear modulus equal to one 

half of Gmax (G/Gmax = 0.5). This approach simplifies and provides better approximation 

for the modulus reduction curves obtained from experimental data. The factors affecting 

these model parameters are confining pressure, soil plasticity, overconsolidation ratio, 

loading frequency, and number of loading cycles.  The relationships are shown in the 

following equations: 
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γ* � +φ� " φ��PI�ORC234σ�́25                                         (2.4) 

6 � φ�                                                              (2.5) 

D�89 � +φ: " φ��PI�ORC234σ�́2;+1 " φ�� ln�frq4                        (2.6) 

A � φ�� " φ�� ln�N                                                   (2.7) 

where CD́ = mean effective confining pressure (atm), 

PI = soil plasticity index (%), 

OCR = overconsolidation ratio, 

frq = loading frequency, 

N = number of loading cycles, and 

φ1 through φ12 = model parameters  

 Figure 8 presents the modulus reduction and damping curves generated from the 

empirical relationship proposed by Darendily (2001). The curves is generated by 

assuming PI=0, 10 number of cycles, frequency = 1, and ORC =1, at the confining 

pressures of 0.25, 1, 4, and 16 atm.   
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Figure 8  Empirical relationships for normalized modulus reduction and material 

damping for sand (Darendeli, 2001) 

 

2.4 Strain Measurements in the RC and TS tests 

The stress integration approach proposed by Sasanakul and Bay (2009) was 

developed to account for the nonuniform stress-strain relationship for the RC and TS 

tests. The hyperbolic model was employed to develop the theoretical torque and rotation 

relationship (T � Ѳ). The hyperbolic model parameters, Gmax and γr can be evaluated by 

using the curves fitting technique to match the theoretical T � Ѳ curves to the T � Ѳ 
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curves measured from the RC and TS tests. The closed-from integration for the 

theoretical T � Ѳ curves is presented below: 

T �  1
3 πG���γ*R I2R� � 3R Jγ*L

Ѳ L " 6 Jγ*L
Ѳ L�M 

        "2πG���γ*N OL
ѲQ& Rln�γ* � ln Oγ* " ѲR

L QT                        (2.8) 

where  T = torque, 

 Ѳ = rotation,  

 G��� = maximum shear modulus, 

 γ* = reference strain, 

 R = radius of the specimen, and 

 L = height of the specimen 

 The best fit hyperbolic parameter γ* is used to calculate the reference rotation 

(Ѳ*) as shown in the following equation: 

Ѳ* � UVL
R                                                         (2.9) 

Figure 9 presents the variation of normalized Req with Ѳ/Ѳ* for damping (D) and 

shear modulus (G) measurements. The equivalent radius ratio, Req that corresponds to 

rotation (Ѳ) of each RC and TS tests can be determined by using the normalized Req 

curves. 
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Figure 9 Normalized Req curves for modulus and damping (Sasanakul and Bay, 

2008) 

 

 Shear strain and stress can be calculated by using the following equations: 

γ � R�Xγ���                                               (2.10) 

τ � R�Xτ���                                               (2.11) 
where γ��� = maximum shear strain or strain at the outer surface, and 

 τ���  = maximum shear stress. 

2.5 Prediction of Equipment Damping due to Back EMF Effect 

The equipment damping (Deq) and change of resonant frequency (∆fm) due to the 

back emf effect can be predicted using the electromagnetic model (Sasanakul and Bay, 

2009). The predicted Deq and ∆fm from this approach agree well with the measured Deq 

and ∆fm. 
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The equipment spring constant (k�X) and equipment dashpot constant (c�X) terms 

were later used to calculate predicted ∆fm and Deq. The predicted can be calculated from 

using the following equations: 

k�X � \�]^]BL`
R�̀ \�L�̀                                                         (2.12) 

c�X � ]^]BR`
R�̀ \�L�̀                                                        (2.13) 

where ω = 2πf, 

 k8 = torque-current factor, 

 kB = back emf-rotational factor, 

 Lc = coil inductance, and 

 Rc = coils resistance. 

The predicted ∆fm and Deq are match very well with the measured ∆fm and Deq 

from the RC and TS Tests. The predicted ∆fm and Deq can be evaluated by using the 

following equations: 

∆f� � �
�e IfKѲ ]hi

∑J f1 � 2lD " D�Xm� � fKѲ
∑J √1 � 2D�M                  (2.14) 

D�X � chi
c`                                                             (2.15) 

where Kѳ= torsional spring stiffness of the calibration specimen,  

 ∑J = total mass polar moment of inertia of the system, 

 k�X = equipment spring constant, and 

 c�X = equipment dashpot constant, 

 

2.6 Shear Wave Velocity Profile 

The shear wave velocity profiles of Ottawa sand and mixture of Ottawa sand and 

fines, called Scaled sand, were produced from the centrifuge model and full scale tests. 

The centrifuge model tests were conducted by Gonzalez (2008) to simulate the soil 

behavior of liquefied soil and laterally spreading of a level and incline loose saturated 

sand deposit, placed in a laminar box.  Two full scale tests (LG-0 and SG-1) were also 

performed at the State University of New York at Buffalo as part of the NEES research 

project conducted by Thevanayagam (2009a) and Thevanayagam (2009b). The saturated 
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models for centrifuge model test were prepared using the dry pluviation method on 

Ottawa and Scaled sands, while the saturated models for full scale test were prepared 

using the hydraulic fill method on Ottawa sand. Figure 10 presents the shear wave 

velocity profiles of the centrifuge model and full scale tests. The shear wave velocities of 

Ottawa sand prepared by the hydraulic fill method and Scaled sand prepared by the dry 

pluviation method are much smaller than the shear wave velocities of Ottawa sand 

prepared by the dry pluviation method.  

 

Figure 10 Shear wave velocity profiles of the centrifuge model and full scale tests 

(Gonzalez, 2008) 

 

2.7 Effects of Preshaking 

The effect of preshaking was investigated by Drnevich et al. (1970). The RC 

apparatus was used to apply torsional oscillation on two hollow, cylinder loose and 

dense Ottawa specimens. This study indicated that effects of preshaking at the shear 

strain between 10
-1

 and 6 % 10�� rad can result significantly permanent change in shear 

modulus and damping.  High cycle, large strain amplitude preshaking increases shear 

modulus corresponding the shear strain low than during preshaking. The shear modulus 
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after preshaking can be more than double of the low amplitude shear modulus. It is noted 

that no significant change of void ratio of specimen occurred during preshaking.   

 The effect of preshaking on the dynamic properties of soil was also investigated 

by Sharp (1999) and Sharp et al. (2009). Sharp (1999) and Sharp et al. (2009) performed 

in-flight cone penetration test (CPT) on the centrifuge models at RPI. The purpose is to 

study the behavior of liquefaction and lateral spread of soil. The tests were performed on 

clear fine Nevada deposited using the dry pluviation method. The results of the normally 

consolidated soil (ORC = 1) show that after preshaking the normalized tip resistant 

(qc1N) increases dramatically, while the relative density increases slightly from 45 to 

51% as shown in Figures 11-12. 

 

Figure 11 Lateral displacement versus (a) relative density and (b) normalized tip 

resistance for 6 m thick deposit with overconsolidation and pre-shacking effects 

(Sharp et al., 1999) 
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Figure 12 Thickness of liquefied layer versus (a) relative density and (b) normalized 

tip resistance for 6 m thick deposit with overconsolidation and pre-shaking effects 

(Sharp et al., 1999)  
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3. RC/TS EQUIPMENT AND ANALYSES  

3.1 Introduction 

The RC/TS device consists of four main systems: the confining pressure system, 

drive system, deformation sensors, and data acquisition. Each main system is described 

in this chapter. The analysis for the RC and TS test results is also included in this 

chapter. The equations and assumptions used to determine the dynamic properties of the 

specimen: shear wave velocity, shear modulus, and damping are presented. 

3.2 Confining Pressure System 

The RC/TS apparatus used at RPI is a Stokoe type and utilizes at fixed-free 

configuration. The bottom of the specimen is rigidly fixed to the base, while the top of it 

is attached to the driving system and the monitoring devices. The specimen is 

recommended to have a height to diameter ratio of two with the heights ranging of 3.0 to 

6.0 in.  

The confining pressure system is used to confine the specimen isotropically during 

the RC and TS tests. Air pressure is supplied from an air compressor. The air pressure is 

connected to the pressure regulator, the reading gauge, and the chamber cover. The 

pressure regulator is a precision regulator, Model IR1000 from SMC using for adjusting 

and stabilizing the air pressure. It has a regulating pressure range from 0.7 to 29 psi 

(0.005 to 200 kPa). The maximum supply pressure of the pressure regulator is 145 psi 

(1000 kPa) and the minimum supply pressure is 7 psi (50 kPa) above the target pressure. 

It is connected to the pressure line by the 1/8 inch NPT connection. Figure 13 presents 

the pressure regulator. A reading gauge is a digital pressure gauge, Model DPG-106 

from Dwyer which can read the pressure in 3 units: psi, Bar, and kPa. The maximum 

pressure of the reading gauge is 200 psi (1375 kPa). It is connected to the pressure line 

by the 1/4 inch NPT connection. Figure 14 presents the pressure reading gauge. 
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Figure 13 Pressure regulator 

 

 

Figure 14 Pressure reading gauge 

 

A confined chamber system consists of a base plate, a chamber, and a chamber 

cover. The confining pressure can be applied from the top of the cover plate and the 

bottom plate. For this study, the pressure supply is connected to the top at the cover 

chamber with the 2 connector as shown Figure 15. Figures 16-17 present the picture and 

drawing of the base plate, respectively. The base plate has four holes connecting from 

inside to outside the chamber system. Two opposite holes underneath the sample are 

connected together and to an adjustable value while the rest of the holes are closed. The 

adjustable valve was connected to the vacuum pressure regulator and the vacuum pump 

during the specimen preparation using the dry pluviation method. The adjustable valve 

was modified to connect to the burette to maintain the water level of the saturated 

specimen such as the specimen prepared by hydraulic fill method. 
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Figure 15 Cover of the chamber 

 

 

Figure 16 Photo of the base plate of the chamber 
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Figure 17 Drawing of the base plate of the chamber 

 

3.3 Drive System  

 The drive system consists of the drive plate and the coils. The drive plate 

supporting the top of specimen has four arms with magnet attached to each arm. Each 

magnet is encircled by two coils at the end. The coils rest in contact with the supporting 

metal column and four couples of coil are in the position matching with the magnets on 

the first plate without any contact. As current flows through the coils attached to the 

second plates, the magnetic fields are created. The magnets on the first plate are forced 

to move by the magnetic force. As a result, the drive plate with magnet can be freely 

moved during the RC and TS test. There are three deformation sensors attached to the 

drive plate. The LVDT target and the LVDT post are located on the first plate and the 

second plate respectively. The proximitor target and the proximitor post are also located 

on the first plate and the second plate respectively. The accelerometer and its counter 

weight are located on the first plate. Figure 18 presents the drive plate with the 

deformation sensors: accelerometer, counter weight, LVDT post and slot, and proximitor 

post and target.   
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Figure 18 Drive system 

 

3.4 Deformation Sensors 

Three types of deformation sensors were used during this research: accelerometer, 

proximitor, and Linear Voltage Displacement Transducer (LVDT). These sensors were 

used for monitoring the angular acceleration, angular displacement, and vertical 

displacement of the top of the specimen.  The proximitors and LVDT were designed to 

be operated in the same system.  The system is composed of the power supply module, 

and the control module. The power supply contains the Proximitor
 
modules in addition 

to powering the amplifier module. The control module contains the amplification 

circuitry and displays used to set up and visually monitor system. The outputs of the 

proximitor and LVDT are monitored by connecting the control module to the 

DataPhysics Abacus
™

 signal analyzer using BNC cables. Figures 19-20 present the 

power supply module, and the control module respectively. Detailed information on the 

power supply module, and the control module is included in Appendix B. 

 

First Plate 
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Figure 19 Control module of the proximitors and LVDT 

 

 

Figure 20 Power supply module of the proximitors and LVDT 

 

3.4.1 Proximitors  

The Proximitor system consists of two proximitor probes, A and B, and the metal 

targets. The proximitor probes are installed on top of the second plate in the proximitor 

post as shows in Figure 18. The proximitor targets are screwed tightly to the top of the 

first plate of drive plate. As the specimen is rotated, the proximitor targets are rotated at 

the same angle. The proximitor probes were designed to be connected to the power 

supply with the ClickLok
®
 connector.  During the test, the proximitor probes are in the 

pressure cell. They can be connected by using the high-pressure feedthrough that has one 

end in the cell and the other end connected to the power supply outside the cell.  
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After the specimen and drive plate are properly set up, the proximitor probes can 

be installed. Each of the proximitor probes needs to be adjusted until the individual 

channel meter reads close to zero meaning the center of its linear range. The reading of 

proximitor displays on the reading channels of the control module as shown in Figure 

19. Reading of proximitor A and B correspond to the channel 1 and 2 respectively. The 

individual channel meters are set up to read zero at the middle of the linear range to 

provide the largest sensing range of the cyclic motion. The output of the proximitor 

system displays on the channel 3. Once, the sensors are set close to its middle of the 

linear range, the output channel can be adjusted to zero. 

 

3.4.2 LVDT 

In the RC and TS tests, the initial void ratio and the volume of the soil specimen 

can be calculated from the specimen dimensions. After applying confining pressure, the 

soil specimen will settle and the void ratio may change significantly due to the 

consolidation. Therefore the LVDT is needed for measurement of the vertical 

displacement throughout the test.  

The LVDT is from Schaevitz, Model 500 HR. The LVDT consists of a tube and 

a movable core. A primary and two secondary coils are placed end to end around the 

tube. The primary coil is located in between two secondary coils and is driven by an 

alternating current. A voltage in each secondary coil is induced through mutual 

inductance with the primary. These inductances can be changed when the core moves. 

The LVDT core is a cylindrical ferromagnetic rod with a smaller size than the 

inside of the tube. It can slide freely inside the tube without friction. The free contact 

configuration provides highly accurate measurement. The LVDT tube is fixed to the 

LVDT post. The LVDT core was inserted in the tube and fixed in the slot at the middle 

of the drive plate. Figure 21 presents the LVDT attached to the LVDT post with the core 

fixed in the slot. The LVDT core can slide vertically in the LVDT tube. Due to the 

consolidation, the LVDT core is expected to move down. Therefore the tube should be 

adjusted to slightly higher than the core. Before installing the core into the tube, the 

LVDT channel should read 2.50V r 0.2V. Some variance may occur due to the wiring. 

Detailed information on the LVDT is included in Appendix B. 
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Figure 21 Setting up of the Proximitors and LVDT 

 

3.4.3 Accelerometer  

Accelerometer Model 3030 from Columbia Research Laboratory, Inc. is used for 

measurement of the acceleration. The accelerometer has 0.625 inches of hexagonal 

length and 0.900 inches of the high. Figures 22-23 present the photo and drawing of the 

accelerometer respectively. The accelerometer is attached to the drive plate at 2 inches 

from the center. The weight of it can cause the eccentric load to the drive system. 

Therefore the counter weight that has the same weight and shape as the accelerometer is 

needed.  The counter weight is attached to the drive plate at the opposite side of the 

accelerometer as shown in Figure 18.  

This accelerometer has a 10-32 side connector connected to the charge amplifier 

by a low-noise coaxial cable. The charge amplifier, model 4102M from Columbia 

Research Laboratory, Inc. has three ranges of 1 to 100, 10 to 1,000, and 100 to 10,000 in 

grams, psi, or pound; has dynamic measuring capacity of battery that +/-1 to +/-10,000 

pC at the input. During the test, the charge amplifier should be set to 57.1 pk pcmb/pk·g 

which is the manufacture calibration factor. The output of the charge amplifier can be 

observed and recorded by the signal analyzer connected by BNC cable. Figure 24 

presents the charge amplifier of the accelerometer.  

LVDT 

Core Proximitor A 

Proximitor B 
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Figure 22 Photo of the accelerometer 

 

 

Figure 23 Drawing of the accelerometer 

 

 

Figure 24 Charge amplifier for the accelerometer 
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3.5 Data Acquisition 

The data acquisition used in this study is DataPhysics Abacus
™

 signal analyzer. 

The analyzer serves as a function generator and data acquisition. The signal output from 

the analyzer is sent to the drive plate and has the option of passing though an AE 

Techron LVC2061 amplifier. The analyzer provides one output channel and eight input 

channels connected by the BNC cable. The output voltage from the output channel and 

the response from the input channel are recorded and monitored when performing the 

test.  The analyzer is controlled by the SignalCalc analyzer software. The Stepped Sine 

option was chosen for conducting the RC test and the Transfer Function Option was 

chosen for conducting the TS test.  

The Stepped Sine option in the analyzer provides sinusoidal excitation. A 

sinusoidal output can be sent over a range of frequency with a constant magnitude or a 

profile of varies magnitude versus frequency. The measurement can be broke up into a 

series of band and allows the different resolution for each band. The constant magnitude 

of the output voltage was used to perform the RC test. Detailed information is included 

in Appendix A. 

The Transfer function option in the analyzer offers the large range of sinusoidal 

excitation. The wide range of frequencies from 1 to 1000 Hz can be chosen. The 

frequency span and the resolution can be adjusted. The 10 cycles of 0.5 Hz sinusoidal 

was used to conduct the TS test and the approximately 1,300 data points of the voltage 

input and the voltage output were recorded per sine wave cycle. Detailed information is 

also included in Appendix A. 

 

3.6 Amplifier 

The LVC 2016 Amplifier from AE Techron Inc. was used to support the higher 

amplitude tests. The Amplifier has two 2 separate channels that can be operated 

independently or combined as shown in Figure 25. The amplifier operates with twice the 

available output voltage in Bridge-mono mode and twice the available output current in 

Parallel mode.  
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Figure 25 The Bridge-mono mode and the Parallel-mono mode of the amplifier 

 

The amplifier has one input channel connected to the signal analyzer and three of 

output channels: a voltage mornitoring, a current mornitoring, and a voltage output.  The 

voltage output channel was connected to the drive plate to excite the specimen while the 

voltage and current mornitoring channels were connected back to the signal analyzer.  

The output voltage can be adjusted by turning the knop. The knop has scales vary 

from 1 to 30. Each scale has indevidual factor to increase the output voltage amplitute 

upto approximately 40 times the input voltage level in SinignalCalc analyzer software. 

The factor of each scale is presented in Appendix B. The voltage measured from the 

mornitoring channel is 1/40.25 of the actual output voltage. 

3.7 Free Vibration Analysis Circuit 

The RC/TS apparatus also has a capability to perform the free vibration test. The 

free vibration test is used an alternative to measure the damping of the specimen. The 

free vibration analysis circuit designed to perform the free vibration test is presented in 

Appendix C. During the free vibration test, sinusoidal waves of input voltage are applied 

to the drive plate. After the specimen moves with the constant amplitude, the free 

vibration analysis circuit will disconnect the input from the amplifier and analyzer. 

Therefore the specimen can rotate freely and the acceleration amplitude decreases by 

time due to the damping of the specimen. Figure 26 presents the response of the free 

vibration test measured from the accelerometer. The damping (D) can be calculated from 
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the ratio of the two successive positive or negative peaks of the acceleration amplitude 

(
s^

s^tu) as shown in the following equation: 

s^
s^tu � exp� �eD

√��D�                                                   (3.1) 

 

 

Figure 26 Response curve of the free vibration test 

 

3.8 Data Analysis 

3.8.1 Shear Modulus  

For the RC test the shear wave velocity was calculated from the response curve 

of the acceleration voltage. The transfer function (Hv) is the ratio of the acceleration 

voltage divided by the input voltage as shown in Figure 27. 
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Figure 27 Transfer function of the RC test 

 

The resonant frequency (fm) of the specimen was observed and used to calculate 

the maximum shear modulus and the shear wave velocity of the specimen. The shear 

wave velocity of the specimen was obtained by solving the equation shown below: 

JV
Jy Jz � \{L

|} tan O\{L
|} Q                                            (3.2) 

where v� = shear wave velocity,  

 L = height of the specimen, 

 ω9 � 2πf�= circular natural frequency, 

 J = mass polar moment of inertia of the specimen, 

 J� = mass polar moment of inertia of the drive plate and the assembly, and 

 J� = mass polar moment of inertia of the top cap.  

The mass polar moment of inertia of the drive plate and the assembly (J�) was 

evaluated and later presented in Section 4.3. The mass polar moment of inertia of the 

specimen varies with the resonant frequency. The mass polar moment of inertia of the 

specimen ( J) and the mass polar moment of inertia of top cap (J�) can be easily 

calculated by using the mass and diameter as shown in the following equation: 
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J �  �
� mD�                                                        (3.3) 

where J = mass polar moment of inertia of the specimen, 

 m= mass of the specimen, and  

 D = diameter of the specimen. 

The shear modulus of the soil specimen can be calculated by the equation shown 

below: 

G �  ρV��                                                          (3.4) 

where G = shear modulus, and 

 ρ = density of the specimen. 

 It is noted that the dry density was used for the dry specimen and the saturated 

density was used for the saturated specimen. 

In this study, the TS test was performed using the 10 number of cycles of 

sinusoidal wave. Since the number of cycle has an effect on the dynamics properties, 

especially at the high strain. The first loop of the hysteresis loop was chosen to represent 

the specimen properties.   

For the TS test, the shear modulus of the specimen was calculated from the slope 

the hysteresis loop of torque and rotation. Torque (T) can be measured from the input 

voltage �v) multiplied by the torque-voltage factor (k|) as shown in the equation below: 

T �  k|v                                                          (3.5) 

The rotation (Ѳ) can be calculated by the division of the voltage output from the 

proximitor and the calibration factor of the proximitor. The torque-voltage factor (k|) 

and the calibration factor of the proximitor were later determined in Chapter 4. 

Figure 29 presents only the first loop of the hysteresis loop and the slope of the 

loop (black line). The shear modulus which is proportional to the slope of the hysteresis 

loop was calculated by the equation below: 

G � T
Ѳ % L

J                                                            (3.6) 

where  
T
Ѳ = slope of the hysteresis loop, 

 L = length of the specimen, and 

 J = polar moment of inertia of the specimen. 
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3.8.2 Damping  

The damping measured from the RC test is a viscous damping. The damping of 

the specimen was calculated by using the half-power bandwidth method. This method 

was performed on the transfer function (Hv) of the RC response. The transfer function 

measured from the RC is the acceleration voltage divided by the input voltage and was 

generated by the analyzer.  Figure 28 presents the transfer function measured from the 

RC test. The damping (D) can be calculated by using the following equation: 

D � �����u
���                                                     (3.7) 

where f� = resonant frequency of the specimen which corresponds to Hmax, 

 f� = lower value of the frequency band which corresponds to 0.707Hmax, and 

f� = higher value of the frequency band which corresponds to 0.707Hmax.  

 

Figure 28 Half-power bandwidth method 

 From TS test, damping is a hysteretic damping and was also determined from the 

first loop of the hysteresis loop. The damping can be calculated using the following 

equation: 

D � A�yy�
NeAz                                                           (3.8) 
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where A���� is area in the hysteresis loop and A� is area of the triangle between the slope 

to the x-y axis. The A���� and A� are presented in Figure 29. 

 

Figure 29 Hysteresis loop 

3.8.3 Shear Strain 

For RC test, the rotation was calculated from the accelerometer output voltage 

and the resonant frequency as shown in the equations below: 

Z� � 3�.u�5�z
}h`� %V�`
F�`%\�                                                    (3.9) 

where Z� = tangential movement of the accelerometer, 

 V�c = output voltage of the accelerometer at the resonant frequency, 

 F�c = accelerometer calibration factor, 

 ω = 2πf�= angular velocity at the resonant frequency, and 

 f�  = resonant frequency, 

Ѳ��� � Z�
*�                                                       (3.10) 

where Ѳ��� = maximum rotation at the outer edge of specimen, and   

r� = distance between the accelerometer and the center of the specimen (2 

inches). 

The applied torque can be calculated by using the following equation: 

T � GJѲ���
L                                                      (3.11) 
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where  L = length of the specimen, and 

 J = polar moment of inertia of the specimen. 

The maximum strain (γ���) can be calculated by using the equation below: 

γ��� �  Ѳ���*
L                                                     (3.12) 

where r = radius of the specimen. 

The representative strain of the specimen was obtained by using the stress 

integration approach (Sasanakul and Bay, 2008). The strain can be calculated using the 

following equation:   

γ �  R�Xγ���                                                     (3.13) 

where R�X = equivalent radius ratio. 

 The R�X depends on the rotation of the specimen (Ѳmax), and the reference 

rotation ( Ѳ*). It can be obtained from the Normalized  R�X curve. 

In this study the stress integration approach (Sasanakul and Bay, 2008) was used 

to account for the nonuniform stress-strain effect. To apply this approach, the torque and 

rotation relationship (T � Ѳ) was investigated and the hyperbolic model was applied to 

determine the hyperbolic parameters: maximum shear modulus (G���) and reference 

strain (γ*). The closed form integration for the T � Ѳ relationship is presented in the 

following equation:   

T �  �
& πG���γ*R �2R� � 3R OUVL

Ѳ Q " 6 OUVL
Ѳ Q��  

        "2πG���γ*N OL
ѲQ& Rln�γ* � ln Oγ* " ѲR

L QT                      (3.14) 

where  T = torque, 

 Ѳ = rotation,  

 G��� = maximum shear modulus, 

 γ* = reference strain, 

 R = radius of the specimen, and 

 L = height of the specimen 

The γ* was evaluated from hyperbolic model and later used to calculate the 

equivalent radius ratio ( R�X) to account for the nonlinear stress-strain on shear reduction 
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and damping curves. Figure 30 presents the normalized R�X curves for shear modulus 

and damping. 

 

Figure 30 Normalized Req curves for modulus and damping (Sasanakul and Bay, 

2008) 

 

 The equivalent radius ratio ( R�X) required to calculate strain depends on the 

level of rotation (Ѳ) and the representative rotation (Ѳ*). The representative rotation (Ѳ*) 

is defined as shown in the equation below: 

Ѳ* �  UVL
R                                                    (3.15) 

The normalized rotation (Ѳ Ѳ*⁄ ) was calculated and the equivalent radius ratio 

(R�X) was evaluated by using the normalized R�X curve. The strain of the RC and TS 

tests was calculated using the R�X. 
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4. RC/TS EQUIPMENT CALIBRATION 

4.1 Introduction  

This chapter presents the calibrations for the resonant column (RC) and torsional 

shear (TS) testing equipment. The calibrations include the drive plate calibration to 

determine its polar moment of inertia, torque-voltage factor, torque-current factor, and 

other electromagnetic properties. In addition, the sensors used in RC/TS equipment such 

as proximitors, accelerometer and Linear Voltage Displacement Transducer (LVDT) 

were calibrated and the results are presented at the end of this chapter. Drive Plate 

Calibration  

4.2 Calibration Specimens 

Calibration specimen is a metal specimen designed to have a specific resonant 

frequency in the range of 0-120 Hz. These calibration specimens were used for RC\TS 

equipment calibration presented through this chapter. The specimens have linear 

frequency independent stress-strain behavior and can be repeatedly tested without 

change of material properties. 

Four specimens were used for this study. The first specimen has a resonant 

frequency of 14 Hz. It was built from a solid steel rod with circular steel plates welded 

rigidly to the top and bottom. Four threaded holes in the top and bottom plates allowed 

the specimen to be screwed tightly to the drive plate and the bottom platen of RC/TS 

apparatus. Because of the small dimension of the rod, a supporting system was designed 

to protect the welded joints, and to prevent the rod from bending during set-up.  The 

supporting system was built from a hollow steel threaded rod with an adjustable top 

platen. The top platen was raised up to be against the top plate of the specimen during 

installation, and it was lowered down, so as to not interfere with the specimen during 

testing. A photograph of this specimen with the top platen adjusted up and down, and its 

drawing are shown in Figures 31-32. 

The remaining three calibration specimens were made of brass, each having 

different diameter as shown in Figures 33-38. The top and bottom plates of these 

specimens were built from two circular brass plates connected to the brass tube by 

welding.  There were four threaded screw holes at the top and bottom plates so the 
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specimen could be screwed tightly to the drive plate and to the bottom plate of the 

RC/TS testing apparatus.   

 

Figure 31 Photo of the 14-Hz calibration specimen 

 

 

Figure 32 Drawing of the 14-Hz calibration specimen 



 

 40 

 

Figure 33 Photo of the 20-Hz calibration specimen 

 

 

Figure 34 Drawing of the 20-Hz calibration specimen 

 



 

 41 

 

Figure 35 Photo of the 44-Hz calibration specimen 

 

 

Figure 36 Drawing of the 44-Hz calibration specimen 
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Figure 37 Photo of the 102-Hz calibration specimen 

 

 

Figure 38 Drawing of the 102-Hz calibration specimen 
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4.3  Drive Plate Calibration 

The purpose of this calibration is to identify the mass polar moment of inertia of 

the drive plate. Although the analysis method for the RC test assumes a fixed-free 

condition for the specimen, the top of specimen is not completely free due to the 

connection to the drive system. To apply the torque, the drive plate needs to be fixed to 

the top plate and the friction between the top plate and the specimen surface carries the 

torque into the soil specimen. Consequently, the masses of the top plate and the drive 

plate create the inertial torque on the soil column. The mass polar moment of inertia of 

the top plate and the drive plate are needed to be verified in order to account for the 

inertial torque. 

Whereas the mass polar moment of inertia of the top plate can be directly 

determined by calculation, the mass polar moment of inertia of the drive plate cannot. 

The drive plate has four-arms with magnets. Various pieces of the equipment are 

attached to the drive plate such as the accelerometer, the counter weight, proximitor 

target, and screws.  Because of the complex geometric shape of the drive plate, 

determining its polar moment of inertia is relatively complicated. Instead, the polar 

moment of inertia was determination experimentally by using the drive plate calibration 

method. Table 1 presents the properties of the calibration specimens. 

Table 1 Properties of the Calibration Specimen 

Specimen of Material Density Mass Polar Moment 

Resonant Frequency (lb/in
3
) of Inertia (lb-ft-sec

2
) 

(Hz) Rod Top Plate 

14 Steel 0.283 5.337 x 10
-8

 1.189 x 10
-4

 

20 Brass 0.309 2.161 x 10
-8

 1.632 x 10
-4

 

44 Brass 0.309 7.481 x 10
-8

 1.524 x 10
-4

 

102 Brass 0.309 5.422 x 10
-7

 1.401 x 10
-4

 

 

For the drive plate calibration, a voltage measurement is used for conducting the 

RC test on the four of calibration specimens. The resonant frequency and damping can 

be directly determined from the response of the RC test. The calibration specimen under 
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the applied torque through the drive system can be model as a single degree of freedom, 

spring and mass system. The calibration specimen is represented by a massless spring 

when the drive plate is represented by a lumped mass on top of the spring. The resonant 

frequency can be express in equation presented below: 

�� � �
�� f �Ѳ 

 ¡  ¢ √� � £�                                                (4.1) 

where f�= resonance frequency, 

KѲ = torsional spring stiffness of the calibration specimen, 

 J� = mass polar moment of inertia of the drive plate and the assembly,  

J� = mass polar moment of inertia of the top plate of the calibration specimen, 

and 

D = damping of the calibration specimen. 

Because there are two unknowns, KѲ and J�, the system cannot be solved by only 

one equation. Therefore additional equations and tests are required. The RC tests were 

repeated on the same calibration specimens with an added mass attached on top of the 

drive plate. The three additional masses using in this calibration were steel circular disks 

with different thickness. Figure 39 presents the drawing of the added masses. Table 2 

presents the properties of the added masses. 

 

 

Figure 39 Drawing of the added mass 
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Table 2 Properties of the added mass 

Added Mass Material Density Polar Moment of Inertia 

No. (lb/in
3
) 

of added mass,  ∆ J  

(lb-ft-sec
2
) 

1 Stainless Steel 0.290 2.48 x 10
-4

 

2 Stainless Steel 0.290 5.00 x 10
-4

 

3 Stainless Steel 0.290 7.67 x 10
-4

 

 

Since the added masses were designed to have a simple geometric shape, the 

mass polar moment of inertia of each added mass can be directly calculated. The 

complete equation is shown below: 

f� � �
�e f KѲ 

Jy Jz ∆J √1 � D�                                            (4.2) 

where ∆J = mass polar moment of inertia of the added mass. 

The resonant column tests without added masses and with added masses were 

performed using the four calibration specimens.  Therefore, there were four equations to 

solve for KѲ and J�. These equations are shown below: 

f�� � �
�e f KѲ 

Jy Jz f1 � D��
                                             (4.3) 

f�� � �
�e f KѲ 

Jy Jz ∆Ju ¤1 � D��
                                          (4.4) 

f�� � �
�e f KѲ 

Jy Jz ∆J� ¤1 � D��
                                          (4.5) 

f�& � �
�e f KѲ 

Jy Jz ∆J3 f1 � D&�
                                          (4.6) 

where f��,�,�,&  = measured resonant frequency of the calibration specimen for the test 

with no added mass, and added mass no.1, 2, and 3, respectively, 

D�,�,�,& = measured damping ratio of the calibration specimen for the test with no 

added mass, and added mass no.1, 2, and 3, respectively, and 

∆J�,�,& = polar moment of inertia of the added mass no. 1, 2, and 3, respectively. 
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4.4 Drive Plate Calibration Results  

The measured resonant frequency and damping from the RC test on the four 

calibration specimens is presented in Table 3. 

Table 3 Drive Plate Calibration Results 

Added 

14-Hz 

Specimen 

20-Hz 

Specimen 

44-Hz 

Specimen 

102-Hz 

Specimen 

Mass No. fm (Hz) D (%) fm (Hz) D (%) fm (Hz) D (%) fm (Hz) D (%) 

No Added Mass 14.477 3.278 19.916 2.304 44.10 1.327 101.56 0.453 

1 13.705 2.960 18.910 2.168 41.82 1.764 96.60 0.447 

2 13.056 2.992 18.026 2.073 39.78 1.735 92.21 0.453 

3 12.484 2.811 17.242 1.967 37.98 1.530 88.44 0.489 

 

With four equations and two unknowns, the KѲ and J� can be graphically solved 

by plotting all values of J�versus KѲ  for each test. These plots for the four specimens are 

shown in Figures 40-43. The point of intersection represents a solution of two equations. 

Four equations give six values KѲ and J�. Therefore six solutions for the values of  J� 

versus KѲ  can be produced from each plot. All of the solutions for the values of  J� 

versus KѲ  are presented in Table 4. The average values of KѲ and J�were calculated 

from the average of the three closest intersection points in the plots. These closest values 

are shown in shading area of Table 4.  

Figure 44 presents the variation of the Jo and the average resonant frequency 

from four calibration specimens. The values of Jo increase with the average resonant 

frequencies from 14-Hz, 20-Hz, and 102-Hz specimens, but the results from 44-Hz 

specimen do not follow the trend of majority. There are the lower results from 44-Hz 

specimen so they were excluded when calculating the average values of Jo. Figure 45 

presents the variation of the Jo with the average resonant frequency from the 14-Hz, 20-

Hz, and 102-Hz specimens. The power function was fitted to the Jo and the average 

resonant frequency and was used to calculate Jo for the RC test. 
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Figure 40 Solutions for KѲ and Jo for the 14-Hz specimen 

 

Figure 41 Solutions for KѲ and Jo for the 20-Hz specimen 
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Figure 42 Solutions for KѲ and Jo for the 44-Hz specimen 

 

Figure 43 Solutions for KѲ and Jo for the 102-Hz specimen 
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Table 4 All Solutions for KѲ and Jo Obtained from Drive Plate Calibration 

Average Polar Moment Torsional 

Resonant of Inertia of Stiffness, Average 

Specimen Frequency, f�  Drive Plate, J� KѲ  KѲ  
(Hz) (lb-ft-sec

2
) (lb-ft/rad) (lb-ft/rad) 

14.09 0.0019723 17.322 

13.77 0.0020403 17.617 

14hz 13.48 0.0020204 17.720 17.921 

13.09 0.0020526 17.917 

13.09 0.0020531 17.921 

12.77 0.0020538 17.925 

19.41 0.0020564 34.777 

18.97 0.0020495 34.670 

20hz 18.58 0.0020445 34.591 34.552 

18.08 0.0020413 34.565 

18.08 0.0020367 34.500 

17.63 0.0020313 34.436 

42.96 0.0020154 166.492 

41.94 0.0019820 163.923 

44hz 41.04 0.0019682 162.870 161.156 

39.90 0.0019426 161.466 

39.90 0.0019381 161.154 

38.88 0.0019328 160.849 

99.08 0.0021622 937.505 

96.88 0.0021517 933.236 

102hz 95.00 0.0021759 943.087 942.147 

92.52 0.0021393 929.062 

92.52 0.0021849 945.849 

90.32 0.0022403 962.969 
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Figure 44 Jo and average resonant frequency from the calibration specimens 

 

 

Figure 45 Variation of Jo with frequency 
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4.5 Calibration of Torque-Voltage Factor and Torque-Current Factor  

For the TS test, the applied torque can be directly observed by measuring the input 

current or voltage. When a current is applied to the coils, a magnetic field is induced, 

causing the magnets in the top plate to move. The applied torque at the top of the 

calibration specimen results from the movement of the magnets in the drive plate. This 

calibration is performed to determine the correlation between the measured input voltage 

and applied torque, and the correlation between the measured input current and applied 

torque. These correlations can be determined as shown below: 

T � kii �  kvv                                                         (4.7) 

where T = applied torque on the calibration specimen, 

 k8 = torque-current factor,  

 i = measured input current,  

 k| = torque-voltage factor, and 

 v = measured input voltage. 

Since the rotation of the calibration specimen can be measured using the proximitor 

and the torsional stiffness of each the calibration specimens is known, as shown in Table 

4, the torque can be calculated using the definition of torque shown below: 

T � KѲ Ѳ                                                                         (4.8) 

where ¦Ѳ  = torsional stiffness of the calibration specimen, and 

Ѳ  = rotation of the calibration specimen subjected to the applied torque. 

The TS tests were performed on the four calibration specimens with the 

frequencies of 0.01, 0.05, 0.1, 0.5, and 1 Hz. During the calibration tests are performed, 

the measured input current and voltage can be observed. The values of §¨ can be 

determined by plotting the torque versus the measured input current. The average §¨ of 

each specimen and the frequency are shown in Figures 46-49. For The value of §© can be 

determined by plotting the torque versus the measured input voltage. The average k| of 

each specimen and the frequency are shown Figures 50-53. Table 5 presented all values 

of k8 and k| from the TS test with the frequencies of 0.01, 0.05, 0.1, 0.5, and 1 Hz on four 

calibration specimens. The overall average values of the calibration test are k8 = 

0.632101 lb-ft/amp and  k| = 0.0139361 lb-ft/volt. 
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Figure 46 The average ki of 14-Hz specimen 

 

 

Figure 47 The average ki of 20-Hz specimen 
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Figure 48 The average ki of 44-Hz specimen 

 

 

Figure 49 The average ki of 102-Hz specimen 
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Figure 50 The average kv of 14-Hz specimen 

 

 

Figure 51 The average kv of 20-Hz specimen 
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Figure 52 The average kv of 44-Hz specimen 

 

 

Figure 53 The average kv of 102-Hz specimen 
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Table 5 Factor ki and kv from the TS test on the calibration specimens 

Frequency 

(Hz) 

14-Hz specimen 20-Hz specimen 44-Hz specimen 102-Hz specimen 

ki 

(lb-ft/amp) 

kv 

(lb-ft/volt) 

ki 

(lb-ft/amp) 

kv 

(lb-ft/volt) 

ki 

(lb-ft/amp) 

kv 

(lb-ft/volt) 

ki 

(lb-ft/amp) 

kv 

(lb-ft/volt) 

0.01 0.64694 0.014040 0.59181 0.013079 0.61546 0.013131 0.67209 0.014805 

0.05 0.64593 0.014037 0.58949 0.013027 0.62121 0.013740 0.68427 0.015150 

0.10 0.64651 0.014043 0.58805 0.013108 0.59373 0.013436 0.69081 0.015288 

0.50 0.64749 0.014090 0.58930 0.013011 0.61512 0.013649 0.67948 0.015028 

1.00 0.63119 0.014103 0.59078 0.013040 0.61670 0.013750 0.68565 0.015166 

Average 0.64361 0.014063 0.58989 0.013053 0.61245 0.013541 0.68246 0.015087 

 

4.6 Equipment Damping Calibration 

The damping measured from the RC test using the voltage measurement includes 

equipment damping generated by back emf effect. Therefore the calibration must be 

performed to quantify the value of the equipment generated damping. In this calibration, 

the measured equipment generated damping was compared with the predicted equipment 

generated damping obtained by the procedure proposed by Sasanakul and Bay (2009). 

4.6.1 Calibrations of drive plate electromagnetic properties 

This calibration was conducted to determine the electromagnetic properties of the 

RC and TS drive system. Four electromagnetic parameters: coil resistance, Rc, coil 

inductance, Lc, torque-current, torque-current, ki, and back emf-rotational velocity 

factor, kB were determined and later used to generate the electromagnetic model in next 

section.  

The torque-current, ki was calibrated using four calibration specimens presented in 

the following section. The average value of ki is 0.63210 lb-ft/amp. The coil resistance, 

Rc, and coil inductance, Lc were directly measured by using a LCR meter, model 4263B 

from Agilent Technologies. The Rc and Lc are 45.901 ohms and 0.024422 H 

respectively. The back emf-rotational velocity factor, kB can be verified by procedure 

described as follows. 

The drive coils was rewired for this calibration test. The two pairs of opposite coils 

were grouped together. One group was used as the drive coils and the other was used as 

the response coil. Figure 54 presents the configuration of coils for this calibration. The 
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RC test was performed in a frequency range of 0-400 Hz on four calibration specimens 

using drive system with the modified drive coils. As the magnet in the response coil 

moves, it causes the back emf voltage in the response coil. 

 

Figure 54 Configuration of coils for kB measurement (Sasanakul and Bay, 2009) 

 

 Sasanakul and Bay (2009) suggested that a crosstalk effect has to be taken into 

account for the kB measurement. The crosstalk causes the voltage coupling between the 

two groups of coils and interferes with the measured voltage. Therefore the crosstalk 

voltage is needed to be measured and subtracts from the measured out voltage. The RC 

test was performed on a rigid aluminum specimen a frequency range of 0-400 Hz. Since 

the rigid specimen is very stiff and the magnet cannot move, the back emf effect is 

negligible. Figures 55-56 present the photo and drawing of the rigid specimen.   
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Figure 55 Photo of the solid calibration specimen 

 

 

Figure 56 Drawing of the solid calibration specimen 
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From the results of the RC test on the rigid calibration specimens, the crosstalk 

factor can be calculated using the following equation: 

Vc � kc ª8
ª� � kcijω                                                    (4.9) 

where Vc = crosstalk voltage, 

 i = input current of the drive coils, and 

 kc = crosstalk factor. 

The kc is a complex number. The plot of a real part and an imaginary part of kc is 

shown in Figure 57. The imaginary part of kc is very close to zero and is negligible. The 

average real part of kc is 2.8x10
-5 

(volt/amp/sec). 

From the results of RC test on four calibration specimens, the kB without the 

crosstalk effect can be calculated using the following equation: 

kB � 2 Vy¬z ]`8\
Ѳ\                                                   (4.10) 

where V�s� = measured output voltage, and 

 Ѳ = rotation. 

 The variation of kB with frequency is presented in Figure 58. The kB is also a 

complex number. The imaginary part of kB is closed to zero, while the real part of kB 

increases as frequency increases. The average of the kB= 0.83951+9.370e-08freq
2.6421

 

from four calibration specimens was used to predict the equipment damping from the 

electromagnetic model presented in the next section. 
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Figure 57 Variation of kc with frequency 
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Figure 58 Variation of kB with frequency 
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4.6.2 Prediction of Equipment Damping due to Back EMF Effect 

The measured equipment was compared to the predicted equipment damping using 

the electromagnetic model in this section. The equipment damping can be evaluated by 

conducting the RC test on the calibration specimens using voltage measurement and 

current measurement. The damping using voltage measurement includes the back efm 

effect, while the damping from current measurement has no emf effect. The different of 

damping from both measurements is the equipment damping (Deq). The resonant 

frequencies of the calibration specimen measured from current measurement, and from 

voltage measurement are different. A change of the resonant frequency (∆fm) is also 

measured from the RC test and predicted using the electromagnetic model in this 

section.  

The RC test, using voltage measurement, on four calibration specimens with and 

without added masses was already performed as presented in Section 4.3. The same 

procedure was repeated by using current measurement to measure the resonant 

frequency and the damping of the specimen. Tables 6-9 present the back emf effect on 

the resonant frequency and the damping from four calibration specimens. For the current 

measurement, without back-emf effect, the resonant frequency and the damping are 

smaller than the results measured using the voltage measurement. The ∆fm, and Deq were 

also presented in Tables 6-9. Figure 59 presents the variation of the increasing of 

resonant frequency due to the back emf effect with the resonant frequency. The change 

of the resonant frequency increase as the resonant frequency increases. The line 

represents the average trend of all result which is ∆fm=0.14136-0.1666e
0.003007fm

. Figure 

60 presents the variation of Deq with the resonant frequency. The equipment damping 

decreases as the resonant frequency increases. The line represents the average trend of 

all results which is Deq=0.34832-5.041e
-0.054054fm

. 
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Table 6 Back emf effect for 14-Hz Specimen 

14-Hz Specimen 

Test 

  
Without back emf With back emf ∆fm Deq 

fm (Hz) D (%) fm΄ (Hz) D (%) (Hz) (%) 

No Added Mass 14.427 0.0776 14.477 3.2785 0.0497 3.2009 

Mass No.1 13.677 0.0797 13.705 2.9601 0.0287 2.8803 

Mass No.2 13.026 0.1064 13.056 2.9925 0.0300 2.8861 

Mass No.3 12.454 0.0954 12.484 2.8112 0.0300 2.7158 

 

Table 7 Back emf effect for 20-Hz Specimen 

20-Hz Specimen 

Test 

  
Without back emf With back emf ∆fm Deq 

fm (Hz) D (%) fm΄ (Hz) D (%) (Hz) (%) 

No Added Mass 19.876 0.1038 19.916 2.3042 0.0400 2.2004 

Mass No.1 18.862 0.0848 18.910 2.1676 0.0480 2.0828 

Mass No.2 17.984 0.0714 18.026 2.0726 0.0413 2.0011 

Mass No.3 17.212 0.0617 17.242 1.9673 0.0300 1.9056 

 

Table 8 Back emf effect for 44-Hz Specimen 

44-Hz Specimen 

Test 

  
Without back emf With back emf ∆fm Deq 

fm (Hz) D (%) fm΄ (Hz) D (%) (Hz) (%) 

No Added Mass 43.979 0.3464 44.103 1.3271 0.1247 0.9807 

Mass No.1 41.700 0.7343 41.822 1.7642 0.1223 1.0299 

Mass No.2 39.707 0.7573 39.782 1.7347 0.0757 0.9774 

Mass No.3 37.919 0.6601 37.983 1.5305 0.0643 0.8704 

 

Table 9 Back emf effect for 102-Hz Specimen 

102-Hz Specimen 

Test 

  
Without back emf With back emf ∆fm Deq 

fm (Hz) D (%) fm΄(Hz) D (%) (Hz) (%) 

No Added Mass 101.403 0.0870 101.560 0.4531 0.1567 0.3661 

Mass No.1 96.459 0.0566 96.598 0.4466 0.1393 0.3900 

Mass No.2 92.084 0.1637 92.207 0.4532 0.1230 0.2895 

Mass No.3 88.342 0.1475 88.438 0.5011 0.0960 0.3536 
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Figure 59 Variation of ∆fm with the resonant frequency 

 

 

Figure 60 Variation of Deq with the resonant frequency 
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 The ∆fm and Deq can also be predicted by using the electromagnetic model 

proposed by Sasanakul and Bay (2009). The four electromagnetic parameters: Rc, Lc, ki, 

and kB measured in the drive plate electromagnetic section are presented in Table 10. 

Table 10 Electromagnetic Parameter 

Parameter Unit 

Variation with 

Frequency Measured Value 

Coil Resistance, Rc ohm Certain 45.901 

Coil Inductance, Lc henry Certain 0.024422 

Torque-current 

Factor, ki lb-ft/amp Uncertain 0.632 

Back emf-rotational 
velocity Factor, kB volt/rad/sec Increasing kB = 0.83196+1.5992e-7freq

2.5529 

 

The equipment spring constant (k�X) and equipment dashpot constant (c�X) terms 

were later used to calculate predicted ∆fm and Deq. They can be calculated from using the 

following equation: 

k�X � R �e��΄
√���D΄�T� ∑J � KѲ, and                                   (4.11) 

c�X � D�X R4π∑J ��΄
√���D΄�T                                           (4.12) 

where f�΄ , D΄, and D�X values are the results from the RC test on four calibration 

specimens with or without added mass as presented in Tables 6-9. 

The predicted ∆fm and Deq can be evaluated by using the following equations: 

∆f� � �
�e IfKѲ ]hi

∑J f1 � 2lD " D�Xm� � fKѲ
∑J √1 � 2D�M, and        (4.13) 

D�X � chi
c`                                                        (4.14) 

where Kѳ= torsional spring stiffness of the calibration specimen,  

 ∑J = total mass polar moment of inertia of the system, 

 k�X = equipment spring constant, and 

 c�X = equipment dashpot constant, 

Kѳ of each specimen was determined in the drive plate calibration section as 

shown in Table 4. ∑J is a summation of the mass polar moment of inertia of the drive 

plate and the assembly, the top plate of the calibration specimen, and added mass.  
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 The predicted ∆fm and Deq were compared to the measured ∆fm and Deq. Figure 

61 presents a comparison of the measured and predicted values of ∆fm with resonant 

frequency for each calibration specimen, with and without added mass. The predicted 

values of ∆fm are lower than the measured values. Figure 62 presents a comparison of the 

measured and predicted values of Deq. The measured and predicted values of Deq are 

very similar. The fitting exponential functions for the measured and predicted values of 

Deq are very close.  

 

Figure 61 Comparison of the measured and predicted values of ∆fm 
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Figure 62 Comparison of the measured and predicted values Deq 

 

4.7 Deformation Sensor Calibration 

4.7.1 Proximitor Calibration 

In this study, the proximitors were used to measure the rotation for the TS test at 

low frequencies with the non-contacting measurement system. Therefore a proximitor 

calibration needs to be performed to obtain the accurate calibration factor.  

The proximitor probe generates a voltage proportional to the distance between 

the probe and target. The proximitor calibration was simply performed using a milling 

machine to obtain an accurate measurement of the distance from the proximitor probe to 

the target. The target was fixed to the mill head while the proximitor was mounted to the 

plate on the opposite side. The proximitor output voltage was measured at 5 mil (0.005 

in.) intervals as the mill head was moved away from the plate. Both of the proximitor 

calibration factors of two of the proximitors, namely A, and B, are presented in Figure 

63-Figure 64 respectively. The proximitor calibration factor is 68.993 and 78.601 lb-

ft/volt for proximitor A and proximitor B respectively. 
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Figure 63 The calibration factor for the proximitor A 

 

 

Figure 64 The calibration factor for the proximitor B 
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4.7.2 Accelerometer Calibration 

In this study, the rotation for the RC test was calculated from the acceleration 

measures from the accelerometer. Since the RC test was performed at the medium to 

high frequency, the accelerometer was accelerated at the medium to high frequencies of 

50, 100, and 200 Hz in this calibration. A vibration calibration, model 4000 from 

Gilchrist Technology was used to accelerate the accelerometer at the accelerations of 

0.1, 0.2, 0.5, 1, and 5g. The vibration calibration was connected to the signal analyzer to 

record and monitor the output voltage acceleration. The acceleration factor was obtained 

by plotting the acceleration and the output voltage. Figure 65 presents all values of the 

acceleration and the output voltage. The results from the tests at frequencies of 50, 100, 

and 200 Hz are very similar. The accelerometer factor evaluated from the average slope 

of all data is 2.6123 volt/g.   

 

Figure 65 The calibration factor for the accelerometer 

 



 

 70 

4.7.3 Comparison of rotation measured by using Proximitors and Accelerometer  

This calibration was conducted to verify the calibration factors of the proximitors 

and the accelerometer. The 14-Hz specimen was used to perform this calibration.  The 

RC tests were performed on a large range of frequencies of 20-200 Hz at the three 

difference voltage input amplitudes of 2, 5, and 10 volts. The response of the excitation 

was measured by the accelerometer and the proximitors. The rotation was calculated 

from the acceleration voltage response from accelerometer and the output voltage from 

the proximitor by using the calibration factors.  

The comparisons between the rotations of the TS test from both sensors are 

presented in Figures 66-68. According to the results, the rotations measured from the 

accelerometer and the proximitor are very similar. The rotation measured from 

accelerometer has a smoother trend along the frequency because the accelerometer was 

designed to use at the medium to high frequency. 

   

 

Figure 66 The rotation of RC test at 2.5 volts 
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Figure 67 The rotation of RC test at 5 volts 

 

 

Figure 68 The rotation of RC test at 10 volts 
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4.7.4 LVDT calibration  

The LVDT was used to measure the settlement of the specimen. The calibration 

was simply performed by moving a LVDT’s core vertically while the LVDT output 

voltage was recorded. The linear relationship between the LVDT’s core vertical 

travelling distance and the changing voltage was determined.   

In this calibration, the milling machine was used to measure the travelling distance. 

The core was fixed to the mill head while the proximitor target fixed to the machine 

table. The output voltage was measured at 50 miles intervals while the table was moved 

away from the mill head. The calibration factor of the LVDT is shown in Figure 69. The 

relationship of the output voltage and the vertical displacement is liner in a range of 

voltages approximately from 0 to 5 volts. The center voltage is approximately at 2.5 volt.  

The factor of LVDT used in this study is 0.20398 in/volt. 

 

Figure 69 The calibration factor for the LVDT 
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5. SAMPLE PREPARATION AND TESTING PROGRAM 

5.1 Introduction 

The RC and TS tests were performed on Ottawa sand, and a mixture of Ottawa 

sand and non-plastic silt called “scaled sand”. Material properties of both sands are 

presented in this chapter. The Ottawa sand specimens were prepared using the dry 

pluviation and hydraulic fill methods, and the scaled sand specimens were prepared 

using the dry pluviation method. A step-by-step preparation procedure for both methods 

including the RC/TS quipment setup are described in this chapter. Lastly, a general 

procedure of the RC and TS tests and testing program are presented. 

5.2 Material Properties 

This section presents material properties of two types of sand: 1) Ottawa F#55 is a 

clear, uniform, fine silica sand, and 2) Scaled sand is a size particle reduction of Ottawa 

sand created by combining 83% Ottawa F#100 sand with 17% non-plastic silt. The 

properties of both sands are presented in Table 11. The grains of Ottawa sand are mainly 

rounded of clear colorless quartz.  It has a range of void ratios from 0.61 to 0.80 and a 

range of densities from 1478 to 1650 kg/m
3
. This sand has a low percent fines content at 

0.1%. Scaled sand can be classified as fine silty sand with a percent fines content of 21. 

It has a range of void ratios from 0.43 to 0.96 and a range of relative densities from 1368 

to 1875 kg/m
3
. Purpose of using Scaled sand is to evaluate effects of fine content on the 

dynamics properties. 

Figure 70 shows the gradation curves of Ottawa sand F#55 and scaled sand. 

Considering the parameter obtained from the gradation curve, it is very uniform and well 

graded. The Uniformity Coefficient, Cu is 2 and Coefficient of Gradation, Cg, is 1. The 

particle size of the Scaled sand is reduced by the factor of 2.5 from Ottawa F#55, while 

the permeability of Scaled sand is reduced by the factor of 25.  
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Table 11 Soil Properties 

 

Note:  (1) Minimum void ratio (ASTM D1557) 

(2) Maximum void ratio (ASTM D4254 method C) 

 

 

Figure 70 Gradation curve of Ottawa Sand F#55 and Scaled Sand (Gonzalez, 2008) 
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5.3 Sample Preparation  

In this study, the sand specimen was prepared using 2 different methods: dry 

pluviation and hydraulic fill. The sand specimen prepared by dry pluviation was tested 

dry, but the sand specimen prepared by hydraulic fill method was tested in a saturated 

condition. Each preparation procedure was performed carefully to ensure high quality 

for each sample and the reliability of the results. The desired characteristics of the 

samples are listed as shown below: 

1) Uniform density 

2) Uniform diameter of specimen without any visible crack on its surface 

3) Level top and bottom surfaces of specimen and good contact with the top 

cap of the RC\TS equipment 

4) The sample is vertical in the longitudinal axis. 

Both preparation methods, the specimen has approximately diameter of 2.75 

inches (70 mm) and was prepared by using a 70 mm, two-part split mold, model EL25-

6530 from ELE International. 

5.3.1 Dry Pluviation Method 

Both Ottawa sand and scaled sand were prepared using the dry pluviation method 

at the three different void ratios of 0.62, 0.72, and 0.77. Preparation procedure is 

presented below. 

1) Place the O-ring in the base plate groove where the base pedestal sits. Coat the 

O-rings and the bottom of the base pedestal plate with a thin coat of vacuum 

grease. Figure 71 presents the O-ring position in the base plate. Place the base 

pedestal on the base plate and secure using screws. Gradually tighten the screws 

on the opposite sides. The connection should be sealed so that the applied 

vacuum can be maintained without leakage.  The base plate and the base pedestal 

are presented in Figure 72. 
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Figure 71 Base plate of the RC and TS equipment 

 

 

Figure 72 RC and TS equipment 
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2) Draw lines at one inch intervals on a latex membrane. Place the membrane 

around the base pedestal.  Secure the latex membrane with two O-rings at the top 

and bottom.  

3) Attach a piece of paper using tape (approximate size of 2 inches by 2 inches) 

inside the mold on the connection of the mold and the vacuum pump to ensure 

that the membrane will not block the vacuum pressure. Assemble the mold 

around the base pedestal. Fix the mold with the base pedestal firmly with two 

steel clamps. Ensure that the mold is vertical and level.    

4) Put two O-rings around the top of the mold. They will be used later to secure the 

top plate. Pull the membrane up and straight.  

5) Connect a vacuum pump to the mold. Turn on the vacuum pump. The 

approximately negative pressure of 100 kPa was used in this study. Ensure that 

the valve on the base plate is closed to avoid air leaking. Fold the excess 

membrane down over the mold. Remove all wrinkles from the membrane. Use 

the vacuum pump to remove all air between the membrane and the mold surface 

as shown in Figure 73. 

 

Figure 73 Mold with the membrane under vacuum pressure 
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6) Deposit sand by using the dry pluviation method  

i. Figure 74 presents the dry pluviated sand specimen. The Sand is deposited in 

layer of inch. For the lower layer, sand is expected to have more settlement 

due to the weight of the upper layer. To account for the settlement, the height 

of the lower layer is more than one inch. The height of each layer can be 

obtained by trial and error, and depends on the compressibility of sand and 

the void ratio of each sample.  

ii. Calculate weight of sand for a one inch lift to obtain the desired void ratios 

which are 0.62, 0.72, and 0.77. 

iii. Weigh the sand for a one inch lift and pluviate using a cone. Height from the 

tip of the cone to the surface of the sand specimen depends on the desired 

void ratio. In this study, the approximately heights used are 5 and 3 inches for 

the void ratio of 0.62 and 0.72 respectively, and for the void ratio of 0.77 the 

tip of the cone should be very close to the sand surface without contact. 

These high were determined by using the trial and error technique.  

iv. Compact sand with a rubber mallet until the lift is the proper height. The 

heavily and lightly compaction are needed for the void ratio of 0.62 and 0.72 

respectively, while compaction is not needed for the void ratio of 0.77. 

v. Repeat the same procedure until the sand fills the mold. 

7) Place the top cap on the sand specimen carefully. Align the holes on the top cap 

with the holes on base pedestal. Rotate the top cap slightly to ensure good contact 

between the sand specimen and its surface. Place a bubble level on top of the top 

cap and adjust the top cap accordingly.  

8) Pull the membrane up to cover the top cap. Secure by gently moving the O-rings 

up from the top of the mold. Fold the excess membrane down. 

9) Connect the vacuum pump to a vacuum pressure regulator, and to the valve on 

the base plate. Turn on the vacuum pump. Adjust the vacuum pressure regulator 

to be in the range of negative pressures 5-10 kPa. Gradually open the vacuum 

valve in the base pedestal. Disconnect the vacuum pump from the mold. 

10) Loosen the steel clamps. Carefully disassemble the mold.  
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11) Measure the height and the diameter of the sample with a vernier caliper to 

calculate the void ratio of specimen. 

12) Clean excess sand from the work area. 

 

 

Figure 74 Dry pluviated sand specimen 

5.3.2 Hydraulic Fill Method 

In this study, the Ottawa sand specimen was prepared by hydraulic fill method at 

three different void ratios of 0.60, 0.70, and 0.74. The procedure is presented as the 

following. 

1) A modified mold was used in this study, as shown in Figure 75. The mold was a 

70mm diameter, two-part split mold, model EL25-6530 from ELE International. 

In order to prevent water from leaking from the bottom of the mold during 

sample preparation, the bottom and top plates were designed and built to seal 

against the top and bottom of the mold. The top and bottom plates were 

connected securely using 3 long bolts with nuts to tighten them together. 

2) Assemble the two halves of the mold. Coat the contact area of the two halves of 

the mold with silicone caulk. Secure with two steel clamps.  

3) Place circular rubber discs on the bottom plate. Place the mold on the rubber 

discs to prevent water from leaking from the bottom of the mold. Place the top 

plate on the mold. Screw the three bolts into the holes in the bottom plate and 

tight the top plate down by using nuts. Ensure that the mold is vertical. 

Top Cap 

O-rings 
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4) Apply silicone caulk to the joint between the mold and the top and bottom plates. 

After the silicone caulk dries, add water to fill the mold to ensure that it is sealed. 

If a leak is found, apply more silicone to the leaking area.  

 

Figure 75 Modified mold for hydraulic fill sample preparation 

 

5) Hydraulic fill preparation and frozen sample technique. 

i. Figure 76 presents the hydraulic fill method procedure. Mix sand with water 

thoroughly in a cup. The quantity of added water depends on a target void 

ratio of the specimen. For the void ratio of 0.60, water is added until the 

mixture has a texture of soft mud. For a void ratio of 0.70, water is added less 

than for the void ratio of 0.60. The mixture becomes wet and soft. For a void 

ratio of 0.74 or higher, a very small amount of water is added at a time until 

the mixture can stick together and easily form a clump. Figures 77-79 present 

the sand mixture at the void ratios of 0.60, 0.70, and 0.74. The texture of the 

mixture is influenced by the amount of water added. The proper amount of 

water is not determined by measurement but by experience.  

ii. Place the sand mixture into the mold in a one inch lift. For a void ratio of 

0.74 or higher, the sand mixture is needed to be placed carefully into the 

Top Plate 

Mold 

Bottom Plate 

Bolt 
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mold in order to avoid changing the texture of the mixture. Slowly add water 

down the side of the mold to cover the sand layer.  

iii. Repeat the process until the mold is filled. A consistent soil mixture between 

lifts is required. 

iv. It is recommended that all of the hydraulic fill preparation procedures be 

performed near a freezer to minimize the disturbance while transporting it to 

the freezer. For the void ratio of 0.74 or higher, it is recommenced that 

specimen preparation is performed inside the freezer. 

 

 

Figure 76 Procedure for preparing the hydraulic fill specimen 
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Figure 77 Sand mixture for a void ratio of 0.60 

 

 

Figure 78 Sand mixture for a void ratio of 0.70 

 

 

Figure 79 Sand mixture for a void ratio of 0.74 
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6) After the mold is filled, place the mold in the freezer. 

7) Remove the mold from the freezer after 40 hours of freezing time. Remove the 

silicone caulk. Disassemble the top and bottom plates. 

8) Trim the portion of the frozen sand specimen that is higher than the top edge of 

the mold. Ensure the surface is level and smooth.  

9) Loosen the steel clamps. Split the two halves of the mold. The frozen specimen is 

shown in Figure 80. Place the frozen specimen on the base pedestal.  

 

 

Figure 80 Frozen specimen in a two way spilt mold 

 

10) Apply silicone caulk to the side of the top cap. Place the top cap on top of the 

frozen specimen.   

11) Roll the membrane up to cover the frozen specimen. Remove all wrinkles from 

the membrane. Align the holes on the top cap with the holes on base pedestal. 

Rotate the top cap slightly to ensure good contact between the specimen and its 

surface. Place a bubble level on top of the top cap and adjust the top cap to be 

level.  

12) Secure the top cap and the membrane with an O-ring. Fold the excess membrane 

down and secure with another O-ring.  Figure 81 presents the frozen specimen 

set up on the base pedestal.  
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Figure 81 Frozen sand specimen on the base pedestal 

 

The procedure of preparing each void ratio of the soil specimen is obtained by trial 

and error. With this method, the specimen can be prepared within 5-10% of the target 

void ratio.   

Typically, when a soil specimen is frozen, the volume of the specimen is assumed to 

increase by approximately 9% during freezing (Bae, 2007). As the sample thaws, the ice 

contracts as it melts to water, and the volume of the specimen decreases. The initial 

height of the completely thawed sample is calculated assuming that the thickness of the 

thawed surface around the specimen is constant. The volume changes during thawing 

can be calculated by the following equation: 

e
N D��H� � Re

N �D� � ∆x��H� � ∆yT � 0.09V±                       (5.1) 

where    ∆x (change in diameter during thawing) = ∆y (change in height during thawing), 

 Ho = initial height of frozen soil, 

 Do = initial diameter of frozen soil, and 

 Vw = volume of water in the soil. 

 In this study, the LVDT did not measure a change in the height of the soil 

during thawing. Therefore, the change in volume of the specimens due to freeze/thaw 

was ignored for the purposes of this research. 
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5.4 RC and TS Equipment Setup 

For the dry pluviation method, the procedure is presented by starting from step 5. 

For the hydraulic fill method, the procedure is presented by starting from step 1. 

1) For hydraulic fill method, the burette is used to maintain the water level of the 

specimen as presented in Figure 82. Connect a burette to the valve in the base 

plate. Check to ensure that all of the connections between the burette and the 

base plate are sealed.    

2) Open the valve. Slowly add water to the burette. Wait until water starts to 

overflow from the base plate. Add more water if an air bubble is found in the 

pipe line. Clean up the base plate. Close the valve. 

3) Place the O-rings in the base plate grooves where the base pedestal sits. Coat the 

O-rings and the bottom of the base pedestal plate with a thin coat of vacuum 

grease.  Place the base pedestal on the base plate and secure using screws. 

Gradually tighten the screws on the opposite sides.  

 

 

Figure 82 RC and TS equipment for the hydraulic fill specimen 
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4) Place the membrane around the base pedestal.  Secure with two O-rings at the top 

and bottom of the mold. Roll the membrane down below the base pedestal 

surface. 

5) Assemble the supporting metal column on the base pedestal.  

6) Ensure that the accelerometer and its counter weight, LVDT post, and proximitor 

post and targets are attached securely to the drive plate.   

7) Carefully place the drive plate with the first plate on the top plate and the second 

plate on top of the supporting metal column. Carefully secure the first plate and 

top plate with four screws tightly. Avoid rotating or compressing the top plate.  

8) Adjust the second plate to ensure no contact between the coils and the magnets. 

Each magnet should be approximately centered in the coil. Secure with two 

screws. 

9) Attach the LVDT tube to the LVDT post on the drive plate. Adjust the LVDT 

tube to approximately the center of the drive plate. Slide the LVDT core into the 

LVDT tube. The LVDT core should be fixed in the slot at the middle of the drive 

plate and slightly lower than the LVDT core from the top.  

10) Attach the proximitor probes to their post. Adjust the distance between each 

proximitor probe and its target to be approximately 2 mm. Leave the screws 

loose. 

11) Clean the base plate groove where the chamber sits. Coat the O-ring with a thin 

coat of vacuum grease. Place the O-ring on the groove. Figure 71 presents the 

location of the O-ring. Place the chamber onto the base plate.  

12) Figure 83 presents the deformation sensors installed on the drive plate of RC and 

TS device. Connect the proximitor and adjust the distance between each 

proximitor probe and its target again to ensure that the reading gauge A and B are 

close to zero. 

13) Connect the LVDT and examine the proper operation by moving up the LVDT 

core. For an inch of traveling distance of the LVDT core, the LVDT reading 

should change 5 volts.   

14) Connect the accelerometer and turn on the charge amplifier. Examine the proper 

operation by tapping the chamber.  
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15) Connect the input power using the series connection configuration.  

16) Assemble four rods to the base plate to fix the chamber cover.  

17) Clean the chamber cover groove. Coat the O-ring with a thin coat of vacuum 

grease. Place the O-ring on the groove.  

18) Carefully place the chamber cover on top of the chamber. Tighten by using the 

nuts.   

19) Record the initial LVDT reading. 

20) Increase cell pressure: 

i. For dry pluviation method: Apply a small pressure to ensure no leaking. 

Gradually increase the pressure in the chamber to a target confining pressure 

while reducing the vacuum pressure. 

ii. For hydraulic fill method: Open the valve on the base plate. Gradually 

increase the pressure in the chamber to a target confining pressure. Add 

more water to the burette to a height approximately level with the top of the 

frozen specimen in order to maintain the saturation of the specimen after it 

thaws. As shown in Figure 82, water in the burette and in the specimen is the 

same level. 

21) Clean up the work area. 

22) Wait until the confining pressure is stabilized: 

i. For dry pluviation method:  

The sample may have some settlement due to the confining pressure. 

Wait until the LVDT is stable. Record the LVDT reading. 

ii. For hydraulic fill method: 

Wait until the LVDT is stable. Thaw the frozen specimen for at least 24 

hours. As the specimen thaws, the resonant frequency and the maximum 

shear modulus decrease. To ensure that the specimen completely thaws, 

the low strain RC test is performed every hour until the resonant 

frequencies of the specimen is constant. Record the LVDT reading. 



 

 88 

 

Figure 83 RC/TS equipment with the deformation sensors 

5.5 Performing the test 

5.5.1 General Procedure 

The test starts with a low strain RC test to obtain shear wave velocity or maximum 

shear modulus. For the study, a low strain RC test was conducted by using a range of 

input voltages of 3 - 10 mV. At low strain test, the sand specimen was assumed to 

behave as a linearly elastic material. Therefore after the application of torque at different 

input voltage levels (3-10mV), the resonant frequency of the soil remained constant. At 

the medium to high strain, the resonant frequency is expected to have a lower value.   

Figures 84-85 present the testing procedure of the RC and TS tests. The input 

voltage amplitude was increased approximately by a factor of 2. In this study, the 

voltage amplitudes used for the RC and TS tests were 3mv, 5mv, 10mv, 20mv, 40mv, 

80mv, 150mv, 300mv, 500mv, 1v, 2v, 4v, 8v, 15v, and so on. At each input voltage the 

shear strain generated for the RC and TS tests were compared. The low strain RC test is 

always performed before the higher strain tests are performed to ensure that the 

maximum shear modulus remains constant. If there is a change in the maximum shear 

modulus, the test is paused for a period of time. 
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Figure 84 Testing procedure 

 

 

Figure 85 Amplitude of the RC and TS test 
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5.5.2 Performing the RC test 

1) Record the LVDT reading when it is stabilized. 

2) Turn on the DataPhysics Abacus
™

 signal analyzer. 

3) Adjust the proximitor reading gauge 3 to be zero. The proximitor reading gauge 

is shown in Figure 19. 

4) Conduct a preliminary RC test. Sweep frequencies by using a large range 

frequencies (from 10 Hz to 100 Hz), and low input voltage amplitude of the 

stepped sine transfer function option to obtain a resonant frequency of the soil 

specimen. 

5) Repeat the previous test with a small range of frequencies to obtain a finer 

resolution of the response.  

6) Record the amplitude of the peak acceleration voltage. 

7) Record the LVDT reading.  

8) Calculate strain (%) 

5.5.3 Performing the TS test 

1) Record the LVDT reading when it is stabilized. 

2) Adjust the proximitor reading gauge 3 to be zero. The proximitor reading gauge 

is shown in Figure 19. 

3) Record the LVDT reading.  

4) Generate the 10 cycles of the sine wave by using the transfer function option. 

5) Record LVDT reading. 

6) Calculate strain (%) and compare with strain from the previous test of RC test 

5.5.4 Testing Plan 

Testing program of the RC and TS tests on each specimen, at each void ratio and 

confining pressure (σo’) is presented in Table 12. For dry pluviated Ottawa sand and dry 

pluviated Scaled sand specimens, the testing programs are the same. These specimens 

were prepared at the void ratios of 0.62, 0.72, and 0.77. At each void ratio, the tests were 

repeated on two different specimens. The first specimen was conducted in a range of 

voltage amplitudes from low to high amplitudes at the confining pressure of 15 kPa. The 
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second specimen with the same void ratio was tested at the very low voltage amplitude 

at the confining pressure of 15 kPa to confirm the measured value of the shear wave 

velocity at each void ratio. Then, the low to high voltage amplitude test was continued at 

confining pressures of 30 and 60 kPa.  

The hydraulic fill Ottawa specimens ware prepared at the void ratios of 0.60, 0.70, 

0.74, 0.75, 0.76, and 0.77.  At every void ratio of the hydraulic fill Ottawa specimen, 

except at the void ratio of 0.70, the RC and TS tests were conducted only at the low 

voltage amplitude at the confining pressures of 15 and 30 kPa, and were conducted from 

low to high amplitudes at the confining pressure of 60 kPa. At void ratio of 0.70, the RC 

and TS tests were conducted only at low voltage amplitude. The preshaking testing was 

conducted on the hydraulic fill Ottawa specimen, at void ratios of 0.75, 0.76, and 0.77 at 

the confining pressure of 60 kPa.  
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Table 12 Testing Program of the RC and TS test 

Specimen 

 

Void 

Ratio 

CD΄ 
 

Very low  

Amplitude 

Testing 

Higher 

 Amplitude  

Testing 

 

Preshaking 

 

Ottawa dry pluviation, 0.62 15 / / N/A 

and Scaled sand dry 15 / N/A N/A 

Pluviation 30 / / N/A 

60 / / N/A 

0.72 15 / / N/A 

15 / N/A N/A 

30 / / N/A 

60 / / N/A 

0.77 15 / / N/A 

15 / N/A N/A 

30 / / N/A 

60 / / N/A 

Ottawa hydraulic fill 0.6 15 / N/A N/A 

30 / N/A N/A 

60 / / N/A 

0.7 15 / N/A N/A 

30 / N/A N/A 

60 / N/A N/A 

0.74 15 / N/A N/A 

30 / N/A N/A 

60 / / N/A 

0.75 15 / N/A N/A 

30 / N/A N/A 

60 / / / 

0.76 15 / N/A N/A 

30 / N/A N/A 

60 / / / 

0.77 15 / N/A N/A 

30 / N/A N/A 

60 / / / 
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6. RESULTS 

6.1 Introduction  

This chapter presents the results and discussions of the RC and TS tests on Ottawa 

Sand. The relationship between torque and rotation was investigated. The Ottawa 

specimens were prepared by the dry pluviation and hydraulic fill methods as discussed in 

Chapter 5. Results of the RC and TS tests performed on Ottawa sand with reduced 

permeability (Scaled sand) discussed in Chapter 5 are also included. These soil 

specimens were prepared at the range of void ratios of 0.6-0.8, and the tests were 

performed at the confining pressures (σo
 �
) of 15, 30, and 60 kPa. Results include T � Ѳ 

relationships, modulus reduction curves (G G���⁄ ), and damping curves. These results 

are then compared with Richart et al. (1970), Seed et al. (1986), and Darendeli (2001). In 

addition, effects of preshaking on the maximum shear modulus (G���) of Ottawa sand 

prepared by hydraulic fill are included and discussed. 

6.2 Torque and Rotation Relationships 

A purpose of  T � Ѳ measurement is to apply the stress integration approach to 

account for nonuniform strain occurs over the radius of soil specimen (Sasanakul and 

Bay, 2008). In the RC test, T � Ѳ can be obtained from the linearized relationship as 

shown in Equation 3.11. In the TS test, T � Ѳ can be measured directly from the input 

voltage amplitude and proximitor reading, and calculated by using the calibration 

factors, K| and KѲ. 

In this study, the stress integration approach was applied using the hyperbolic 

stress-strain model. As a result, the closed form solution obtained in Equation 3.14 was 

used to perform curve fitting, and the hyperbolic model parameters, G��� and γ*, can be 

obtained. These model parameters are used to develop the modulus reduction curve and 

to determine the value of R�X for damping from the normalized R�X curve shown in 

Figure 30. 

Figures 86-91 show results of T�Ѳ from the RC and TS tests and results from 

curve fitting. The best fit model parameter was included in the Figures. 
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The measured T � Ѳ curves from the RC and TS tests are very similar.  The 

hyperbolic model fits very well with the RC and TS results at low and medium strain but 

do not fit well at high strain.  
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Figure 86 T- Ѳ relationships of dry pluviated Ottawa sand at void ratio of 0.62 
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Figure 87 T- Ѳ relationships of dry pluviated Ottawa sand at void ratio of 0.72 
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Figure 88 T- Ѳ relationships of dry pluviated Ottawa sand at void ratio of 0.77 
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Figure 89 T- Ѳ relationships of Scaled sand at void ratio of 0.62 
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Figure 90 T- Ѳ relationships of Scaled sand at void ratio of 0.72 
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Figure 91 T- Ѳ relationships of Scaled sand at void ratio of 0.77 
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6.3 G\Gmax curve 

As discussed in previous section, the values of G��� and γ* evaluated by the 

stress integration approach using the hyperbolic model for dry pluviated Ottawa sand, 

dry pluviated Scaled sand, and hydraulic fill Ottawa sand were obtain. The G G���⁄  

curves can be produced using the hyperbolic stress-strain relationship as presented in 

Equation 6.1 below. This theoretical curve is compared with the data from the RC and 

TS tests. Results of each sand type are presented in the following section.  

O G
G���Q � �

O� ²
²VQ                                                     (6.1) 

6.3.1 Dry Pluviated Ottawa Sand 

Table 13 presents the best fit values of hyperbolic model parameters to the results 

of the RC and TS tests. The G��� values obtained from both tests are very similar. The 

differences between the values from two tests on dry pluviated Ottawa sand are in the 

range of 1 – 9% with an average of 2 %. 

Table 13 Hyperbolic model parameter for dry pluviated Ottawa sand 

Void Ratio σo
  �
(kPa) RC Results TS Results 

Gmax (MPa) γr (%) Gmax (MPa) γr (%) 

0.62 

(Dr = 93%) 

15 

30 

60 

37.67 

53.74 

79.92 

0.027 

0.032 

0.058 

37.68 

53.33 

73.57 

0.024 

0.028 

0.052 

0.72 

(Dr = 40%) 

15 

30 

60 

30.94 

43.33 

66.46 

0.023 

0.026 

0.045 

31.28 

43.79 

66.13 

0.018 

0.025 

0.042 

0.77 

(Dr = 15%) 

15 

30 

60 

30.82 

39.49 

57.32 

0.025 

0.027 

0.035 

31.64 

40.18 

58.04 

0.021 

0.024 

0.033 

 

The modulus reduction curves evaluated by the hyperbolic model, and data 

measured from the RC and TS tests on dry pluviated Ottawa sand are presented in 

Figures 92-94. The theoretical modulus reduction curves fit very well with the RC and 
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TS testing results especially at small stain. At the higher strain, the theoretical modulus 

reduction curves fit well with the results from the TS test, but do not fit well with the 

results from the RC test.  

The effect of the confining pressure on the shear modulus from the RC and TS 

tests on dry pluviated Ottawa sand is presented in Figures 95-96. At the higher confining 

pressure, soil become more linear, as indicated by increasing value of γ* as the confining 

pressure increases.  
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Figure 92 Modulus reduction curves of dry pluviated Ottawa sand at void ratio of 

0.62 
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Figure 93 Modulus reduction curves of dry pluviated Ottawa sand at void ratio of 

0.72 
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Figure 94 Modulus reduction curves of dry pluviated Ottawa sand at void ratio of 

0.77 
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Figure 95 Effect of confining pressure on modulus reduction curves for the RC test 

on dry pluviated Ottawa sand 
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Figure 96 Effect of confining pressure on modulus reduction curves for the TS test 

on dry pluviated Ottawa sand 
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6.3.2 Scaled Sand 

Table 14 presents the best fit values of hyperbolic model parameters to the results 

of the RC and TS tests. At the same void ratio and confining pressure, the G��� values 

from the RC and TS tests are very similar. The differences between the values from the 

two tests on Scaled sand are in the range of 1 – 10% with an average of 5%. 

Table 14 Hyperbolic model parameter for Scaled sand 

Void Ratio σo
  �
(kPa) RC Results TS Results 

Gmax (MPa) γr (%) Gmax (MPa) γr (%) 

0.62 

(Dr = 65%) 

15 

30 

60 

15.77 

23.81 

36.67 

0.037 

0.038 

0.052 

14.39 

24.68 

37.68 

0.037 

0.038 

0.051 

0.72 

(Dr = 45%) 

15 

30 

60 

11.48 

17.96 

30.05 

0.036 

0.036 

0.051 

12.19 

18.35 

30.49 

0.036 

0.037 

0.050 

0.77 

(Dr = 36%) 

15 

30 

60 

11.36 

16.86 

28.48 

0.034 

0.035 

0.048 

11.82 

17.97 

29.90 

0.034 

0.036 

0.049 

  

The modulus reduction curves evaluated by the hyperbolic model, and data 

measured from the RC and TS tests of Scaled sand are presented in Figures 97-99. The 

theoretical modulus reduction curves fit very well with the RC and TS testing results 

especially at small stain. Similar to the results of dry pluviated Ottawa sand, at higher 

strain, the modulus reduction curves fit well with the results of the TS test.     

The effect of the confining pressure on the shear modulus from the RC and TS 

tests on Scaled sand are presented in Figures 100-101. The sand became more linear at 

the higher confining pressure. 
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Figure 97 Modulus reduction curves of Scale sand at void ratio of 0.62 
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Figure 98 Modulus reduction curves of Scale sand at void ratio of 0.72 
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Figure 99 Modulus reduction curves of Scale sand at void ratio of 0.77 
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Figure 100 Effect of confining pressure on modulus reduction curves for the RC 

test on Scaled sand 
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Figure 101 Effect of confining pressure on modulus reduction curves for the TS test 

on Scaled sand  
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6.3.3 Hydraulic Fill Ottawa Sand 

For hydraulic fill Ottawa sand, the RC and TS results are combined and the best 

fit hyperbolic model parameters are presented in Table 15. At a confining pressure of 60 

kPa, the RC and TS tests were performed from low to high strain at void ratios of 0.60, 

0.74, 0.75, 0.76, and 0.77. At confining pressures of 15 and 30 kPa, only the low strain 

RC and TS tests were performed. Therefore the hyperbolic model parameter γr can only 

be evaluated for the specimens tested at the confining pressure of 60 kPa. For the 

specimen at the void ratio of 0.70, only the low strain RC and TS tests were performed 

and the hyperbolic model parameter γr could not be evaluated. 

Table 15 Hyperbolic model parameter of hydraulic fill Ottawa sand 

Void Ratio σo
  �
(kPa) Gmax (MPa) γr (%) 

0.60 

(Dr = 100%) 

15 

30 

60 

34.72 

50.74 

72.06 

N/A 

N/A 

0.045 

0.70 

(Dr = 51%) 

15 

30 

60 

23.46 

36.05 

55.40 

N/A 

N/A 

N/A 

0.74 

(Dr = 29%) 

15 

30 

60 

15.69 

22.19 

28.38 

N/A 

N/A 

N/A 

0.75 

(Dr = 25%) 

15 

30 

60 

13.73 

19.82 

28.11 

N/A 

N/A 

0.052 

0.76 

(Dr = 20%) 

15 

30 

60 

12.80 

18.12 

24.96 

N/A 

N/A 

0.040 

0.77 

(Dr = 13%) 

15 

30 

60 

13.75 

19.77 

27.80 

N/A 

N/A 

0.040 
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For the void ratio of 0.60, the RC and TS tests were performed only at the low 

amplitude at the confining pressures of 15 and 30 kPa. The G��� are 34.72 and 50.74 

MPa at the confining pressures of 15 and 30 kPa respectively. At the confining pressure 

of 60 kPa, the modulus reduction curves evaluated by the hyperbolic model, and data 

measured from the RC and TS tests on hydraulic fill Ottawa sand are presented in  

Figure 102. The theoretical modulus reduction curves fit very well with the RC 

and TS results.  

 For the void ratio 0.70, the RC and TS tests were performed only at the low 

strain test. Therefore the hyperbolic model parameters are not available for this 

specimen. From the low strain test, G��� are 23.46, 36.05, and, 55.40 MPa at the 

confining pressures of 15, 30, and 60 kPa respectively. 

For the void ratios of 0.74, 0.75, 0.76, and 0.77, the RC and TS tests were 

performed only at the low amplitude at the confining pressures of 15 and 30 kPa. The 

G��� are in the range of 12.80-15.69 and 18.12-22.19 MPa at the confining pressures of 

15 and 30 kPa respectively. At the confining pressure of 60 kPa, the modulus reduction 

curves evaluated by the hyperbolic model, and data measured from the RC and TS tests 

of the hydraulic fill Ottawa sand are presented in Figure 103. At the low and high strain, 

the theoretically modulus reduction curves fit well with the RC and TS tests but do not 

fit well at medium strain. 
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Figure 102 Modulus reduction curves of hydraulic fill Ottawa sand at void ratio of 

0.60 

 

Figure 103 Modulus reduction curves of hydraulic fill Ottawa sand at void ratios of 

0.74, 0.75, 0.76, and 0.77 
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6.4 Damping 

Results of damping from the RC test presented in this chapter have been corrected 

for the equipment damping generated due to the back emf effect as described in Section 

4.6.2. The effect of equipment damping for the TS test is neglected as the TS test is 

performed at very low frequency. For the TS test, the damping was obtained from the 

hysteresis loop and the values approach zero at low strain. As a result, the damping at 

low strain presented in this section is viscous-damping measured in the RC test. 

Results of the RC and TS tests on dry pluviated Ottawa sand for each void ratio 

are presented in Figures 104-106. These figures indicate that the damping is small at low 

strain, and increases as the strain increases. The damping measured from the TS test is 

greater than from the RC test, especially at the high strain. As the confining pressure 

increases, the damping deceases for the RC and TS tests as shown in Figures 107-108.  

Results of the RC and TS tests on Scaled sand for each void ratio are presented in 

Figures 109-111. These figures indicate that the damping is small at low strain and 

increases as the strain increases. The damping measured from the TS test is greater than 

from the RC test, especially at the high strain. Similar to the results of dry pluviated 

Ottawa sand, as the confining pressure increases, the damping deceases for the RC and 

TS tests as shown in Figures 112-113.  

Results of the RC and TS tests on hydraulic fill Ottawa sand are presented in 

Figures 114-117. These figures indicate that the damping is smaller at low strain and 

increases as the strain increases. The damping measured from the TS test is greater than 

from the RC test, especially at the high strain.  
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Figure 104 Damping curves of dry pluviated Ottawa sand at void ratio of 0.62 
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Figure 105 Damping curves of dry pluviated Ottawa sand at void ratio of 0.72 
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Figure 106 Damping curves of dry pluviated Ottawa sand at void ratio of 0.77 
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Figure 107 Effect of confining pressure on damping curves for the RC test on dry 

pluviated Ottawa sand  
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Figure 108 Effect of confining pressure on damping curves for the TS test on dry 

pluviated Ottawa sand  
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Figure 109 Damping curves of Scaled sand at void ratio of 0.62 



 

 124

 

Figure 110 Damping curves of Scaled sand at void ratio of 0.72 
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Figure 111 Damping curves of Scaled sand at void ratio of 0.77 
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Figure 112 Effect of confining pressure on damping curves for the RC test on 

Scaled sand 
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Figure 113 Effect of confining pressure on damping curves for the TS test on Scaled 

sand 



 

 128

 

Figure 114 Damping curves of the RC test on hydraulic fill Ottawa sand at void 

ratios of 0.60, 0.70, and 0.74 
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Figure 115 Damping curves of the RC test on hydraulic fill Ottawa sand at void 

ratios of 0.75, 0.76, and 0.77 
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Figure 116 Damping curve of the TS test on hydraulic fill Ottawa sand at void ratio 

of 0.60 

 

Figure 117 Damping curves of the TS test on hydraulic fill Ottawa sand of void 

ratios of 0.75, 0.76, and 0.77 
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6.4.1 Comparison of Damping Curves of Dry Pluviated Ottawa Sand, Scaled 

Sand, and Hydraulic Fill Ottawa Sand 

The damping curves measured from the TS test on dry pluviated Ottawa sand, 

Scaled sand, and hydraulic fill Ottawa sand were compared in this section. Figure 118 

presents the damping curves measured from the TS test on these sands, at the void ratio 

of 0.77, at the confining pressure of 60 kPa. The damping values of dry pluviated Ottawa 

sand and Scaled sand are similar, and the damping values from both sands are smaller 

than the results of hydraulic fill Ottawa at the range of strains of 0.001-0.01%. The 

damping values of dry pluviated Ottawa sand and hydraulic fill Ottawa sand are similar 

and the damping values of both sands are greater the results of Scaled sand at the range 

of strains of 0.01-0.1%. 

 

Figure 118 Damping curves for the TS test on dry pluviated Ottawa sand, Scaled 

sand, and hydraulic fill Ottawa sand 
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6.5 Comparisons of Modulus Reduction and Damping Curves with 

Generic Curves 

In this section, the shear modulus and damping results from the RC and TS tests 

were compared to the shear modulus and damping curves generated by Seed, et al. 

(1986) and Darendeli (2001). 

6.5.1 Comparison with Seed et al. (1986) 

Figure 119 presents a comparison of modulus reduction and damping curves from 

the RC and TS tests on dry pluviated Ottawa sand, and generic curves proposed by Seed, 

et al. (1986). The majority of the shear modulus measured from the RC and TS tests fall 

between the average and upper bound of Seed’s curve. Results from the RC test at the 

confining pressure of 60 kPa are plotted above the upper bound of Seed’s curve. Results 

from the TS test at the void ratios of 0.62 and 0.72 were plotted closely to the lower 

bound of Seed’s curve. The damping values measured from the RC test are lower than 

the lower bound of Seed’s Curve, and the damping values measured from the TS test are 

between the upper and lower bounds of Seed’s curve.  

Figure 120 presents a comparison of modulus reduction and damping curves from 

the RC and TS tests on Scaled sand, and generic curves proposed by Seed, et al. (1986). 

The shear modulus values measured from the RC and TS tests are between the average 

and upper bound of Seed’s curve at the confining pressures of 15 and 30 kPa, with an 

exception of test results from the RC test at the confining pressure of 60 kPa. The 

damping values measured from the RC test are lower than the lower bound of Seed’s 

curve, and the damping values measured from the TS test are between the average and 

lower bounds of Seed’s curve.  

Figure 121 presents a comparison of modulus reduction and damping curves from 

the RC and TS tests on hydraulic fill Ottawa sand, and generic curves proposed by Seed, 

et al. (1986). The shear modulus values measured from the RC and TS tests are between 

the average and upper bound of Seed’s curve. The damping values measured from the 

RC test are plotted below the lower bound of Seed’s Curve. The damping values 

measured from the TS test are between the average and lower bounds of Seed’s curve at 
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the void ratio of 0.60 and are between the upper and average bounds of Seed’s curve in 

the void ratios of 0.74-0.77. 

6.5.2 Comparison with Daredeli (2001) 

Modulus reduction and damping curves proposed by Darendeli (2001) were 

generated at the confining pressures of 0.25 and 1 atm (25 and 101 kPa) by assuming PI 

=0, 10 numbers of cycles, 1 Hz frequency, and OCR of 1. Figure 122 presents a 

comparison of modulus reduction and damping curves from the RC and TS tests on dry 

pluviated Ottawa sand, and generic curves proposed by Darendeli (2001). The shear 

modulus values measured from the RC and TS tests, at the confining pressure of 15 kPa, 

are between Darendeli’s curves, but at the confining pressures of 30 and 60 kPa, data fall 

outside Darendeli’s curves. The damping values measured from the RC test fall below 

Darendeli’s curves, and the damping values measured from the TS test are plotted above 

Darendeli’s curves.  

Figure 123 presents a comparison of modulus reduction and damping curves from 

the RC and TS tests on scaled sand, and generic curves proposed by Darendeli (2001). 

The shear modulus values measured from the RC and TS tests fall outside Darendeli’s 

curves. The damping values measured from the RC and TS tests fall below Darendeli’s 

curves.  

Figure 124 presents a comparison of modulus reduction and damping curves from 

the RC and TS tests on hydraulic fill Ottawa sand, and generic curves proposed by 

Darendeli (2001). The shear modulus values measured from the TS test are between 

Darendeli’s curves at the void ratio of 0.77 and fall outside Darendeli’s curves at the 

void ratio of 0.60. The shear modulus values measured from the RC test fall outside 

Darendeli’s curves. The shear modulus values measured from the TS test at the void 

ratio of 0.70 fit every well with Darendeli’s curves. The damping values measured from 

the RC test fall below Darendeli’s curves, and the damping values measured from the TS 

curve fall above Darendeli’s curves.  
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Figure 119 Modulus reduction and damping curves of dry pluviated Ottawa sand 

compared with Seed et al. (1986) 
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Figure 120 Modulus reduction and damping curves of Scale sand compared with 

Seed et al. (1986) 
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Figure 121 Modulus reduction and damping curves of hydraulic fill Ottawa sand 

compared with Seed et al. (1986) 
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Figure 122 Modulus reduction and damping curves of dry pluviated Ottawa sand 

compared with Darendeli (2001) 
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Figure 123 Modulus reduction and damping curves of Scaled sand compared with 

Darendeli (2001) 
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Figure 124 Modulus reduction and damping curves of hydraulic fill Ottawa sand 

compared with Darendeli (2001) 
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6.6 Shear Wave Velocity 

6.6.1 Comparison of Shear Wave Velocity with Richart et al. (1970) 

Shear wave velocity measured at low strain on dry pluviated Ottawa sand, dry 

pluviated Scaled sand, and hydraulic fill Ottawa sand at the confining pressures of 15, 30 

and 60 kPa is presented in Tables 16-18. Since the results from RC test and TS tests are 

very similar, only the shear wave velocity from the RC test is presented and discussed.   

The results of the RC test were compared to Richart’s generic curve. The 

expression for G��� of the clean round sand, proposed by Richart et al. (1970) is 

compare with the RC results. The equation is shown below: 

G��� � 6,900 ��.�����
� � σ�΄                                       (6.1) 

where G��� and σ�΄ are kPa.  

 The shear wave velocity was then calculated by the following equation: 

V� � fG���
³                                                       (6.3) 

where ρ is the density of dry Ottawa sand in kg/m
3
, G��� is in Pa, and V� is in m/sec. 

 Density of dry Ottawa varies with void ratio as shown in the equation below: 

ρ �  G}³´
� �                                                         (6.4) 

where G� is the specific density of dry Ottawa sand, which is 2.665, and  ρ± is the 

density of water in kg/m
3
. 

 From substitution and rearrangement, the generic curve of shear wave velocity 

can be calculated be using the following equation: 

V� � f6,900,000 ��.�����
G}³´ σ�΄                                         (6.5) 

where G��� and σ�΄ are kPa, and ρ± is in kg/m
3
.  

Two RC and TS tests were performed on two different specimens for both dry 

pliviated Ottawa sand and Scaled sand at the confining pressure of 15 kPa. The purpose 

is to verify the repeatability of the test results and specimen preparation. Upon the 

completion of the second RC and TS tests at 15 kPa, the tests were then performed on 

the same sand specimen at the confining pressures of 30 and 60 kPa.  
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The shear wave velocity values of dry pluviated Ottawa sand measured from the 

RC test are presented in Table 16. The shear wave velocity values from two different 

specimens, at the same void ratio, at the confining pressure of 15 kPa are very similar. 

The shear wave velocity decreases as void ratio increases and increases as confining 

pressure increases. The shear wave velocity values of dry pluviated Ottawa sand 

measured from the RC test were compared to the shear wave velocity curves generated 

by Richart et al. (1970) as shown in Figure 125.  The shear wave velocity measured from 

the RC test matches very well with Richart’s curves. The difference between the RC 

results and Richart’s curves are less than 6%.  

The shear wave velocity values on Scaled sand measured from the RC test are 

presented in Table 17. The shear wave velocity values from two different specimens, at 

the same void ratio, at the confining pressure of 15 kPa, are very similar. The shear wave 

velocity decreases as void ratio increases and increases as confining pressure increases. 

The shear wave velocities of Scaled sand were compared to the shear wave velocity of 

Scaled sand as shown in Figure 126. The dash line presented in Figure 126 represents 

the measured data for scaled sand at each confining pressure. Similar trend was observed 

for both types of sand. The shear wave velocities of Scaled sand are approximately 35% 

lower than the shear wave velocities of dry pluviated Ottawa sand. 

The shear wave velocity values measured from the RC test on hydraulic fill 

Ottawa are presented in Table 18. The shear wave velocity decreases as void ratio 

increases and increases as confining pressure increases. The shear wave velocity values 

of hydraulic fill Ottawa sand and dry pluviated Ottawa sand were compared as presented 

in Figure 127. The measured shear wave velocity values of Ottawa sand prepared by 

hydraulic fill decrease as the void ratio increase. Rate of decreasing of shear wave 

velocity with void ratio is much higher than it was observed in the dry pluviated Ottawa 

sand. The difference between the hydraulic fill and dry pluviated Ottawa specimens at 

void ratios of 0.74-0.77 is approximately 34%. It is interesting to note that the values of 

shear wave velocity for the hydraulic fill specimen merge to the values of dry pluviated 

Ottawa sand at the void ratios of 0.60-0.62. These results show that the preparation 

method has significant effect on the shear wave velocity. 
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Table 16 Shear wave velocity of dry pluviated Ottawa sand 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 125 Shear wave velocity of dry pluviated Ottawa sand compared with 

Richart et al. (1970) 

Void Ratio σo
  �
(kPa) Vs (m/sec) 

0.62 15 

15 

30 

60 

151.37 

150.94 

180.81 

216.49 

0.72 15 

15 

30 

60 

141.36 

136.19 

167.34 

202.23 

0.77 15 

15 

30 

60 

141.74 

134.79 

161.96 

195.13 



 

 143

Table 17 Shear wave velocity of Scaled sand 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

Figure 126 Shear wave velocity of Scaled sand compared with dry pluviated 

Ottawa sand 

Void Ratio σo
  �
(kPa) Vs (m/sec) 

0.62 15 

15 

30 

60 

97.38 

96.23 

119.60 

148.43 

0.72 15 

15 

30 

60 

85.56 

87.36 

107.19 

138.65 

0.77 15 

15 

30 

60 

86.48 

84.01 

105.72 

136.88 
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Table 18 Shear wave velocity of hydraulic fill Ottawa sand 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

Void Ratio σo
  �
(kPa) Vs (m/sec) 

0.60 15 

30 

60 

148.83 

178.75 

211.36 

0.70 15 

30 

60 

122.38 

151.87 

188.08 

0.74 15 

30 

60 

105.25 

124.75 

140.65 

0.75 15 

30 

60 

95.02 

114.17 

135.82 

0.76 15 

30 

60 

91.94 

109.11 

128.42 

0.77 15 

30 

60 

95.07 

113.63 

136.04 
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Figure 127 Shear wave velocity of hydraulic fill Ottawa sand compared with dry 

pluviated Ottawa sand 

6.6.2 Comparison of Shear Wave Velocity Profile with the Centrifuge Model Test 

and Full Scale Test 

The RC and TS testing results from this study are also used to compare with the 

centrifuge model and full scale testing results. The centrifuge model tests conducted by 

Gonzalez (2008) to simulate the soil behavior of liquefied soil and laterally spreading of 

a level and incline loose saturated sand deposit, placed in a laminar box.  Two full scale 

tests (LG-0 and SG-1) were also performed at New York State University at Buffalo as 

part of the NEES research project conducted by Thevanayagam (2009a) and 

Thevanayagam (2009b). Material properties of the tests are presented in Table 19. The 

soil deposits in the full scale tests correspond to F#55 Ottawa sand placed by the 

hydraulic fill method at average relative density of 40% (e = 0.723).  

Two techniques used by Gonzalez (2008) to achieve the identical permeability of 

the centrifuge model and full scale tests are presented following: 1) using the same soil 

as the full scale test but substituting water by the viscous fluid or 2) reducing the size of 

soil particles while using the water to saturate the model.  
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As presented in Table 19, the centrifuge model tests FF-V2, FF-V1 and FF-V3 in 

centrifuge were conducted using Ottawa sand F#55 prepared by the dry pluviation 

method at 40% relative density. Viscous fluid was used to saturate the centrifuge model 

test. Similar shear wave velocities were observed for soil deposits in tests SG-1. The 

centrifuge model test FF-P2 was conducted using Scaled sand prepared by the dry 

pluviation method at 35% relative density (e = 0.77) and saturated by water.  

Figure 128 presents the shear wave velocity profiles of the centrifuge model and 

full scaled tests. Shear wave velocities measured in FF-V3, FF-V2, and FF-V1 show that 

dry pluviated Ottawa has a stronger soil fabric in comparison with the other deposits. 

The shear wave velocities of Ottawa sand prepared by the hydraulic fill method and 

Scaled sand prepared by the dry pluviation method are much smaller than the shear wave 

velocities of Ottawa sand prepared by the dry pluviation method.  

Table 19 Tests properties for the Centrifuge model and Full Scale tests  

(Gonzalez, 2008) 

Test Test Sand Field Void Relative Saturating Hydraulic Compression 

No Condition Type Angle Ratio Density Fluid Conductivity Index 

            Viscosity Coefficient   

      Degree   % Cp cm/sec Cc 

LG-0 Full Scale 

Ottawa 

F#55 0 0.723 40 1 12 x 10-3 - 

SG-1 Full Scale 

Ottawa 

F#55 2 0.723 40 1 12 x 10-3 - 

FF-V2 Centrifuge 

Ottawa 

F#55 0 0.723 40 25 12 x10-3 6.36 x 10-3 

FF-V1 Centrifuge 

Ottawa 

F#55 2 0.723 40 25 12 x 10-3 6.36 x 10-3 

FF-V3 Centrifuge 

Ottawa 

F#55 2 0.723 40 25 12 x 10-3 6.36 x 10-3 

FF-P2 Centrifuge 

Scaled 

Sand 2 0.77 35 1 9 x 10-3 66.1 x 10-3 

 



 

 147

 

Figure 128 The shear wave velocity profile of the centrifuge model and full scale 

tests (Gonzalez, 2008) 

 

The RC and TS results are compared with the results from the centrifuge model 

and full scale tests. The RC and TS tests were conducted using 3 different isotropic 

confining pressures. The confining pressure was applied isotropically on the specimen 

while the geostatic stress has the different stress acting on the horizontal and vertical 

plane as show in Figure 129. The relationship between the effective vertical stress and 

the effective horizontal stress is presented in the equation below: 

σµ΄ � k�σ|΄ 
where σµ΄ = effective horizontal stress, 

 σ|΄ = effective vertical stress, and 

 k�= lateral earth pressure coefficient. 
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Figure 129 Geostatic stress 

 

 

The confining pressure was calculated by the average of the three dimensional 

stresses. The confining pressure (σ�΄) can be expressed in the equation below: 

σ�΄ �  �
&  �σ|΄ " 2σµ΄                                          (6.7) 

Substitute the horizontal stress expression into the total stress equation, the total 

stress can be expressed in the term of the vertical stress as shown in following equation: 

σ�΄ �  �
&  �1 " 2k�σ|΄                                         (6.8) 

The vertical stress acting on any depth under the ground surface is proportional 

to the thickness of the soil layer above that depth as shown in the following equation: 

σ|΄ � �γ��� � γ±z                                           (6.9) 

where γ��� = density of saturated soil, 

 γ± = density of water, and 

 z = depth under the ground surface. 

 The confining pressures of the RC test were presented in the term of depths of 

the soil by using the equation shown below:  

σ�΄ �  �
&  �1 " 2k��γ��� � γ±z                                 (6.10) 
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From the rearrangement the equation, the depth was calculated by the following 

equation: 
         z �  &·y΄

�� �]y�U}�z�U´                                                     �6.11 

  

The k� was assumed to be 0.5 for all type of sands in this study. The confining 

pressures of 15, 30, and 60 kPa of the RC and TS tests are correlated to the depth of 2.3, 

4.6, and 9.2 m respectively. The four specimens used to compare to the centrifuge model 

and full scale tests are presented following: Scaled sand prepared by the dry pluviation 

method at the void ratio of 0.77, Ottawa sand prepared by the dry pluviation method at 

the void ratio of 0.72, and Ottawa sand prepared by the dry pluviation method at the void 

ratios of 0.70 and 0.74. Since the results from the RC test and the TS test are very 

similar, the shear wave velocity only from the RC test is presented. Figure 130 presents 

the shear wave velocities of the centrifuge model and full scale tests compared to the RC 

tests.  The results from the RC test, centrifuge model and full scale test all show that the 

shear wave velocities of Ottawa prepared by the hydraulic fill method and Scaled sand 

prepared by the Dry pluviation method are smaller than the results of Ottawa prepared 

by the dry pluviation method. Therefore it can be ensured that the sample preparation 

method and also the fine content also have an effect on the shear wave velocities of 

Ottawa sand.  
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Figure 130 Shear wave velocity profiles of the centrifuge model, full scale, and the 

RC tests 

6.7 Effect of Preshaking on Saturated Ottawa Sand Deposited by 

Hydraulic Fill  

Sharp (1999) and Sharp et al. (2009) performed preshaking on the centrifuge 

modeling test and suggested that the preshaking should be performed without change 

more than 10% of the original relative density.  

In this study, the preshaking was performed on the RC and TS tests on hydraulic 

fill Ottawa sand at the confining pressure of 60 kPa. The low strain RC test was 

performed to measure the shear wave velocity. The 10 cycles of medium to high 

amplitude torsion was applied to sand specimen and the change of low strain shear wave 

velocity was monitored. It is noted that during this preshaking test, the settlement of 

sand specimen also was monitored to ensure that there was minimal change of void ratio. 

This procedure was repeated with an increasing of torsional amplitude until the change 

of shear wave velocity was observed   
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 Figure 131 presents the strain level where the low amplitude shear wave velocity 

of three saturated hydraulic fill Ottawa sand change. There strain levels are 0.077, 0.089, 

and 0.348% at the void ratios of 0.75, 0.76, and 0.77 respectively.  

Figure 132 presents the change of the shear wave velocity due to effect of 

preshaking. After preshaking, at certain strain level, the shear wave velocities increase 

from 135.82 to 183.59, 128.42 to 174.02, and 136.04 to 192.93 m/sec. It is noted that the 

changes of the relative density were 8.6, 3.0, and 9.2% at the void ratios of 0.75, 0.76, 

and 0.77 respectively. These changes of relative density are well below 10% as 

suggested by Sharp (1999). The new value of shear wave velocity becomes closer to the 

shear wave velocity of dry pluviated Ottawa sand. This suggests that the sand fabric of 

Ottawa prepared by the hydraulic fill method was disturbed by preshaking and became 

similar to the sand fabric of Ottawa prepared by the dry pluviation method. 

 

Figure 131 Modulus reduction curves showing the strain during preshaking 
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Figure 132 Change of the shear wave velocity due to preshaking 
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7. SUMMARY AND CONCLUSIONS 

7.1 Summary 

The resonant column (RC) and torsional shear (TS) testing apparatus was set up 

and calibrated at RPI. The drive plate calibration was performed by using calibration 

specimens to determine the moment of inertia of the drive plate. The results show that 

the moment of inertia of the drive plate (J�) increases slightly with the average resonant 

frequency �freq as shown in the following equation: 

J� � 0.0020298 " 1.0357E � 7 % freq�.�¹�¹                      (7.1) 

 This variation in the moment of inertia of the drive plate and resonant frequency 

was used throughout the data analysis for the RC testing. 

 Calibrations for the torque-voltage factor (k|) and torque-current factor (k8) were 

also performed on the calibration specimens. The results from the four specimens are 

very similar. The averages for the calibration factors used to determine the applied 

torque for the TS test are presented below: 

k8 � 0.63210 lb � ft/amp                                         (7.2) 

k| � 0.024422lb � ft/volt                                         (7.3) 

 The calibration for the equipment damping due the back emfeffect was 

performed on the calibration specimens. The predicted and measured values of the 

change of resonant frequency (∆fm) and equipment damping (Deq) were determined and 

compared. The variations of measured ∆f� and D�X with resonant frequency �f� are 

presented below:  

measured ∆f� � 0.14136 � 0.16659e�.��&�����                          (7.4) 

measured D�X � 0.34832 � 5.041e��.��N��N��                            (7.5) 

The predicted D�X and  ∆f� were evaluated by using the electromagnetic model 

proposed by Sasanakul and Bay (2009). Four electromagnetic parameters: Rc, Lc, ki and 

kB were measured to generate the electromagnetic model, and the values of these 

parameters are presented as follows: Rc = 45.901 ohm, Lc = 0.024422 Henry, ki = 0.632 

lb-ft/amp, and kB = 0.83196+1.5992e-freq
2.5529

. The predicted and measured values of 

D�X are very similar. The predicted values of ∆f�  are lower than the measured values of 

∆f�. For the RC test, the measured values of D�X were subtracted from the damping. 
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The deformation sensors such as proximitors, accelerometer, and LVDT were 

also calibrated. The proximitors were used to measure the rotation for the TS test. To 

determine the calibration factor for the proximitors, the TS test was performed on the 

calibration specimen. The calibration factors of proximitors A and B are 68.993 and 

78.601 volt/in respectively.  

The accelerometer was used to measure the acceleration for the RC test. The 

vibration calibration was used to perform the accelerometer calibration. The average 

accelerometer factor is 2.6123 volt/g. In addition, the RC test was performed on the 

calibration specimen to compare the rotation measured by proximitors and 

accelerometer. The results show that the rotations measured from the proximitors and 

accelerometer are very similar for the frequency range of 30 – 200 Hz.  

The LVDT was used for measuring the settlement of the specimen during the RC 

and TS tests. The LVDT calibration was simply performed to determine the LVDT 

factor by generating the linear relationship between the travel distance and the changing 

voltage. The travel distance was measured by using a mill head in the machine shop. The 

LVDT factor is 0.20398 in/volt. 

After all of the calibration factors were determined, the RC and TS tests were 

performed on two types of sand: Ottawa sand and a mixture of Ottawa sand and fines 

(Scaled sand). The RC and TS tests were performed on dry pluviated Ottawa sand, dry 

pluvitated Scaled sand, and hydraulic fill Ottawa sand at various void ratios and 

confining pressures. The shear wave velocity, shear modulus and damping were 

measured and discussed.  

From the modulus reduction curves, the values of shear modulus measured from 

the RC test and TS tests are very similar at low and medium strains, and the shear 

modulus measured from the RC test are higher than the results measured from the TS 

test at high strains. Furthermore, the effects of confining pressure on the modulus of 

reduction were investigated. At higher confining pressures, the specimens behave more 

linearly. 

From the damping curves, the damping values measured from the TS test are 

higher than the results measured from the RC test. Damping decreases as the confining 

pressure increases. The damping curves of dry pluviated Ottawa sand, dry pluvitated 
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Scaled sand, and hydraulic fill Ottawa sand at the same void ratio were compared. The 

damping values of hydraulic fill Ottawa sand are the highest and the damping values of 

dry pluviated scaled sand are the lowest. The damping values of dry pluviated Ottawa 

sand are close to the results of hydraulic fill Ottawa sand at low strains, and are close to 

the results of hydraulic fill Ottawa sand at high strains. 

The modulus reduction and damping curves were compared to the generic curves 

proposed by Seed et al. (1986) and Darendeli (2001). Compared to Seed’s curve, the 

majority of shear modulus values of dry pluviated Ottawa sand and dry pluviated Scaled 

sand fall in between the upper and lower bound of Seed’s curve. The shear modulus 

values of hydraulic fill Ottawa are above the average and fall outside the upper bound of 

Seed’s curve. The majority of damping measured from the RC test fall outside the lower 

bound. The majority of damping measured from the TS test fall between the lower and 

upper bound of Seed’s curve.  

Compared to Darendeli’s curve with the assumption of PI = 0, 10 cycles, 

frequency = 1 Hz, and ORC =1, at confining pressures of 25 and 101 kPa, the majority 

of shear modulus values of dry pluviated Ottawa sand, dry pluviated Scaled sand, and 

hydraulic fill Ottawa sand fall outside of Darendeli’s curve. Exceptions are for the 

results from the TS test on dry pluviated Ottawa sand at the confining pressure of 15 kPa 

and hydraulic fill Ottawa at the void ratio of 0.77 and confining pressure of 60 kPa, 

which fall between Darendeli’s curves. The majority of the damping values measured 

from the RC and TS tests fall outside of Darendeli’s curves. 

The shear wave velocity was discussed only for the RC test. For all sand, the 

results show that the shear wave velocity increases as confining pressure increases, and 

decreases as void ratio increases. The shear wave velocity of dry pluviated Ottawa sand 

measured from the RC test was determined and compared to the generic curve proposed 

by Richart et al. (1970), and they match very well. The shear wave velocity values of dry 

pluviated Scaled sand are lower than the results of dry pluviated Ottawa sand. A similar 

trend of shear wave velocity with void ratio was observed. Compared to the shear wave 

velocity of dry pluviated Ottawa sand, the trend of the shear wave velocity values of 

hydraulic fill Ottawa sand are lower at high void ratios and merge together at low void 

ratios. 



 

 156

Shear wave velocity profiles were generated and compared to the results from the 

centrifuge model and full scale tests. The results from the RC, centrifuge model and full 

scale tests show that the shear wave velocity of dry pluviated Ottawa sand is greater than 

the results of dry pluviated Scaled sand and hydraulic fill Ottawa sand. 

Lastly, the effect of preshaking was performed on the RC and TS tests on three 

loose specimens of hydraulic fill Ottawa sand at the confining pressure of 60 kPa. The 

changes of shear wave velocities due to the preshaking were observed. The strain levels, 

where the low amplitude shear wave velocity changed, are 0.077, 0.089, and 0.348% at 

the void ratios of 0.75, 0.76, and 0.77 respectively. The shear wave velocities of the 

hydraulic fill specimen changed from 135.82 to 183.59, 128.42 to 174.02, and 136.04 to 

192.93 m/sec at the void ratios of 0.75, 0.76, and 0.77 respectively. 

7.2 Conclusions 

The RC/TS device at RPI was fully developed and calibrated in this study. The 

calibrations include: 1) the drive plate calibration to determine the moment of inertia of 

the drive plate, 2) the back emf calibration to determine the electromagnetic properties 

for the precise damping measurement, and 3) application of the stress integration 

approach to account for the nonlinear stress-strain relationship of soils. In addition, the 

deformation sensors such as the proximitors and the LVDT were developed and 

calibrated. After being calibrated, the RC/TS Device at RPI can provide more accurate 

measurement of the dynamic properties of soils. 

The RC and TS tests were performed on generic sands: Nevada sand and Ottawa 

sand. The dynamic properties measured at low strain from the RC and TS tests, shear 

wave velocity and shear modulus, match very well with the generic curves provided in 

the literature. The agreement provides a confirmation that the RC/TS device at RPI has 

the capacity to precisely measure the dynamic properties of soil.   

In this study, two different specimen preparation methods were used: dry 

pluviation and hydraulic fill. To ensure the repeatability of the RC/TS device, the RC 

and TS tests were performed using both preparation methods and the results clearly 

show the repeatability of the methods of preparation.  
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Furthermore, the procedure of the hydraulic fill preparation method in the RC 

and TS testing was developed by using the frozen specimen technique.  

The RC and TS tests on dry pluviated Scaled sand and dry pluviated Ottawa sand 

were performed to support the centrifuge model at RPI and full scale tests at the State 

University of New York at Buffalo as part of the NEES research project. The 

comparison of the shear wave velocity results shows that the shear wave velocity of dry 

pluviatier Ottawa sand is greater than the results of dry pluviater scaled sand and 

hydraulic fill Ottawa sand. The results from this study verify that the method of 

specimen preparation has an effect on the shear wave velocity of soil. 

In addition, the preshaking test was performed on loose hydraulic fill Ottawa 

specimens. This study found that preshaking results in a dramatic increase in the shear 

wave velocity but less than 10% change in relative density. This is because the soil 

fabric was rearranged and became stiffer due to preshaking. 
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APPENDIX A 



 

 162

 

The Software Setup for the Stepped Sine Option of the SignalCalc 

Analyzer Software 

 

A: Measurement 

B: Input and Generator Panel  
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A) Setup for the Measurement Panel 

Frequency span: Enter range of frequencies which 

the RC test will be performed 

Frequency Resolution:  Enter number of data 

points that need to be saved for a frequency span 

(200 points and linear sweep was used for this 

study) 

Band option:  1 frequency band 

was used in this study 

Measurement Option: Select Auto Settling 

Time at 5% and Select PBW (Proportional to 

the bandwidth) in 10% for Filter setting, and 

select  1 for Average (1 measurement for each) 

Closed Loop Control: Select Src under Ctrl Ch 

for a fixed level of output of the Analyzer, and 

set the maximum level of output voltage (Max 

Src Lel) in the range of 0.01 to 10. 
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B) Settings for the Input and Generator 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Input: Front End 

Active: Select the channels that need to be displayed and 

recorded. The channel number corresponds to one of the eight 

input channels of the Analyzer. 

Coupling: Select AC SE and UP for ARF. 

Range of Voltage: Select 2 volts for the accelerometer, 

proximitor channel C, and measured output, 5 volts for 

proximitors A and B, and 10 volts for the LVDT 

Input: Measurement 

Ref Ch and Auto Ctrl: Select the channel corresponding to the 

measured voltage channel 

Generator: Select the output channel corresponding to the 

number of the output channel of the Analyzer  
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Response of the RC test from the Stepped Sine Option from the 

SignalCalc analyzer software 

Accelerometer 

output voltage 

Measured 

voltage 

Transfer 

Function 

Phase of Transfer 

Function 
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The Software Set Up for the Transfer Function Option of the 

SignalCalc Analyzer Software

 

 

 

 

 

 

 

 

 

 

 

 

 

 

C: Measurement 

D: Input and Generator Panel  
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C) Setup for the Measurement Panel 

 

 

 

Resolution: Select 250 Hz for F Span for 

the data correcting frequency, and select 

6400 lines for Lines to indicate time to 

correct data. 

Set Avg = 1 and select Exp for average 

Select the triggering to be “source” 

Note: This channel of output will be 

specified in the generator settings  

Select F for adjusting resolution by 

frequency span and number of lines 
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D) Settings for the Input and Generator 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Input: Front End 

Active: Select the channels that need to be displayed and 

recorded. The channel number corresponds to one of the eight 

input channels of the Analyzer. 

Coupling: Select DC SE and UP for ARF. 

Input: Measurement 

Ref Ch and Auto Ctrl: Select the channel corresponding to the 

measured voltage channel 

Input: Trigger 

Active: Select the output channel  
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Response of the TS test from the Transfer Function Option from the 

SignalCalc analyzer software 

 

 

 

 

 

 

 

 

 

 

 

 

 

Proximitor Voltage 

Measured Voltage 
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Amplifier Scaling Factor 

 The amplifier has 30 knops that can be adjusted to obtain the target voltage. Each 

node has an individual scaling factor for the actual output voltage from the analyzer 

passing through the amplifier to the drive system to the voltage level setting in the 

analyzer software. The Scaling Factors are presented below: 

knop Scaling Factor 

1 0.027 

2 0.284 

3 1.773 

4 3.173 

5 4.358 

6 5.663 

7 6.849 

8 8.004 

9 9.085 

10 10.039 

11 11.285 

12 12.515 

13 13.853 

14 15.174 

15 16.195 

16 17.893 

17 18.785 

18 20.712 

19 22.160 

20 23.100 

21 25.130 

22 26.653 

23 28.202 

24 29.775 

25 32.130 

26 32.998 

27 34.647 

28 36.321 

29 38.021 

30 39.615 
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APPENDIX B 

 

Resonant Column Drive Plate Monitor System  

Operation and Maintenance  

 

 

1 Introduction  

The drive plate monitor system facilitates connection and measurement of 

the resonant column apparatus. It provides outputs for monitoring drive plate 

angular acceleration, angular displacement, and vertical displacement. The 

system consists of two components, the power supply module and the amplifier 

module. The power supply contains the Proximitor® modules in addition to 

powering the amplifier module. The amplifier module contains the amplification 

circuitry and displays used to set up and visually monitor the system.  

This text covers only the drive plate monitor system. The entire resonant 

column apparatus is covered in the resonant column system manual.  

 

2 Operation procedure  

2.1 Before operation  

Before using the amplifier, record the positions of the channel 1 and 2 DC 

shift controls. These controls should not be changed except during calibration 

(see below); they can be restored if they are inadvertently changed during 

operation.  

 

2.2 Connections  

Exercise care when opening the power supply case. Make all internal 

connections and adjustments with AC power disconnected to avoid the risk of 

electric shock. "When AC power is applied, heat sinks and other metal objects 

inside the power supply case may be energized with dangerous voltages.  
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The proximity probes are connected to the power supply by removing the 

power supply upper case. The ClickLok® connectors on the armored end of the 

high-pressure feedthrough are connected to the blue Proximitor modules by 

tightening them until they click audibly. The proximity probes may be left 

connected indefinitely.  

Figure 1 Amplifier system connections 

 

The outputs to be monitored should be connected to data acquisition 

equipment using BNC cables. The outputs are designed to drive data acquisition 

inputs only; they should not be connected to inputs that will draw excessive 

current. The D9 connector should be connected between the amplifier and power 

supply before power is applied to prevent damage to the amplifier. The power 

supply and proximitors are active whether or not the D9 cable is installed.  

The amplifier and proximitors are powered when 110 VAC power is 

applied to the power supply. The amplifier can be left in a powered-up state 

indefinitely. There are no components in either module which can be damaged 

by overheating.  
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2.3 Centering the proximitors  

When the specimen and drive plate have been properly installed, the 

proximitors should be adjusted one at a time until their individual channel 

meters read close to 0 V. This indicates that the probes are near the center of 

their linear sensing range. The output channel shift should then be adjusted so 

that the output voltage is as close as possible to OV. This concludes the 

amplifier setup procedure.  

 

2.4 Installing and checking the LVDT  

The LVDT measures the vertical displacement of the drive plate. Before 

using the LVDT, the calibration should be spot-check~ by disconnecting the 

LVDT from port 4 at the back of the amplifier module. The DPM labeled LVDT 

should read 2.50V, +/- 0.2V. Some variance may occur due to the wiring, and 

the voltage may be different from one test to the next. If the voltage indicated on 

the DPM is not within this range, the unit should be calibrated.  

If the indicated voltage is acceptable, the LVDT may be re-connected. 

The calibration curve for the LVDT is shown in figure 8. The LVDT has a linear 

range of about 1 inch. Movement of the core toward the end of the LVDT at 

which the cable is attached is considered positive displacement. The housing of 

the LVDT is marked as such.  

The LVDT should be installed with the expected specimen reaction in 

mind. If the drive plate is expected to fall, the LVDT core should be installed so 

that it is near the end of its travel, and that downward movement will bring the 

core closer to the midpoint. If it is not known whether the drive plate will rise or 

fall, it may be more desirable to install the core near the midpoint of its travel 

range.  

The LVDT does not have any user-serviceable adjustments. If the LVDT 

is replaced, the LVDT conditioner should be recalibrated by the normal factory 

procedure.  

 

 



 

 174

2.5 Shutdown  

The amplifier can be shut down by disconnecting AC power. This powers 

down both the proximitors and the amplifier circuitry.  

 

3 Design principles  

 

3.1 Theory of operation  

The system consists of two main components, the power supply and 

amplifier module, which are connected by a multi-conductor cable with 9-pin D-

sub connectors. The amplifier module contains both the proximitor difference 

amplifier and the LVDT (linear variable differential transformer) conditioning 

module.  

The proximitor difference amplifier is used to measure angular 

displacement of the drive plate by generating a signal which is proportional to the 

difference of two proximitor sensors. The amplifier is used for drive signals from 

DC to 20 Hz, at which the back EMF generated by the plate coils is too small to 

be accurately measured.  

 

Figure 2 Proximity probe and target locations on drive plate 

 

There are two proximitor sensors monitoring the drive plate. They are 

mounted as shown in figure 2. This configuration ensures that deflection of the 

drive plate center point, which corresponds to bending of the specimen, results in 
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a common-mode signal in the proximitor; while rotation of the drive plate 

(corresponding to torsional motion of the specimen) results in a differential-mode 

signal. The purpose of the difference amplifier is to extract the differential-mode 

information and generate a single voltage signal for analysis.  

Because the deflection measured at the drive plate is very small (only a 

few hundredths of a radian), the deflection is radians is approximated by the 

linear deflection of each sensor (in other words, sinx ~ x for small ·values of x.) 

This eliminates the need to derive an angular measurement from the linear 

displacement measurement.  

Displacement of the drive plate along the vertical axis is monitored using 

an LVDT (linear variable differential transformer). The LVDT is driven by a 

conditioning module located in the amplifier module.  

 

3.2 Power supply components  

The power supply contains the proximitor amplifier modules, power 

supplies, and power entry module for 110 VAC power. The power supplies 

themselves are fused for protection. A single cable carries power and proximitor 

output signals to the amplifier.  
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Figure 3 Schematic of proximitor system 

 

3.3 Difference amplifier components  

The amplifier is constructed of two input channels, each having a gain 

stage. These channels feed a differential amplifier, which feeds a filter and output 

gain stage. In addition, each of the input gain stages generates an output signal 

which can be monitored at the channel's output port.  

 

3.4 Input gain stage  

Figure 4: Input gain stage schematic 
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Figure 4 shows the input gain stage of one of the two input channels. The 

output of each proximitor ranges between 0 and -24 V. Because this range is 

outside the range of the signal analyzer's input channels, it is necessary to reduce 

the gain at the input stage. The potentiometer at left is used to divide the input 

voltage. Because the proximitors' outputs are buffered, the resistor can be used in 

this manner without affecting the sensor voltage due to impedance mismatch.  

The potentiometer is set. during calibration to produce identical voltage 

change per unit. displacement in both channels. Because the proximitors 

themselves may not have exactly the same slope, some change in gain is 

necessary to ensure that rotat.ion generates a purely differential-mode signal.  

 

3.5 Differential amplifier  

 

Figure 5: Differential amplifier schematic 

 

Figure 5 shows the differential amplifier stage. The buffered and shifted 

signals from the input stage are input to U3, which is configured as a differential 

amplifier. The resulting signal is between + /- 12 V. Because the maximum 

voltage difference possible in this situation is 24 V, the differential amplifier 

must have a gain of 0.5. Because the input stages cannot exceed the range of the 

differential amplifier's supply voltages, the input stages themselves must also 

have a gain no greater than 0.5.  

 



 

 178

3.6 Output gain stage  

 

Figure 6: Output stage schematic 

 

The output of the amplifier is buffered to prevent interaction between the 

filter and the output transmission line. This is accomplished by the output gain 

stage shown in figure 6. The output gain stage also level-shifts the signal to 

allow the signal to be analyzed without FFT windowing. This is essential 

because the signal typically has DC or near-DC components.  

There is a noise signal of approximately 1 kHz on each proximitor signal. 

This is removed using a low-pass (RC) filter shown in figure ?? This filter 

causes a phase shift of about 5°at 100 Hz, verified using 8ignalCalc, a dynamic 

signal analyzer. The phase shift below 20 Hz is negligible.  

 

 

3.7 Displays  

The outputs of each channel's op amp, as well as the final output, are also 

level-shifted to the reference voltage to facilitate reading the channel's voltage 

on a DPM. The potentiometers shown in figures 7 and 6 are voltage dividers 

used to generate the voltage shift. These are the front-panel controls for channels 

1 and 2 and the output.  
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The shifted input and output signals are routed to digital panel meters 

(DPMs) to facilitate alignment of the sensors and monitor deformation of the 

specimen.  

 

 

 

Figure 7 Channel level shifter for LCD panel meter 

 

The potentiometer in figure 4 is set during calibration to place the center 

of the proximitor's linear region at 0 V. This allows the operator to adjust the 

position of each proximitor until it's channel's DPM reads 0 V for a specimen at 

rest. The output stage DPM gives the operator a quick visual test for specimen 

deformation during testing. The DPMs include low-pass filters so that they be 

used for reference even during testing.  

 

3.8 LVDT conditioning module  

The LVDT system is independent of the proximitor amplifier system. It 

consists of a selfcontained conditioner, located inside the amplifier module, and 

the LVDT, located above the drive plate. The LVDT works by transforming a 

proportion of its input signal to its output. The conditioner generates the input 

signal and analyzes the output signal to generate the monitor voltage.  

The calibration curve for the LVDT is shown in figure 8.  

 



 

 180

 

Figure 8 LVDT calibration curve 

 

4 Calibration procedure  

Calibration should begin by validating the calibration for each proximitor 

sensor individually. Because the proximitors are sensitive to target material and 

configuration, the calibration should be performed with the actual target used in 

the test.  

When calibrating the proximitors, the operator should be aware that the 

sensing beam of the proximity probe is a cone with an opening angle of 

approximately 90°. The target should be positioned so that the entire sensing 

beam is absorbed. If there are "gaps" around the target (for instance, if the 

target is misaligned), the maximum sensing distance will be reduced.  

Since each proximity probe, proximitor, and cable system has a unique 

influence on the overall system's performance, the system should calibrated as it 

is intended to be used. In other words, each probe should be paired with the 

same proximitor used to calibrate it, and the two should be connected with the 

same channel of the high-pressure feedthrough.  
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Calibration of the amplifier consists of input stage gain calibration, input 

stage center point setting, and output stage gain calibration. These steps should 

be performed in this order as they are dependent on one another.  

Input stage gain can be set using a proximitor or a function generator or other 

precision voltage source as the signal source. If a function generator is used, a 

square wave at low frequency (10 Hz or less) should be used so that the output 

stage filter does not influence the measured voltage. If a sine wave is used, the 

operator should be aware of possible attenuation due to the filter.  

 

4.1 Proximitor system calibration  

Calibration of the proximity probe/Proximitor system should be 

performed prior to input gain and center point setting. This allows the amplifier 

to be centered on the linear region of the proximitor.  

An extensiometer calibrator, or a similar fixture calibrated in 

displacement, should be used to conduct the proximity probe calibration. If the 

fixture is such that the target rotates with adjustment, care should be taken to 

make each reading at the same angular position (Le., measure only in 

increments of one barrel rotation), because the proximitor is sensitive enough to 

measure very slight "wobble" in the target caused by rotation. 

The proximitor system outputs a voltage that is proportional to the 

distance between the probe and the target. The effective measuring distance is 

from 0 in to approximately 0.1 in. 

 The system has the highest linearity (defined by R
2
 > 0.9999) over the 

range from 0.015 in to 0.087 in, however. In the example shown in figure 8, the 

center point of 0.050 in corresponds to an output voltage of about -11V. 
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Figure 9 Proximitor calibration curve (voltage axis is inverted) 

 

4.2 Input gain setting  

Set input gain using R3 in figure 4 such that a known deflection of the 

proximitor probe target results in a known voltage. Alternately, R3 can be set 

such that known voltage results in a known proportional voltage. In this case, 

the proportion is multiplied by the proximitor's slope (in volts/inch) to obtain 

the input stage gain.  

The two channels should have identical input gains. If the proximitors' 

slopes are not equal, the input stage gains should be adjusted to achieve equal 

slopes at the output.  

Record the serial numbers of the proximitor, cables, and proximity probe 

attached to each input channel. Calibration must be repeated if any of these 

components are changed.  

 

4.3 Center point setting  

The proximitor should then be placed at the center of its linear region (or 

a corresponding input voltage applied at the input) for each channel. Adjust R2 

so that the DPM for each channel reads 0 V. Record the setting of R2 in case it 

is accidentally changed during operation.  
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4.4 Output gain setting  

Set output gain by applying +12 V to channell and -12 V to channel 2. 

The resulting output should be less than 10 V. Check to ensure that the output is 

greater than -10 V when the inputs are reversed (-12 V at channell, +12 V at 

channel 2). This factor should be multiplied by the factor determined in the 

input gain setting to determine total instrument gain. This concludes the 

calibration procedure.  
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APPENDIX C 

 

Free Vibration Analysis circuit 

Specifications and Instructions 

 

Description 

The Free Vibration Analysis circuit is used with the resonant column/torsional 

shear (RC/TS) apparatus to provide a period of excitation to a specimen at resonance, 

then eliminate electrical damping so that the free vibration response of the specimen can 

be observed. It is designed to operate with a minimum of user interaction. It is located in 

the patch panel above the AE Techron power amplifier in the RC/TS system. 

 

Theory of Operation 

The free vibration test (FVT) cannot be easily implemented from the point of 

view of analysis software such as SignalCalc
TM

 . This difficulty is inherent in the RC/TS 

system configuration. 

The current RC/TS apparatus consists of a DataPhysics Abacus
TM

 signal 

analyzer, the generator output of which is connected to a drive plate by means of an AE 

Techron LVC2016 amplifier. The amplifier provides the current necessary to drive the 

relatively low-impedance drive plate at high excitation levels. 

When a current is driven through the drive plate coils by the amplifier, the 

magnets in the drive plate experience a force which results in torque on the drive plate. 

However, any movement of the plate not commanded by the amplifier (such as 

mechanical reaction of the specimen) also generates a voltage at the drive plate coils. 

This voltage will be present at the amplifier output, and the amplifier will “fight” this 

movement by forcing additional current through the coils until the plate conforms to the 

excitation signal at the amplifier’s input. This is the principal reason that simply 

removing the excitation signal is inadequate when the free vibration response is to be 
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observed; as soon as the excitation signal falls to zero, the amplifier will force the drive 

plate to stop moving. 

The Free Vibration Analysis circuit has been developed to interrupt the 

connection between the amplifier and the drive plate once steady-state resonant vibration 

is established. With the amplifier disconnected, the specimen can continue to react 

without damping from the amplifier. The voltage generated by back EMF at the drive 

plate is still present, but without a path to follow, there is no flow of current out of the 

drive plate, and no energy is extracted from the specimen. 

Circuit interruption timing is accomplished by counting cycles in the excitation 

function. Any signal source from 20 mV to 1V (or higher with the attenuator enabled) 

can be used to control the FVA circuit. The FVA counts peaks (either positive or 

negative, selectable internally) in the input signal and triggers after 16, 32, 64, or 128 

peaks. Other numbers of peaks can be selected by modifying the circuit as explained in 

the circuit description below. The operator can select the number of peaks desired based 

on the time needed for the specimen to establish steady-amplitude vibration. The trigger 

is generated at the peak of the excitation cycle so that free vibration can begin from an 

extreme of motion, and so that the force on the drive plate at the time of disconnect is 

zero. 

When the selected trigger is generated, a relay opens the amplifier circuit and 

remains open until the user presses the reset button on the front panel. The relay is 

closed in its “off” state, so that the FVA circuit can be powered off and left in-circuit 

when it is not needed. 
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Instructions 

Refer to figure 1 for connection and control locations. 

 

 

 

Figure 1 Diagram of connections and front panel controls 

The TRIGGER INPUT connection is the BNC connector at the rear of the box housing 

the analyzer circuit. The relay is not shown. 

 

The number of peaks to be counted is set by moving the yellow jumper wire 

connected to the CD4020 IC (located inside the metal enclosure of the FVA) to select 

either 16, 32, 64, or 128 cycles. Refer to figure 3 for the correct configuration. 

To conduct RC/TS tests not involving the FVA circuit, simply disconnect power 

to the circuit. The amplifier will remain connected to the output terminals at all times. 

The remainder of the instructions concern tests in which free vibration analysis is 

conducted. 

Connect the TRIGGER INPUT of the FVA circuit to the channel being analyzed. 

Typically, the excitation signal (the same signal input to the amplifier) is used for 

analysis. This can be done by using a BNC “tee” to connect the Abacus generator output 
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connector to both the FVA trigger input and the amplifier input. This signal should be 

between 20 mV and 1 V. Excessive voltage will not damage the circuit, but it may 

introduce unwanted phase errors. If higher voltages are desired, enable the attenuator 

using the switch on the front panel to reduce the amplitude of the signal internally. This 

will reduce the input by a factor of 10 to allow measurement of the full range of the 

Abacus analyzer. 

If voltages lower than 20 mV are to be used, connecting as described above can 

result in poor performance due to noise. The operator should consider using a higher 

signal level and inserting an attenuator before or after the amplifier so that the cleanest 

possible signal is available to the FVA. 

Connect the RC/TS drive plate to the AMP connector on the front panel. The 

FVA circuit does not interrupt the connection marked “BYPASS.” 

To begin a test, press the reset button to set the peak counter back to zero and 

close the relay. Once the test is initiated, the FVA will begin counting peaks. When the 

specified number of peaks have occurred, the relay will open and the red lamp on the 

front panel will light. The relay will remain open until the reset button is pressed again 

or power is disconnected. 

The counter is vulnerable to noise, especially when connections are being made. 

The reset button should therefore be pressed immediately before the test begins, even if 

the relay is already closed. Sensitivity of the peak detector is a tradeoff between noise 

immunity and phase accuracy. If the FVA consistently activates prematurely (resulting 

in short test cycles), sensitivity may need to be reduced. This is described below in the 

circuit description 

When testing is finished, disconnect power to the FVA. No further shutdown 

operation is necessary. 

 

Circuit Description 

Refer to appendix A, circuit schematic for component identification. 

The circuit is divided for the sake of discussion into four stages, the 

differentiator, peak trigger, counter, and relay driver. Additionally, the power supply 

consists of a 12V switchng supply, a 7809 voltage regulator, and several filter 
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capacitors, which are located near each of the ICs. All components except the relay and 

lamp are powered by 9V from the regulator. The signals identified in the schematic can 

be used to troubleshoot the circuit if problems occur. 

The differentiator stage extracts the time-derivative of the input signal and offsets 

the signal to be compatible with the single-supply configuration of the circuit. R1, R2, 

and U1 provide a 4.5 V virtual ground for U2 and U3. U2 is a differentiator and U3 

amplifies the derivative signal, which may initially be only a few microvolts. Clipping in 

U2 will result in phase error, so gain should be selected to avoid distortion. Clipping in 

U3 will not cause problems; in fact it improves performance of the circuit. Too much 

gain, however, will make the circuit vulnerable to spurious triggering when no signal is 

applied. Gains are selected so that noise on the DIN signal is less than 100 mV. 

The peak trigger is a Schmidt trigger implemented with U4 and U5. The 

operation of the Schmidt trigger is illustrated in figure 2. The trigger circuit changes 

state when the DIN signal transitions between positive and negative (not counting the 

4.5 V offset). This event corresponds to a peak in the IN signal (dV/dt=0). The Schmidt 

trigger is hysteretic, so the voltage must cross both thresholds in order for the state to 

change. This prevents most noise and harmonic content from generating false transitions. 

Because the CMOS IC’s used can operate at 8 MHz or faster, they are vulnerable to RF 

noise. R12 and C2 are included to filter out glitches from such sources. The PEAK 

signal should essentially resemble an infinitely overdriven version of the DIN signal. 

Positive transitions of this signal will correspond to positive peaks in the IN signal. If it 

is desired to trigger on negative peaks instead, the circuit can be altered as indicated on 

the schematic to invert the PEAK signal. 
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Figure 2 Schmidt trigger example 

 

The trigger threshold levels are shown in red. The input waveform is shown in 

black, and the digital output signal is indicated at the bottom in blue/gray. Dotted lines 

indicate the points at which the input waveform crosses the trigger threshold levels. The 

output changes state only when both thresholds are crossed in succession, so the small 

high-frequency peaks do not affect the output. 

The voltage divider formed by R7, R8, and R9 generates the threshold voltages 

for the Schmidt trigger. Resistor R8 can be made smaller or larger to increase or 

decrease (respectively) the sensitivity of the trigger. Reducing this resistor has the effect 

of bringing the threshold voltages closer, which will make the trigger activate closer to 

each peak of the waveform. However, if the thresholds are made too close, the trigger 
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will be activated by noise as well as the desired signal. R8 should be small enough that 

the trigger activates close enough to the peak of the input waveform, but large enough 

that it does not activate at all during periods of no input. The PEAK signal can be 

monitored with an oscilloscope to verify that the trigger activates only when an input is 

present. 

The counter stage consists of a ripple counter and a flip-flop; the latter is 

configured as a latch to control the state of the relay. Both devices are positive-edge 

triggered (see the note above about selecting positive or negative peak detection).  

Pressing the reset button clears the latch and resets the ripple counter to zero. Once the 

desired number of peaks is counted, the corresponding output of the counter will make a 

positive transition, clocking the latch and changing the relay state from closed to open.  

The relay driver is shown with the counter stage. Q1 is a power transistor that 

activates the relay. Freewheeling diode D1 is included to protect the circuit from relay 

flyback, and should be a Schottky or other fast recovery diode. The RELAY terminal J2 

is connected to both the lamp and the relay, which are powered by the main 12V supply. 
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Figure 3 Selecting number of peaks 

 

Insert the yellow wire into the connector block immediately to the left of the 

CD4020 IC to select 16, 32, 64, or 128 cycles (or more if desired). 

 

 


