RESONANT COLUMN
Technical paper
INTRODUCTION 

The purpose of this document is to discuss the theory of operation and reduction of data obtained from the WF8500 RCTS device and to present a recommended procedure for testing. 

The WF8500 device is useful in measuring the effects of:

· shearing strain amplitude

· shearing strain rate

· level of confining stress

· number of cycles of loading on shear modulus and material damping of soils

The device can function both as a resonant column and as a torsional shear testing system with the base of the soil specimen fixed against rotation and free end excited in torsion. 

This device is capable of: 

(1) operating in a low-frequency (less than 10 Hertz) cyclic torsional shear mode

(2) operating in a high-frequency (above 5 Hertz) resonant column mode

(3) developing shearing strain amplitudes ﻻ from below 0,001% up to 0,1% (depending on the used sample)

(4) testing solid of various sizes

(5) accommodating large volume and height changes in the test specimen due to consolidation

(6) measuring shearing strain amplitudes in the cyclic torsional shear mode without introducing any compliance effects from the measurement systems

The dynamic properties of geotechnical materials are often expressed in terms of stiffness and material damping. These properties are used to determine the velocities and amplitude decay of stress waves as they propagate through the geotechnical materials. Stiffness can be expressed in terms of shear modulus G, Young’s modulus E and constrained modulus M. These three moduli are related to the velocities of shear waves Vs, unconstrained compression waves Vc, and constrained compression waves Vp. In terms of soil dynamics and geotechnical earthquake engineering, the response of the geotechnical material to shearing motions is generally of most concern and we will focus on G:

G = Vs^2 * ρ



where: 

G in Pa

ρ = mass density of specimen in kg/m^3 (total unit mass of the material)

Material damping, expressed in terms of a damping ratio D, is also associated with the stress wave. Therefore, the shear stiffness and shear damping are the required dynamic properties. These properties in  the strain ranges where they exhibit linear and nonlinear changes are generally presented in semi-logarithmic plots.  In this type of presentation, shear modulus and material damping ratio in shear are clearly shown, the variations in the nonlinear range are well represented up to strains of about 0.1%. The G – log ﻻ and D – log ﻻ curves are generally separated into three ranges in most earthquake engineering analyses of free-field ground motion. These ranges are: (1) linear, (2) nonlinear elastic, and (3) nonlinear as illustrated in the following figure. The boundary between linear and nonlinear elastic ranges is the elastic threshold strain ﻻte and the boundary between the nonlinear elastic and nonlinear ranges is the cyclic threshold strain ﻻtc. As shown in figure (for dry, medium-dense granular soils) shear modulus is at its maximum value, denoted as Gmax, and the material damping ratio in shear is at its minimum value, denoted as Dmin, at strain amplitudes lower than the elastic threshold strain ﻻte.  The strain range between the elastic and cyclic thresholds is generally denoted as the nonlinear elastic range.  

In this strain range, shear modulus decreases and material damping ratio in shear increases with increasing shearing strain.  However, both shear modulus and material damping ratio in shear are essentially unaffected by the number of loading cycles.   
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As strain amplitude exceeds the cyclic threshold ﻻtc, both shear modulus and material damping ratio in shear are functions of loading cycles N and this range is called the nonlinear range.  

For dry medium dense granular soils, shear modulus increases and material damping ratio decreases with increasing number of loading cycle as shearing strain surpasses the ﻻtc. The effect of N on G and D can vary with material type, void ratio, degree of saturation and confining pressure. It should be noted that soils behave nonlinearly in both the “nonlinear elastic” and nonlinear ranges. These two ranges are generally referred to as the nonlinear range in literature. 

This is why the resonant column is used and the basic principle of the resonant column test is to vibrate a cylindrical soil specimen in a fundamental mode of vibration, usually in torsion. Once the fundamental mode is established, measurements of resonant frequency and amplitude of vibration are made. 

Shearing strain amplitude during vibration is calculated using measurements of acceleration and frequency of vibration. Velocities of wave propagation and elastic moduli are calculated using measurements of resonant frequency, specimen size and drive system mass using relationships derived from elastic theory. Viscous damping is measured from the decay of free vibrations.

The torsional shear test is used to measure the low frequency (below 10 Hz) cyclic stress-strain properties of soil. The basic principle of the torsional shear device, is to apply a torque to a soil specimen and measure the resulting angle of twist. The stress-strain curve for the soil is calculated from the torque-twist curve that is measured directly. Shear modulus and hysteretic damping are measured from the stress-strain curve of the soil.  

ANALYSIS OF TEST DATA 

Shearing Strain Amplitude 

In the resonant column test and in the torsional shear test, shearing strain is calculated from the angle of twist of the test specimen. Unfortunately, the angle of twist per unit length is not equal to the shearing strain amplitude in the soil being tested. Shearing strain is constrained to vary linearly across the radius of the test specimen from zero at the axis of rotation to some finite value at the outside edge as shown in the following figure.  
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Nonlinearity, of stress-strain curves for soils in general is well known. Thus, even though the shearing strain will vary linearly across the specimen, shearing stress will not vary linearly across the radius of the specimen, because of the nonlinearity of the soil’s stress strain curve. 

Consequently, a primary problem in the interpretation of test data from torsional shear tests is determining the relationship between the measured torque-twist curve and the stress-strain curve for the soil being tested. 

The usual procedure in reducing data from the torsional shear test is to use the torsion formula derived from the theory of elasticity. 

Shearing stress ﺡ, is calculated from:

ﺡ = r * Mt / Jp

(1)

where: 

ﺡ in Pa

r = radius at which ﺡ is calculated in m 

Mt = applied torque in Nm

Jp = area moment of inertia of specimen in m^4 

The shearing strain ﻻ, at radius r, is calculated from: 

ﻻ = θ * r / h

(2)

where: 

r = radius at which ﻻ is calculated in m 

θ = angle of twist in radiant

h = length of specimen in m

Both stress and strain in the elastic relationships of equation (1) and (2) are linear functions of the radius of calculation r. A value of r that results in the best estimate of the true strain-stress curve when analyzing a nonlinear torque-twist curve using the elastic equations must be selected. 

In analytical studies, it has been found that the value of r varies for solid cylindrical specimens from about 0.8 R for shearing strain amplitudes below 0.001 percent to about 0.65 R for shearing strains at 0.1 percent.

[image: image3.png]Equivalent Radius Ratio, C

1.0 T

08E
ey
:-<><><><><><><><>oo<>o<><>ooxxx
L AAARRRAARAARR O o0
i HENA
E %%
04F
F < Bp=0001 O p=001 O B=0. A B=05
Fa p=t1 X B=15 O B=2 & B=25
Ew B=275 X B=3 X B=3.14
10° 10t 107 107 10" 10° 10

Shear Strain on the Perimeter of the Specimen, Ypert %

1




Thus, taking in consideration the variation between equivalent radius ratio and maximum shearing strain with different values of ß (ß = ω * h / Vs), with a typical 0,1 to 1 range of ß in this kind of test, the correct value should be about 0,75 even if it is often used a value of r equal to 2/3 R in the calculations. So, equations (1) and (2) becomes:

ﺡ = (2/3 * R * Mt) / Jp

(3)

ﻻ = (θ * 2/3 * R) / h

(4)

In the resonant column test, the angle of twist is measured using the resonant period and level of acceleration of the drive plate. This is, done by calculating the displacement from the accelerometer during vibration by integrating acceleration twice with time to compute the displacement. 

The angle of twist is calculated by dividing the displacement of the accelerometer by the distance from the center of the drive plate to the accelerometer. Because the frequency of vibration is determined by measuring the period of vibration, the expression for the calculation of shearing strain (taking into account the device design and the equipment parameters) is:

ﻻ = k * Va * 1/ω^2 * 2R / h

(5)

where: 

k = accelerometer and position calibration constant in 1/mV 

Va = accelerometer signal amplitude in mV

ω = vibration angular frequency in rad/sec

h = length of specimen in m

In the torsional shear test, the angle of twist is measured using the low-frequency measurement system. Thus, shearing strain is calculated by putting the measured value of θ into Eq. (4).

Resonant Column Data

The resonant column test is based on the one dimensional wave equation derived from the theory of elasticity. The analytic expression used for the reduction of data include the effects of the known boundary conditions in the test. This equation requires values for resonant frequency, length of specimen, and mass polar moment of inertia for the specimen and torsional drive system. 

Measurements of resonant period of vibration, change in specimen length, and occasionally, volume change resulting from consolidation or swell are made during the resonant column test. 

The length mass of the specimen during testing are calculated from the initial values and any changes in length and mass measured during the test. 

The mass polar moment of inertia I of the specimen is a measure of mass used in the one-dimensional wave equation in torsion. The mass polar moment of inertia of a solid specimen is calculated from:

 I = M * R ^2 / 2

(6)

where: 

I in kgm^2

R = radius of specimen in m 

M = mass of specimen in kg

The mass polar moment of inertia I, should not be confused with the area moment of inertia Jp, used in calculations for shearing stress. 

Shear wave velocity is calculated by, first solving the following equation for ß: 

I / Io = ß * tang (ß)

(7)

where: 

ß in rad 

I = mass polar moment of inertia of the soil specimen in kgm^2

Io = mass polar moment of inertia of the resonant column drive system in kgm^2

Shear wave velocity Vs is calculated from:

Vs  = h * ω / ß

(8)

where: 

Vs in m/s

Shear modulus G, is calculated from shear wave velocity by: 

G = Vs^2 * ρ

(9)

where: 

G in Pa

ρ = mass density of specimen in kg/m^3

Material damping in soils is believed to be caused by both, hysteretic and viscous behavior. Hysteretic damping is best measured at low frequency and viscous damping is best measured in the resonant column test.

To avoid confusion regarding the type of damping being discussed, the symbol λ will be used to refer to hysteretic damping and the symbol D will be used to refer to viscous damping. 

The methods used to measured hysteretic and viscous damping both assume that soil is a linear, viscoelastic material. Both measures of damping are expressed as fractions of critical damping (i.e. damping ratio). 

Hysteretic damping is measured using the torque-twist hysteretic loop measured in the torsional shear test. Viscous damping is measured using the free vibration decay curve in the resonant column test. 

The techniques used for the measurement of shearing strain are the same as those used for shear wave velocity and shear modulus measurements. 

Viscous damping ratio D, is measured in the resonant column test from the shape of free vibration decay curve. This curve is measured using the accelerometer mounted on the resonant column drive plate. The logarithmic decrement D, of the decay curve is calculated by taking the logarithm of the ratio of amplitudes of successive cycles. In practice, three to six cycles of motion are used to measure the delta. Viscous damping ratio is calculated from the logarithmic decrement δ using the following relationship:

D = (δ^2 /(4*π^2+ δ^2))^0,5

(10)

Well approssimated by the following if δ is very small 

D = δ / 2*π

(10’)
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Torsional Shear Test Data 

The torsional shear test measures the torque-twist curve of a soil specimen. Stress and strain are evaluated from the torque-twist curve using Eqs. 3 and 4. 

The torque applied to the specimen is proportional to the current circulating into the coils of the torsional drive system. The angle of twist is measured using the low-frequency measurement system (proximitor). Both torque and twist are measured and recorder. The applied torque Mt and the rotation angle are related to the calibrated constant provided with the equipment.

Hysteretic damping ratio λ, in the torsional shear test is determined from the amount of energy absorbed in one complete cycle of loading and the peak strain energy stored in the specimen during the cycle. 

The traditional method to measure absorbed energy is based on area of the hysteretic loop. The peak strain energy is measured from the area under the secant modulus line (i.e. the line connecting the end points of the hysteretic loop) over the range in strain from zero to the peak strain for the cycle of loading (see the following figure). The expression used to evaluate hysteretic damping is:

λ = ΔW / (4 * π * W)

(11)
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TEST EQUIPMENT 

The WF8500 is provided with instrumentation to measure the response of a soil specimen in both torsional resonant column modes of testing. The functions of the various components are discussed in the following sections. 

Confining Pressure Control 

The confining pressure control system uses air pressure regulators (elettropneumatic converter) to maintain steady levels of confining pressure. The compressed air supply should be filtered through an air filter to remove any oil or water that might damage the regulator. 

A fluid bath surrounds the soil specimen inside the confining cell. The purpose of the fluid bath is to retard air migration into the soil specimen. Water may be used in the fluid bath for tests of short duration. However, water will be found to be unacceptable for longer lasting tests because of damage caused by condensation of water on the electrical components inside the confining cell. For tests of long duration the use of silicon oil in the fluid bath is recommended to prevent damage to the equipment. 

Height-Change Measurement 

Measurement of the change in height of the soil specimen is used to account for changes in the length and mass of the specimen during consolidation. In addition this measurement is used in the calculation of mass moment of inertia, mass density, and void ratio of the soil specimen. The change in height of the soil specimen is measured using a LVDT acquired for calculation and recorded.

Torsional Drive Control 

An electrodynamics drive system is used to apply torque to the soil specimen. The drive system consists of a drive plate, drive coils, a power current amplifier. The internal data acquisition system generates all the signals necessary to drive the torque motor.

The drive plate is the four-armed plate with NeFeB magnets attached to the end of each arm. Eight drive coils encircle the ends of the four magnets. The drive plate and coils constitute an electric motor to apply torque on the soil specimen. The coils are wired together so the drive plate acts in pure torsion. Each coil is  shaped so that the magnets may move inside the coils as the soil specimen shortens or bends during consolidation. The magnets are fixed on the drive plate arms by two screws. The frequency and DC offset to torsional drive system is provided by the data acquisition and control board located into the main control box.

When making a resonant column measurement, the starting and ending frequency of the input voltage should be set in such a way to include the resonant frequency of the specimen. Fine tuning of the excitation current should be done using the amplitude control on the software. 

The torsional drive system requires two different calibrations. The torque developed as a function of the current in the drive coils is calibrated for use in the torsional shear test. The mass polar moment of inertia of the drive system is calibrated for the resonant column test.

The maximum deliverable torque with the power amplifier supplied is about 1.2 Nm. The torque output will be limited by the maximum current and voltage of the power amplifier. 

Resonant-Frequency Measurement 

The data will be collected from the accelerometer during resonant test and free decay test. The components of this system is a micromachined accelerometer oriented to be sensitive to torsional vibrations of the drive plate and is linear with acceleration level. The accelerometer has a second sensitive axis (vertical) that may be monitored to check the level of oscillation due to different types of vibration of the soil specimen. 

Low-Frequency Measurement 

The low-frequency measurement system is used mainly to measure torque and twist in the torsional shear test. The system components are a couple of proximitor sensors measuring the width of the air gap between the end of a probe and a metallic target. 

The proximity probes are focused on a U-shaped target mounted on the drive plate. The system uses the signal difference of the two proximity to measure the angle of twist in the soil specimen so that any effects of bending of the specimen is eliminated. 

The proximity probes are an eddy current inductance measurement system which can measure the distance between a probe tip and an electrically conductive surface. The proximitor conditioner will give a linear output for a gap width varying between 0.5 mm and 2.0 mm. The probe support includes a motion system to extend the maximum measurement interval without the risk of touching the target or to be out of range. 

Measurements of shearing strains below 0,001% would be impractical because electrical and ambient vibration noise overshadow the signal. 







