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Abstract

Accurate analysis of the motion of a commercial high frequency hydraulic vibrator

commonly used for near-surface applications demonstrated that the rigid body assumption of the

weighted-sum approximation is not valid throughout the vibrator' s operational frequencies. This

study reveals signiflcant response variability across the baseplate, which is dependent on

accelerometer position with respect to radial location and internal baseplate structure.

Consequently, the baseplate cannot be considered a point source of propagation, which

complicates optimizing source operations to increase data fidelity. In an effort to optimize the

source signature approximation to increase data fidelity, simultaneous acquisition of baseplate

acceleration and pressure beneath the baseplate provided a means to directly compare the

response of strategically placed accelerometers to the true ground force. This study concludes

that the most representative approximation occurs when multiple accelerometers are positioned

on the baseplate to average the baseplate motion. In addition, this study found that the IVI

Minivib I is incapable of providing measurable seismic energy at frequencies over 200 Hz due to

opposing baseplate and reaction mass phase. Based on this observation, it is clear the design of

the baseplate needs to be modified by adding extra weight and rigidity to the driven structure.

Increasing rigidity of the baseplate will reduce source generated harmonic distortion caused by

baseplate flexure resulting in a more uniform response across the baseplate and a more accurate

ground force approximation. Additionally, the opposing phase relationship between the baseplate

and the reaction mass could be remediated by increasing the baseplate weight resulting in an

increase in energy above 200 Hz.
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1. Introduction

Since the unveiling of the vibroseis system (Crawford et al.,1960), the seismic vibrator

has become the primary land seismic source for exploration applications (Baeten and

Ziolkowski,1990; Anstey,1991). Recently, the use of hydraulic vibratory sources for near-

surface application has increased because of its ability to expand resolution with minimal

environmental impact (Miller et al., 2004; Pugin et al., 2009). Ideally, a controlled, broadband

wavelet that is repeatable from shotpoint to shotpoint is produced using the vibroseis system

(Chapman et al.,1981). If the source signature (vibrator output) is known, the technique has the

capability to optimize resolution of the seismic wave form.

The source signature, however, is difficult to obtain due to nonlinear complexities

introduced within the vibrator mechanical system and from the nonlinear ground response to the

vibrator output. The nonlinear complexities within the vibroseis system have been observed,

discussed, and theorized for petroleum applications with conventional vibrators (Sallas and

Weber,1982; Baeten and Ziokowoski,1990; Walker,1995; Lebedev and Beresnev, 2004). In

contrast, there is less concern for fully optimizing source operations for near-surface

applications. As a result, little research has been focused on nonlinearity within the vibroseis

system for near-surface applications (Miller et al., 2009).

Analysis of the vibrator-earth response manifests two main complexities within the

vibroseis system. First, nonlinear complexities within the vibrator's hydraulic system, baseplate

flexure, and the ground response to force exerted by the vibrator baseplate generate harmonic

distortion (Schrodt,1987; Baetan and Ziolkowski,1990; Wei, 2008a). The harmonic distortion

creates correlated noise (harmonic ghosts) that is difficult to suppress during processing (Seriff

and Kim,1970; Li et al.,1995). Using an accurate measure of the source signal, deconvolution
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will suppress harmonic distortion within data (van der Veen et al.,1999). Second, the

determination of the source signal is non-trivial since the force is not distributed uniformly

beneath the baseplate due to complex ground-baseplate coupling and nonlinearities introduced in

the system from the ground's response to force exerted by the vibrator baseplate. The ground

force, consequently, varies not only from groundpoint to groundpoint but also from sweep to

sweep (Baeten,1989; Ziolkowski, 2010).

Theoretically, cross-correlation with a synthetic (drive) sweep will ideally collapse the

vibrogranl to the reflectivity sequence convolved with a band-limited zero-phase Klauder

wavelet. The synthetic sweep is the ideal sweep (drive signal) that represents the parameters

designed to best meet the survey needs and is theoretically the same vector exerted upon the

Earth' s surface by the vibrator when delivering the sweep. The actual seismic signal (true ground

force) delivered in the ground and propagated through the ground is not equal to the ideal sweep.

The true ground force can be calculated by integrating the measured pressure function beneath

the vibroseis baseplate (Mewhort et al., 2002):

TGF =  fA  P(X,y) dxdy

where  rGF is the true ground force, P(x, y) is the measured pressure function beneath the

vibroseis baseplate, and A is the area of the baseplate. This approach is impractical for

(1)

production surveys, however, because of the cost of the technology and the significant amount of

time required to calibrate pressure sensors (Wei et al., 2010; Ziolkowski, 2010). The far-fleld

particle velocity source response is equal to the time derivative of the true ground force (Aki and

Richards,1980). Although this has been proven, ground force is most commonly used as a

feedback signal for correlation.
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It is well-known that deconvolution with the true source signature produces a far more

representative seismic image than the cross-correlation with the ideal sweep (Ghose, 2002). An

estimation of the true ground force is, therefore, used to deconvolve the data. Traditionally, the

weighted-sum approximation of ground force proposed by Sallas (1984) is a widely accepted

approach. The weighted-sum approximation assumes that the baseplate and ground are perfectly

coupled and the vibrator baseplate acts as a rigid body. As the drive frequency of the vibrator

increases, the rigid body assumption is generally violated (Sallas et al.,1985; Baeten and

Ziolkowski,1990). Consequently for high frequency data, the need for a more accurate

representation of true ground force, which includes nonlinearities within the system, is necessary

to remove nonlinear distortion within the correlated seismogram. Although impossible to obtain

because infinite rigidity is unattainable, the ideal vibrator system for high frequency applications

would be relatively lightweight, equipped with an infinitely rigid baseplate and capable of

producing ultra-broadband energy.

Since the ground force approximation is used to produce the correlated seismogram, the

accuracy of the ground force approximation will ultimately determine the fidelity of the data. An

alternative approach first proposed by Allen et al. (1996) called the High Fidelity Vibroseis

Seismic (HFVS) method is almost exclusively used for petroleum applications. This method

employs inverse filtering by spectral division to eliminate the dependency between the fidelity of

correlated seismic record and the accuracy of approximated source signature (Allen et al.,  1996).

Since the nonlinearity within the system increases with high frequency data (Lebedev and

Beresnev, 2004; Sallas, 2010; Wei, 2010), the use of the HFVS method in near-surface

applications could produce significant gains in data resolution.
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2. Background

2.1. Convolutional Model

A seismic trace can be described by a simple, one dimensional, plane wave, linear

convolutional model. The convolutional model is the fundamental basis for most seismic

interpretation (Liner, 2004). It states that all seismic traces are the result of convolving the source

wavelet, w(t), with the earth' s reflectivity sequence. Essentially, the earth acts as a complex filter

on the seismic wavelet. The convolutional model can be described by the equation (Yilmaz,

2001):

x(t) - w(t) * e(t) + n(t) (2)

where x(t) is the seismic trace, w(t) is the source wavelet, * is the convolution operator, e(t) is

the earth reflectivity sequence and n(t) is noise. In order to describe the seismic trace by the

convolutional model, five assumptions must be made (Yilmaz, 2001 ):

1.   the earth is made up of horizontal layers of constant velocity;

2.   the source generates a compressional plane wave that impinges on layer boundaries at

normal incidence ;

3.   the source wave form does not change as it travels through the subsurface (it is

stationary);

4.   the source wavefomi is known;

5.   there is no a priori knowledge of noise; as a result, the noise component, n(t), is assumed

to be negligible;

From these assuinptions, the convolution model equation can be reduced to (Yilmaz, 2001):

x(t) -w(t) *e(t)                                                                   (3)
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This is the traditional model for describing a seismic trace. However, these assumptions are not

all satisfled in reality, especially for high frequency seismic data. Consequently, increasing data

resolution for near-surface applications can be extremely challenging.

2.2. Cross-Correlation vs. Deconvolution

Traditionally, two methods have been used the most to collapse the sweep to a source

wavelet for vibroseis data. The first and most commonly used method involves cross-correlating

the recorded signal with a synthetic vibroseis sweep (the ideal sweep) as defined by the sweep

parameters defined in the survey. Since the recorded signal is the convolution of the earth

reflectivity sequence with the sweep assuming a perfect transfer function (ideal case), cross-

correlation using the ideal sweep will collapse the sweep to a band-limited zero-phase Klauder

wavelet at impedance contrasts. The cross-correlation method can be expressed by (Yilmaz,

1987):

xcc(t) = e(t) * s(t) *  s(t) = e(t) * k(t) (4)

where xcc(t) is the recorded seismic trace, e(t) is the earth reflectivity sequence, s(t) is the sweep,

* is the convolution operator,  * is the cross-correlation operator, k(t) is the Klauder wavelet, and

all values are time dependent.  This process acts as a filter for frequencies that are outside the

bandwidth of the sweep (Brittle et al, 2001 ). Therefore, cross-correlation is desirable whenever

there is a high level of noise outside the bandwidth of the sweep (Anstey,1964). Since cross-

correlation measures the similarity between two wave forms, it is extremely sensitive to phase

variations between two wave forms (Yilmaz, 1987). Intrinsically, the ideal sweep does not equal

the actual sweep. Therefore, cross-correlation does not yield optimum data.

Altematively the second method, frequency domain vibroseis deconvolution is used to

remove the seismic wavelet (time variable sweep) from the recorded signal. This process uses
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the sane convolution model as cross-correlation, but is performed in the frequency domain

(Brittle et al., 2001). In the frequency domain, convolution is equal to multiplication. The

equation can be written as:

X{f) = E(f)S(f ) (5)

where X(/) is the recorded seismic trace, E(/) is the reflectivity sequence (earth filter), and S(/)

is the sweep. Dividing through by the sweep gives:

E(f)--rq{f)ls(f) (6)

In the ideal noise free case with a well-known source wavelet, deconvolution will produce the

earth reflectivity sequence (Brittle et al., 2001 ; Ghose, 2002). Vibroseis deconvolution is the

optimal processing technique when the signal to noise ratio is high and the true energy can be

measured. It will produce a superior image of the subsurface when compared to cross-correlation

because the sweep is removed from the recorded signal leaving the earth reflectivity sequence. In

theory, the optimal vibroseis source wavelet removal technique to optimize signal to noise ratio

(i.e. resolution) is deconvolution of the recorded signal with the true ground force.

2.3. Approximating Source Signatures

Accurate approximation of the seismic source signature is pivotal in correlating high

resolution vibroseis reflection data. When the source signature is known, the vibroseis technique

has the ability to optimize the resolution of the seismic wave form (van der Veen et al.,1999).

The source signature, however, is difficult to obtain due to nonlinear delivery of energy to the

ground and ground response to the vibrator sweep. Accurate ground force approximation will

result in significant gains in resolution compared to correlation with the synthetic. Ongoing

research analyzing high frequency hydraulic vibrator-earth response in an effort to increase
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fidelity of data attempts to address problems within the vibroseis system (Rademacker, 2006;

Rice, 2009).

The vibroseis-earth interaction can be described by multiple models. Two different

models describing the vibroseis-earth interaction based on the distributions of traction and

displacement directly underneath the vibroseis baseplate are discussed. The distributions of

traction and displacement are dependent on the elastic properties of the earth and the model of

the seismic vibrator (Beaten,1989). Two methods for approximating the true ground force

derived from these models will, therefore, be exalnined: the weighted-sum approximation and

the flexural rigidity approximation.

Both models assume that the ground and the baseplate are perfectly coupled throughout

the duration of the sweep. In reality, the baseplate is not perfectly coupled to the ground; full

decoupling of the baseplate-ground contact is controlled by the vibrator hold-down weight and

drive energy (Wei et al., 2010). Although full decoupling is prevented with the hold-down

weight, the hold-down force is not uniformly distributed across the baseplate. This results in

partial decoupling, which occurs when the local dynamic force is greater than the local hold-

down force (Wei et al., 2010). Also in reality, the ground medium is nonhomogeneous and

nonlinear resulting in coupling issues across the baseplate (Sallas, 2010).

Contrary to vibroseis theory, both methods use the approximated ground force signal to

deconvolve the raw seismogram. Miller and Pursey (1954) and Aki and Richards (1980) have

shown that the P-wave far-field particle velocity source response is a time derivative of true

ground force and therefore the time derivative of ground force should be used to deconvolve raw

vibroseis data. Although this has been well established, the correlated seismogram for near-

surface applications will only be as good as the source signature approximation. Consequently,
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using the time derivative of a poor ground force approximation will not result in significant gains

in resolution for near-surface applications. When using one vibrator, the far-field is much less

than 100 in (Ziolkowski, 2010). Although this generalization may be true in most cases,

variability in the near-surface material makes it difficult to generalize the depth at which the

seismic wave form acts as a far-field signature. Thus for high frequency near-surface

applications, using the time derivative of ground force for correlation rather than the ground

force maybe site dependent.

2.3.1. Weightedlsum Approximation

The weighted-sum approximation proposed by Sallas (1984) was developed from a one-

dimensional mechanical vibrator model (Figure 2.1) and is almost universally used as the

feedback signal in the closed-looped vibroseis system. The weighted-sum approximation uses a

baseplate model which assumes uniform displacement across the baseplate (the baseplate acts as

a rigid body), and the bending forces of the baseplate are negligible (Saragiotis et al., 2010). This

model does not account for the ground response (elasticity of the near-surface soil) directly

below the baseplate related to the force exerted by the baseplate (Figure 2.2). In addition, this

method also assumes that the far-field particle displacement is proportional to the ground force

(Beaten,1989).

Simplifying the equations of motion for the vibrator (Appendix A), the weighted-sum

ground force approximation can be calculated by (Sallas,1984):

- Fg = Mb Xb + Mr Xr (7)

where Fg is ground force, Mb is the mass of the baseplate, Xb is the baseplate acceleration, Mr is

the mass of the reaction mass, and Xr is the reaction mass acceleration. The accelerometer signals

located on the baseplate, Xb, and on the reaction mass, Xr, are recorded during each vibroseis
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sweep. Baseplate mass and the reaction mass are two known constants, which depend on the

seismic vibrator used in the survey.

F,I

Mr

L-a                  xr

Ka[Da Fr3
mb

|xbt[
q

Figure 2.1. Mechanical model of hydraulic vibrator actuator (Sallas,  1984). The variables in this flgure
are defined as: Fg = Ground force (N), Fa= Actuator force (N), Ft = Dynamic force exherted by the
vechicle frame on baseplate due to vechicle vibration (N), Da = Dashpot constant for actuator (N s/in), Ka
= Actuator spring constant (N/in), Mr = Mass of reaction mass (kg), Mb = Mass of baseplate (kg) , xr =
reaction mass displacement (in), and xb = baseplate displacement (in).

F

'q

Ki        Dglb

\Ttt:ti+++se\t<
Figure 2.2. Mechanical ground impedance model (Sallas,1984). The variables in this flgure are defined
as: Fg = ground force (N), Dg = Ground damping coefficient (N s/in), Kg = Ground spring constant (N/in),
and xb= baseplate displacement (in).

2.3.2. Limitations of the Weighted-sum Approximation for High Frequency Vibroseis

Although the weighted-sum approximation is the industry standard, there are limitations

with this method. Beaten and Ziokowski (1990) determined the limitations of correlating with

the weighted-sum approximation:
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1)   The weighted-sun signal will not equal the pilot sweep due to noise in the source

equipment and inaccuracies in the feedback system used during acquisition.

2)   The baseplate does not act as a rigid body.

Although noise within the source equipment can never be completely removed, it can be

reduced. Previous work at the Kansas Geological Survey (KGS) by Rademacker (2006) focused

on reducing source noise associated with the telemetry system used for signal transmission, noise

from the accelerometers, and the vibrator engine noise. It was concluded that low noise

accelerometers recorded on a dedicated Geometrics 24-bit A/D seismographs reduced noise

considerably compared to the standard factory accelerometers transmitted via business radio

band caITier.

The main limitation of the weighted-sum approximation for high frequency data arises

from the baseplate model. The baseplate model assumes that the displacement underneath the

baseplate is uniform. A study by van der Veen et al. (1999) concluded that using the weighted-

sum method to calculate ground force was valid for a portable vibrator with a permanent magnet

(66 kg) acting as a reaction mass that is connected by a spring to a baseplate (3 .5 kg) for up to

500 Hz because the baseplate was significantly smaller than the reaction mass. Although this

may be true for the case of a small vibratory system, studies by Allen et al. (1998) and Wei

(2008a) establish that the weighted-sum approximation only represents true ground force for a

narrow bandwidth dependent on the baseplate rigidity and near-surface conditions beneath the

baseplate, and is increasingly inaccurate as the frequency increases. When the vibrator is driven

at high frequencies (>150 Hz), the baseplate begins to flex and the rigid body assumption is

invalid (Sallas et al.,1985; Beaten,1989; Allen et al.,1998; Lebedev and Beresnev, 2004;
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Sargiotis et al., 2010). Flexing of the baseplate will result in amplitude and phase variations in

turn altering the transmitted seismic energy.

2.3.3. Flexural Rigidity Method

It has been shown that the flexural rigidity method for approximating ground force

proposed by Baeten and Ziolkowski ( 1990) provides a more accurate approximation of the true

ground force, especially for frequencies above 100 Hz (Baeten,1989). Since the focus of this

study is to optimize the resolution for high frequency reflection data, this method was

investigated.

Unlike the weighted-sum approximation, the flexural rigidity method generates a non-

uniform distribution of traction and displacement. The baseplate model used in the flexural

rigidity method incorporates the flexure of the baseplate when subjected to the force of a

dynamic load, but does not incoaporate the elasticity of the foundation on which the plate is

vibrating. To employ the flexural rigidity method, an approximation based on classical plate

theory describing the plate deformation is derived using the stiffness (flexural rigidity) of the

baseplate, and the surface density of the baseplate mass.

The vibrators used by the KGS are manufactured by Industrial Vehicles International

(IVI)  located in Tulsa, Oklahoma. High frequency data are routinely collected by the KGS with

one of two IVI vibrators: the Minivib I or the Minivib 11. Both vibrators are equipped with

circular non-uniform plates that vary in thickness. Minivib I has a smaller baseplate than Minivib

11 and has the ability to collect higher frequency data.

Although the baseplates are circular on the IVI mini vibrators, the Cartesian coordinate

system will be used for simplicity. Baeten (1989), furthermore, solves the governing plate

equation for a uniformly thick infinite plate, h. For this reason, the use of the Cartesian
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coordinate system is most convenient. Similarly, the plate equation can be derived for circular

plates using the polar coordinate system.

The distributions of traction and displacement of the baseplate is investigated using

classical plate theory. Using the assumptions of classical plate theory (Appendix 8), the

deflection of a uniformly thick isotropic (uniform elastic properties) baseplate subjected to a

dynamic load can be described by the equation (Rao, 2007; Chakraverty, 2008):

a4w¢,y,t)
@x4             '    -@xZ@y2        .             @y4

a2w(x,y,£)
ac2

--p(x,y,t) (8)

where h is the plate thickness, and p is the density of the baseplate, D is the flexural rigidity of

the plate (plate stiffness), w/x,);, /J is the deflection of the plate , andp/x,};, /J is the pressure

applied to the vibrator baseplate. During a sweep, the total pressure applied to the baseplate is the

sum of the traction at the earth's surface and the pressure applied at the top of the baseplate

(Equation 8.7) (Baeten,1989).

To solve equation (8), the solution must simultaneously satisfy all prescribed boundary

conditions on the cylindrical surface (edge of baseplate) for the vibrator baseplate problem. The

flxed edge, the simply supported edge, and the free edge are boundary conditions defined by the

fastening or supporting conditions present at the edge of the baseplate (Ventsel and

Krauthammer, 2001 ). For each individual boundary, one of the three conditions must be

satisfled. Since the baseplate vibrates freely on the Earth's surface, a free edge boundary

condition (Equation 8.8) for all boundaries must be fulfilled in the solution to the problem.

It is important to note that equation (8), subjected to the boundary conditions cannot be

solved analytically. For that reason, Baeten (1989) approximates a solution to the problem using

a Green's function by considering an infinite plate of uniform thickness, h, subjected to a point

load in the Fourier domain (Equation 8.10). A Green's function is a type of function used to

12



solve a nonhomogeneous differential equation subject to specific boundary conditions (Duffy,

2001). Using the Green's function, the displacement of the baseplate can be calculated by

spatially convolving the Green' s function (Equation 8.11 ) with the pressure applied to the

baseplate (Equation 8.7) (Baeten,1989; Duffy, 2001):

W(k„ky) = //sF{Papp!{ed(k£,k;) + Ts(k£,k;)}GPzate(kx -k£,ky -k;)dkfdk;       (9)

where (k„ ky) is the observation position in the Fourier domain and (k;, k;) is the position of

integration in the Fourier domain.

Baeten (1989) shows that the solution (Equation 8.11) to equation (8) can be simplified

by assuming the Green's function is constant across the baseplate. This is similar to assuming

uniform displacement across the baseplate. If the plate is infinitely stiff, assuming the Green's

function is constant corresponds to uniform displacement across the baseplate. The constant

Green's function assumption is true when (Baeten,1989):

1.     the frequency of vibration and mass densities of the baseplate are low;

2.   the flexural rigidity of the plate is large;

D  >>  c|co2r4 , (10)

where a is the mass density of the baseplate, a) is the angular frequency, and r is the baseplate

radius. Since the vibrator baseplate is designed to be extremely stiff, the Green's function for

displacement is approximately constant across the baseplate and the equation (9) can be

simplified (Baeten,1989) to:

W(k„ky) = W =  -a=/TSF{rs(k;,k;) +Papp"ed(k;,k;)}dkfdk;            (11)

To approximate the ground force with the flexural rigidity baseplate model, the baseplate

motion must be expressed in terms of acceleration. Taking the second derivative of equation (11)

at the center of the baseplate yields (Baeten,1989):
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A8(k„ky)=-#{//sFTs(kfik;)-MrAr} (12)

where A8 (k„ ky) is the measured acceleration at the center of the baseplate, Mr is the mass of

the reaction mass, Ar is the measured acceleration of the reaction mass. The calculated

acceleration using the simplified flexural rigidity method is in close agreement to the exact

flexural rigidity method (Baeten,1989). Consequently, the simplified flexural rigidity method

can be used to approximate the ground force signal from measurements of acceleration on the

baseplate and on the reaction mass.

Baeten (1989) compared the measured acceleration of the baseplate to the predicted

acceleration calculated using the flexural rigidity method. The results showed that the two

signals differed in phase approximately 90° over the sweep frequency bandwidth. To correct for

this phase shift, the Green's function is multiplied by a factor of I., which corresponds to a 90

degree phase shift. This method is referred to as the phase-corrected flexural rigidity method

(Baeten,1989).

Solving for the traction underneath the baseplate in equation ( 12), the phase-corrected

flexural rigidity method approximates the ground force signal with the expression:

FG =  -/JSF rs(k„ ky)dkxdky =  [¥ Ab(k£, k;) -MrAr] (13)

where FG is the approximated ground force, and Ab (k£, k;) is the acceleration measured at the

center of the baseplate.

Equation ( 13) approximates the ground force incoxporating the baseplate rigidity. Since

baseplate flexure increases as the sweep frequency increases, this method should provide a more

accurate approximation of ground force for higher frequency data, thus, increasing the data

resolution.
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2.3.4. Limitations of the Flexural Rigidity Method

Despite the fact that the phase-corrected flexural rigidity method proposed by Baeten

(1989) provides significant improvements when approximating high frequency source signatures,

there are still limitations that arise from using this method. Initially, it was derived and

developed using the Prakla Seismos VVDA vibrator (total weight = 31,000 lbs), which is

significantly larger than Minivib I (total weight = 11,500 lbs) and Minivib 11 (total weight f=

14,000 lbs). Since this method is not widely used in industry, it has not been applied to many

seismic vibrators. Consequently, this approximation may be vibrator specific.

It has been previously noted by Sallas (2010) that the distribution of traction underneath the

baseplate and distribution of mass on the baseplate is not uniform. Consequently, the assumption

that the mass is distributed uniformly across the baseplate is invalid. Furthermore, the baseplate

is rarely on a flat surface. As a result, the boundary conditions for the problem change from

groundpoint to groundpoint violating the analytical solution.

Two other limiting factors arise from the derivation and solution to the equation. First, the

approximation is derived by solving the plate equation for a uniformly thick, isotropic plate. The

seismic vibrators used at the KGS are both equipped with baseplates that vary in thickness. As a

result of the variable thickness, the flexural rigidity of the baseplate changes in the radial

direction. This introduces a more complex governing equation of motion, which cannot be

simplified analytically to a practical ground force approximation. For this reason, an average

flexural rigidity for the baseplate must be used in the phase-corrected flexural rigidity

approximation. Second, the approximation of the ground force is calculated using the

accelerations of the baseplate at the center of the plate. The location of the baseplate

accelerometer on Minivib I and Minivib 11 is not located at the center of the plate. As a result, the
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measured acceleration will not be equal to the acceleration at the center of the baseplate. These

additional variations may decrease the accuracy of the phase-corrected flexural rigidity signal

resulting in a source signature approximation that will not optimize high frequency data and

therefore, resolution for Minivib I and Minivib 11.

2.3.5. High Fidelity Vibroseis Seismic (HFVS) Method

An alternative method proposed by Allen (1996) called the High Fidelity Vibroseis

Seismic method (HFVS) uses inverse filtering by spectral division to remove the unknown

applied force. The method was developed by recognizing that the measured vibrator motion is

related to the true vibrator motion by a minimum phase transfer function in the frequency

domain (Allen,1996):

Gin(f) -Gt(f) . T(f)

where Gin(/) is the measured vibrator motion (known), Gc(f) is the true vibrator motion

(14)

(unknown), and I(/) is a minimum phase, causal, linear transfer function (unknown) .

From the vibroseis convolution model, the time derivative of the true vibrator signal is

multiplied by the impulse response of the earth in the frequency domain (Miller and Pursey,

1954; Aki and Richards,1980). Therefore, an uncorrelated seismogram is represented by:

U(f) = ico . Gtu) . EU) (15)

where U(/) is the uncorrelated measured seismic data, Za) is the time derivative, and E(/) is the

earth reflectivity sequence.

This method differs from conventional practice because an estimate of the actual signal is

not used to correlate the data. Altematively, the data is divided by the minimum phase relative of

the actual signal (measured motion) in the frequency domain (Allen,1996). Before inverse
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flltering, white noise must be added to Gin(/) to stabilize the inverse operation. Using equations

(14) and (15), inverse filtering by spectral division is represented by:

U(f)    _   ico.GtU)
Gin(f)       GtU).TU)

E(f) (16)

Consequently, this removes the true vibrator signal from the equation. Therefore, equation (16)

can be reduced to

#)-%).E(f) (17)

From the properties of minimum phase functions, the time derivative and the reciprocal of a

minimum phase function are also minimum phase (Allen,1996; Yilmaz, 2001). Through

minimumphasedeconvolution,theseismogramcanbefultherprocessedtoeliminate#and

recover the earth' s reflectivity sequence.

2.3.6.  Limitations of HFVS Method

The limitations of HFVS processing stem from the assumptions underlying

deconvolution and from inverse filtering by spectral division. In previous research by Rice

(2009), correlation of near-surface seismic reflection data by the ground force signal has not

shown significant improvements when compared to traditional cross-correlation with the ideal

signal (synthetic). Such a result may be explained by the theoretical assumptions underlying

deconvolution which are not all valid for shallow data (Steeples and Miller,1998). First, the

assumption that the source wave form is static and does not change as it travels through the

subsurface is invalid. Vertical and lateral variability of near-surface material properties

preferentially attenuate the high frequency component of the source wave form (Steeples and

Miller,1998). Second, near-surface seismic reflection data sets generally target/capture a small

number of horizons. With only a small number of reflective horizons, the earth is not
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representative of an infinite reflectivity series (Steeples and Miller,1998). Lastly, shallow

seismic data generally has a low signal to noise ratio. Noise is magnified by the process of

deconvolution leaving little true signal to coITelate (Bickel,1982; Brittle et al., 2001).

Inverse filtering through spectral division can become problematic when the measured

signal is small at any point within the frequency bandwidth (Krohn, 2008). When this occurs, the

inverse filter will apply large gain and amplify noise. If the signal is zero at any frequency, the

inverse becomes unstable. In practice, white noise is added to stabilize the inverse. This process

is called pre-whitening the data. When the data is pre-whitened, the added noise can alter the

shape of the signal as well as the signal phase resulting in a mixed phase signal (Bickel,1982).

Applying minimum phase deconvolution to a mixed phase signal will result in less than optimum

results.
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3[ Problem Statement

Although deconvolving the unprocessed vibroseis records with an accurate source

signature should always produce superior data quality compared to cross-correlation with the

synthetic sweep (van der Veen et al.,1999; Ghose, 2002; Wei, 2008), previous work at the KGS

by Rice (2009) using the IVI Minivib I did not support these findings. Empirical results from the

KGS study concluded that no significant gains in data fidelity can be obtained by deconvolving

with the weighted-sum ground force approximation due to the inaccuracy of the current ground

force approximation. The current weighted-sum approximation of ground force is calculated

using one reaction mass accelerometer and one baseplate accelerometer located approximately

35 cm from the center of the baseplate. For conventional seismic vibrators, the ground force

approximation becomes increasingly inaccurate as the frequency of the sweep increases above >

100 Hz because the rigid body assumption is violated due to baseplate flexure (Sallas et al.,

1985; Beaten,1989; Allen et al.,1998; Lebedev and Beresnev, 2004; Sargiotis et al., 2010). The

motion of the baseplate must fully be investigated to determine the validity of the rigid body

assumption for high frequency data. Additionally, collecting acceleration from a single point on

the baseplate can vary due to the non-rigidity of the driven structure and the near-surface

condition beneath the baseplate (Wei, 2009; Sallas, 2010). Analyzing the response variability

across the vibroseis baseplate on varying near surface conditions will help determine optimal

location(s) to measure baseplate acceleration. Comparing various ground force approximations

to the true ground force (collected by the Load Cell System) will determine the most

representative ground force approximation.

The IVI Minivib I can generate energy from 10 to 550 Hz, but the highest frequency

historically recoverable by the KGS using this source has been approximately 300 Hz.
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Comparing the spectral characteristics of the accelerometer signals and analyzing the true ground

force will help determine why these higher frequencies produced by the IVI Minivib I are not

recoverable.
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4. Equipment Setup

Five Columbia Research Laboratories (CRL) 966 magnetic mount accelerometers were

used to determine the optimal locations for an augmented weighted-sum calculation of ground

force, to investigate if the baseplate motion is symmetric throughout each sweep, and to analyze

the modal characteristics of the baseplate. The CRL 966 model was selected over Endevco

model 7703A-1000 accelerometers, currently used by the KGS, because it does not need an

extemal charge amplifier to boost its signal, and it is readily available from Seismic Source

Company (SSC). Additionally, the magnetic mounts were ideal for this application because the

accelerometers could be quickly moved to different locations on the baseplate. Although

Geometrics seismographs were not used to record the CRL accelerometer signals in this study, a

sensitivity of 10 mv/g was selected to assure a low-level differential accelerometer signal that

can be recorded with Geometrics Geode seismographs. The CRL accelerometers use a different

recording system than currently used by the KGS. The accelerometer array includes a SSC 24

channel accelerometer interface box connected to the Seismic Source DAQ Ill seismograph that

transmits the data to a computer via Ethemet (Figure 4.1 ).

Two Endevco accelerometers, one located on the reaction mass and one located on the

baseplate, were used to acquire additional signals necessary to calculate a weighted-sum ground

force. Previous research established that the Endevco accelerometers provided improved signal

to noise ratio when compared to the Dytran 3184 accelerometers, which are used as the open-

loop feedback signal for the vibrator control system (Rademacker, 2006). In addition, the signals

were collected to compare with the CRL accelerometers for signal characteristic assurance and to

correlate consecutive sweeps for analysis of the baseplate motion using numerous accelerometer

locations. An accelerometer sensitivity of 3 mv/g was selected to insure compatibility with
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Geometrics Geode seismographs. A laptop computer inside the Minivib received the signals

from a Geometrics seismograph and stored the 24-bit individual accelerometer traces.

Figure 4.1. Equipment configuration for recording CRL 966 magnetic mount accelerometers

During the second part of the survey, the Dytran 3184 accelerometer signals from the

vibratorcontrolsystemwerecollectedtoallowcomparisonofthegroundforcefeedbacksignal

to both weighted-sum approximations calculated from the Endevco and the CRL accelerometers

(Figure 4.2). Through these comparisons, the accuracy of the vibrator quality control feedback

signal can be investigated.

A system of load cells consisting of three tiles, each containing three load cells, was used

in the second part of the survey to measure the true ground force. The Load Cell System was
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placed beneath the baseplate to dynamically measure the true ground force applied to the Earth

by the Minivib (Shan et al., 2009). This SCC system was made up of by individual load cells on

each plate with a capacity of 25,000 lbs. As a result, the system capacity was 225,000 lbs.

Individual load cell sensors convert force into an electrical signal and send the signals through an

interface box to the Seismic Source DAQ Ill seismograph (Figure 4.3). True ground force is

calculated by summing all individual electrical signals.

Figure 4.2. Reaction mass accelerometer locations for all three accelerometer models: Dytran model
3184 (= 100 mv/g sensitivity), Endevco model 7703A-1000 (3 mv/g sensitivity), and CRL magnetic
model model 966 (10 mv/g sensitivity).

23



Configuration Of
three Iced cells

24

Figure 4.3. Image of load cell plate, diagram in top right comer depicts the configuration of three load
cell sensors (Modified from Seismic Source Co.).



5. Methods: Part 1 ; Investigation of Baseplate Motion

5.1 I purpose statement

A suite of experiments were developed to examine the motion of the IVI Minivib I

baseplate throughout the sweep. The baseplate motion must fully be investigated to produce an

optimal approximation of the source signature for the IVI Minivib I. Ideally, the baseplate should

have a uniform response across its surface, which theoretically equates to an inflnitely rigid plate

acting as a point source of wave propagation. Variations in phase and amplitude response across

the baseplate must be evaluated since an infinitely stiff driven structure is unattainable. The IVI

Minivib I is equipped with a symmetric dome-shaped circular baseplate, which varies in

thickness in the radial direction. Amplitude and phase variations associated with accelerometer

radial position were investigated to ascertain the dependence of ground response to baseplate

geometry.

The baseplate interior structure consists of 24 radial ribs that radiate out of the center of

the baseplate reinforcing the upper dome structure of the plate which connects to the edge of the

baseplate. A circumferential rib is located approximately 10 cm from the edge of the baseplate

(Figure 5.1 ). These ribs present structural complication to achieving a uniform response.

Theoretically, the ribs will generate a non-uniform distribution of rigidity across the baseplate.

As the frequency increases, the baseplate is more likely to flex generating asymmetric

baseplate motion (Lebedev and Beresnev, 2005; Sallas, 2010; Wei, 2010). The response

variability due to the accelerometer position with respect to location of reinforcement ribs was

analyzed. Based on the intemal baseplate structure, the experiment was designed to investigate

the change in baseplate motion in the radial direction, the change in baseplate motion associated
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with reinforcement ribs and to determine whether the baseplate motion is symmetric throughout

the duration of the sweep.

Figure 5.1. Diagram of IVI Minivib I baseplate structure: 24 radial reinforcement ribs, 1 circumferential
reinforcement rib (view from bottom of baseplate).

5.2. Geologic Setting and Data Acquisition

High-frequency vibroseis data was acquired using the IVI Minivib I at three source

locations around the Kansas Geological Survey located at the University of Kansas west campus

in Lawrence, Kansas.
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5.2.1. Geologic Setting

Three test sites were all within 200 in of each other, all with the Lawrence Formation

representing bedrock (Figure 5.2). Each site consisted of different overburden providing different

near-surface conditions from a mechanical perspective (Figure 5.3).

Figure 5.2. Generalized stratigraphy of Douglas Group (Zeller,1968)

Source location 1 was located on a flat concrete driveway in front of the Kansas

Geological Survey "core barn". Approximately 2 in of the Robbins Shale member lies directly

beneath the concrete driveway. An outcrop of the Haskell Limestone member is present

approximately 20 in south of source location 1. The flat concrete source location was the most

rigid near-surface of the three tested source locations. Source location 2 (= 20 in north of the

Kansas Geological Survey) was located on a thin layer of soil overlaying approximately 3 in of

the Robbins Shale member of the Lawrence Shale Formation. In Douglas County, KS, the

Martin and Vinland soils are smectite rich soils from weathered shales found in the near-surface
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(Dickey et al.,1977). Source location 3 (north of the pond) was located on irregular alluvial

outwash. Two days prior to data collection a rain event occuned leaving a semi-saturated

irregular surface to test the vibrator baseplate motion.

Figure 5.3. Map of source locations for Part 1 of survey (modified from Google Eath)

The Lawrence Shale is an interval within the Douglas Group and was deposited in the

Upper Carboniferous period. The Lawrence Shale Formation is subdivided into five members:

the Haskell Limestone, the Robbins Shale, the Ireland Sandstone, the Amazonia Limestone and

an unnaned discontinuous shale member containing Williamsburg coal bed (Zeller, 1968). The

Haskell Limestone member is a blueish-gray fine grained oolitic limestone that varies from 0.5
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in to 1.5 in in thickness. The Robbins shale member is a clay-rich grey marine shale that varies

from 0 in to 4 in in thickness in Douglas County, KS (O'Comer,1960).

5.2.2. Data Acquisition

The IVI Minivib I generated a five-second linear upsweep with a frequency range of 30-

400 Hz for all sweeps at source location 1 (Table 5.1). A sweep frequency of 30-450 Hz was

used for all shots at subsequent locations to determine if the Minivib I was capable of imparting

signal at frequencies greater than 400 Hz into the ground.

At each of the source locations, the Endevco 7703A-1000 accelerometer response was

compared with the response of the CRL 966 accelerometers. For this comparison, one CRL

magnetic mount accelerometer was placed beside both the Endevco reaction mass accelerometer

and the Endevco baseplate accelerometer located at approximately 35.5 cm from the center of

the baseplate. The Endevco accelerometers are mounted directly to the seismic vibrator on a flat

surface allowing accurate calculation of ground force. Five sweeps were recorded separately at

each source location.

Five CRL 966 magnetic mount accelerometers were used to analyze the motion of the

baseplate. One accelerometer remained on the vibrator reaction mass throughout the experiment

(Figure 5.4). The baseplate was divided into four quadrants to determine if the motion of the

baseplate was symmetric (Figure 5.5). One of the four remaining accelerometers was placed

directly on top of the baseplate in each of the four quadrants. For each source location, three

radial positions were tested in each quadrant:  17.75 cm, 26.67 cm, and 35.5 cm from the center

of the baseplate. At each radial position, five sweeps were collected separately with the

accelerometers located on a reinforcement rib. Then, data was recollected in the same fashion

with the accelerometers located off of a reinforcement rib (Figure 5.5).
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Table 5.1. Survey parameters for each experiment
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Next, accelerometers were positioned in quadrant 1 to determine the change in

accelerometer response associated with radial accelerometer location and baseplate structure.

Five sweeps were collected separately with accelerometers positioned at radial position 1 and 2
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with corresponding off reinforcement rib and on reinforcement rib locations (Figure 5.6). This

experiment was repeated with the accelerometers at radial positions 2 and 3.

It is important to note that this part of the experiment was not designed to approximate

ground force. Given that the accelerometers were placed directly on the baseplate, they were off

vertical by f= 15 ° maximum. Off vertical signals differ from signals that are completely vertical

by cosine of the angle (Sill and Seller, 2006). If the baseplate acceleration signals collected were

used to calculate ground force, the ground force calculation would include an angular

discrepancy associated with off vertical signals. For the purpose of this study, placing the

accelerometers directly on the baseplate was adequate.

5.3. Data Analysis

Three source locations with differing material properties, surface terrain, and water

saturation provided a variety of near-surface conditions that were tested to examine the motion of

the IVI Minivib I baseplate throughout the duration of a sweep. At each source location, tests

were conducted to compare the signal response and spectral characteristics of the Endevco 7300-

1100A accelerometers, currently used by the KGS, to the CRL 966 accelerometers. Additionally,

tests were conducted using an array of CRL accelerometers to investigate the change in

accelerometer response associated with the radial position and location of the accelerometer in

respect to baseplate structure, and to establish whether the baseplate acts as a symmetric body

about the baseplate origin throughout the sweep.

5.3.1. Comparison of Endevo Accelerometers and CRL Accelerometers

The CRL 966 accelerometers were directly compared to the Endevco accelerometer to

determine any phase and amplitude variabilty associated with differences in signal conditioning
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between the two models. The two accelerometer models were positioned side-by-side on the

reaction mass and the baseplate, and collected simltaneously at each source location to compare

variations in phase, amplitude, and absolute peak force.

Figure 5.6. Accelerometers located in quadrant 1 at radial positions 1 and 2 collecting data from off
reinforcement rib and on reinforcement rib simultaneously

The baseplate and reaction mass signals from each accelerometer model (Figure 5.7)

were cross-correlated in the time domain. Cross-correlation of the two accelerometer traces

results in a correlation function that contains information regarding the phase difference between

33



the two signals (Witteman, 2006). In the time domain, each correlation function was windowed

using a Blackman window filter to smoothly attenuate the signal at both ends of the time series

minimizing edge effects that result in spectral leakage in the Fourier spectnm (Kay and Maaple,

1981). The selection of the blackman window filter was based on its ability to reduce edge

effects minizing spectral leakage (Chassaing and Reay, 2011 ). The difference in phase between

the baseplate and the reaction mass signals for each accelerometer model can be plotted in the

frequency domain (correlation phase spectrum). Transforming the windowed cross-correlated

signals using the fast Fourier Transform (FFT) (Brighan and Morrow, 1967) is a transform

appoximation commonly used for computing the discrete fourier transform of a sampled signal.

In the frequency domain, the phase of the correlated signal is calculated by taking the inverse

tangent of the imaginary part divided by the real part of the complex signal. A 21 -point moving

average filter was applied to each of correlation phase spectrum for plotting purposes. To show

difference between the two accelerometer models, the Endevco correlation phase was subtracted

from the CRL correlation phase (Figure 5.8). Both accelerometer models display almost identical

phase differences between their respective reaction mass and baseplate signals for all three

source locations.
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Figure 5.7. Comparison of a) baseplate and b) reaction mass signals from the CRL 966 magnetic mount
accelerometer and the Endevco 7703A-1100 accelerometer for source location 1.
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Figure 5.8. Difference of Endevco and CRL accelerometer phase spectrum correlated to each model's
respective reaction mass signal.

The differences in amplitude spectra of the two accelerometer models was investigated.

Using MATLAB, each signal was transformed to the frequency domain using the FFT. In the

frequency domain, each signal was split into its corresponding imaginary and real components.

Amplitude was calculated in the frequency domain by computing the modulus of the complex

signal (Equation 18):
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Ax(f)--JXrU)2+Xi(f)2 (18)

where Ax (f) is the amplitude of signal X, Xro:) is the real component of signal X, and X!ar) is

the imaginary component of signal X. The difference in amplitude of the baseplate and reaction

mass signal for the Endevco acceleromer amplitude spectrum with respect to the corresponding

CRL amplitude spectrum is given by (Equation 19):

Adb  =  20 * Jogio(AEnd/ACRL)                                                                          (19)

where  Adb is the amplitude ratio expresed in decibles, AE7,d is the calculated amplitude of the

Endevco accelerometer, and Ac|iL is the calculated amplitude of the CRL accelerometer. A 21 -

point moving avearge filter was applied to each anplitude spectrum for plotting purposes (Figure

5.9). The amplitude difference between the Endevco and CRL accelerometers were similar for

each of the three source locations. Although an amplitude difference exists between the two

accelerometer models, the normalized amplitude specrtum of each baseplate and reaction mass

traces for each accelerometer model is almost identical across the sweep frequency range (Figure

5.10).
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Figure 5.9. Amplitude ratio of Endevco baseplate and reaction mass accelerometers with respect to
corresponding CRL accelerometers for source location 1.
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Amplitude Spectra Comparison
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Figure 5.10. Reaction mass and baseplate amplitude spectra comparison between Endevco and CRL
accelerometers for source location 1.

At each of the three source locations, ground force was computed using the weighted-

sum of the stacked reaction mass and baseplate signals (Equation 7). The resulting ground force

traces were cross-correlated to establish a quanitative comparison (Table 5.2). For each of the

three source locations, the ground force signals calculated using the output from each

accelerometer model were extermely similar (correlation coefflcient > 97.0%).

Table 5.2. Correlation between Endevco ground force and CRL ground force signal for each source
location.

Absolute peak force is represented by the amplitude envelope of the ground force trace

(Lerwill,1981). The amplitude envelope is defined as the absolute value of the complex trace,

given by the Hilbert transform of the time-domain signal trace (Costain and Coruh, 2004). The

use of lb-force as a unit of measurment is an industry standard in seismic acquistion; therefore,

results are given in lb-force. For each of the three source locations the trend was near identical;
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therefore, to avoid redundancy only the absolute peak force comparison of ground force signals

calculated from each accelerometer model from source location 1 (Figure 5.11 and Figure 5.12)

is displayed.

Source Location 1-Signal Plot of Ground Force
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Figure 5.11. Signal plot of computed Endevco and CRL ground force for source location 1
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Figure 5.12. Absolute peck ground force of Endevco and CRL signals for source location 1

5.3.2. Sweep Repeatabilify

To determine the relative consistency of the vibrator output for each source location, the

CRL reaction mass accelerometer response for all sweeps in Pc7r/ / was cross-correlated with the

ideal signal (synthetic sweep) (Figure 5.13). The standard deviation of the correlation
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coefficients was calculated for each source location (Table 5.3). Since the standard deviation is

small (= 1%) for each source location, the vibrator sweeps acquired at the same shot station can

be considered repeatable. Therefore, each radial position was evaulated after stacking the

corresponding five individual sweeps, increasing the signal-to-noise ratio for each position.
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Figure 5.13. Autocorrelation of the synthetic sweep, S(t)© S(t), and correlation of synthetic with reaction
mass, S(t)* Rmi(t), for each of the five sweeps when accelerometers are located at radial position 1 on
rib (p = maximum correlation coefficient). Wavelets are bulk static shifted to 300 ms to easily display
differences from the Klauder wavelet (autocorrelation of synthetic).

Table 5.3. Mean and standard deviation of the correlation coefficients between the CRL reaction mass
accelerometer signal and the synthetic sweep for each source location

5.3.3. Response Variation due to Radial Position and Position with Respect to Baseplate
Structure

At each radial position, accelerometer signals were collected with an accelerometer

located on top of a reinforcement rib (on rib) and between reinforcement ribs (off rib). The CRL
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reaction mass signal for the first set was correlated to the second set to ensure the consecutive

sets of sweeps were comparable at each source location (Table 5.4). Since the correlation

coefflcients were almost identical (> 99.8%) for each source location, it can be concluded that

the baseplate traces from the consecutive sweep sets could be correlated to each other, and any

observed response variations were associated with accelerometer position as opposed to sweep

repeatability.

Table 5.4. Correlation of stacked reaction mass signals of consecutive five sweeps for each source
location

Baseplate accelerometers in each radial position were cross-correlated with one another

for both on and off rib accelerometer locations (Figure 5.5). The correlation coefficient between

radial position 1 and radial position 3 displayed the least similarity. The correlation of

accelerometers located at consecutive positions displayed the most similar correlation

coefficients. Comparable results were obtained at each of the three source locations (Figure

5.14).

To determine the differences in baseplate accelerometer signals, phase and aniplitude

differences between the three radial positions were calculated for both on and off rib positions at

each source location. Correlation phase plots were calculated by correlating each of the three

radial positions to radial position 1 for each of the three accelerometer positions (Figure 5.15).

To compare the amplitude differences associated with accelerometer radial positions, the
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amplitude spectrum was calculated with respect to radial position 1 off rib at source location 1

(Equation 20) :

4db  = 20 * J09io(ARp/ARp]) f or i = 1,2,3          (20)

where z. represents the radial position, 4db is the amplitude ratio of radial position J. expresed in

decibles, ARp{ is the calculated amplitude of accelerometer located at radial position I., and ARp]

is the calculated amplitude of the accelerometer located at radial position 1 (Figure 5.16). This

procedure was repeated for on and off rib radial positions at each source location (Figures C.1 -

C.10).
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SL1-Phase Spectra of Off Rib Basepfate Accelerometers Correlated to Radial Position 1
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Figure 5.15. phase spectra of three off rib radial positions correlated to radial position 1 at source location
1.
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Figure 5.16. Amplitude ratio of three radial positions with respect to radial position 1 located off rib
reinforcement for source location 1.

Additionally, the signal response differences associated with baseplate structure were

examined by cross-correlating accelerometer response of each on and off rib radial position's

(Figure 5.17). This analysis provided a quantitative measure of accelerometer response

variability with respect to internal baseplate structure and a qualitative measure of accelerometer

response variability related to radial accelerometer location.
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Figure 5.17. Correlation of on and off rib accelerometers at each of the three radial positions for each
source location in experiment 1 .

The response between on and off reinforcing ribs was very similar (correlation

coefficients > 98.5°/o) at each radial position for all source locations. However at each source

location, the correlation between on and off rib accelerometers decreased with increasing

distance from the center of the baseplate by up to 1%.

The differences in phase and amplitude between on and off rib accelerometer locations

were calculated for each of the three radial positions. The correlation phase spectra was

calculated for the off rib accelerometer with respect to the accelerometer located at the

equivalent on rib radial positions for source location 1 (Figure 5.18). This procedure was

repeated for source locations 2 and 3 (Figures C.11 and C.12).



SL1-Phase Spectra of Baseplate Accelerometers in Quadrant 1 correlated to On Rib Accelerometers
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Figure 5.18. Phase difference between on and off rib accelerometers for each of the three radial positions
at source location 1 .

The phase variation between on and off rib accelerometers was fairly uniform

throughout the sweep for source location 1. The variation between on and off rib accelerometers

seems to depend on the frequency of the sweep at source location 2 and 3. Each of the phase

plots show different trends at each of the three source locations. Variations in phase between on

and off rib accelerometers increases for accelerometers located further away from the center of

the baseplate for all source locations.

One approach to identify amplitude variations associated with differential rigidity in the

internal baseplate structure is to calculate the amplitude spectruin of each accelerometer signal

for the off rib accelerometer with respect to the accelerometer at the equivalent on rib radial

position for each source location 1 (Figure 5.19, Figure C.13, and Figure C.14) (Equation 21):

4db = 20 * J09io(4of//Aon£)                     for i = 1,2,3                       (21)

where z. represents the radial position, 4db is the amplitude ratio of off rib versus on reinforing

rib for radial position I. expresed in decibles, Ao,,i is the calculated amplitude of the off rib

accelerometer located at radial position !., and Ao7t{ is the calculated amplitude of the on rib

accelerometer located at radial position z..

44



The anplitude variation between on and off rib accelerometers for each source location

depends on the radial position of the accelerometers and is between ± 2 dB. Although the

amplitude variations between on and off rib responses is not significant, it is important to note

that a difference in amplitude does exist at all source locations, and the amplitude difference

increases with increased radial distance from the center of the baseplate.

SL1 -Amplitude Difference of On Rib and Off Rib Accelerometers
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Figure 5.19. Amplitude difference between on and off rib accelerometers for each of the three radial
positions at source location 1 displayed in dB.

5.3.4. Investigation of Baseplate Symmetry

Accelerometer data were acquired at each of the three radial positions both on and off

internal rib reinforcement structures at each of the baseplate quadrants described in A4e/foods..

Par/ /. Accelerometer signals acquired at equivalent positions in each quadrant were cross-

correlated to establish a quantitative measure of similarity between the four quadrants and

therefore overall baseplate consistency. A total of six correlations were performed for each of the

accelerometer positions. A mean and standard deviation was computed for the correlations from

the six accelerometer positions at all source locations (Figure 5.20). The mean correlation

between the four quadrants decreased as the accelerometer position increased in distance away

from the center of the baseplate for both on and off rib accelerometer positions at each of the
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three source locations. The baseplate accelerometer located in quadrant 1 for off rib radial

position 1 at source location 3 was loose during acquisition resulting in a low mean correlation

coefficient. The correlation between the 4 quadrants decreased and variability between the

correlations increased as the overall thickness of the baseplate decreased from center to rim.

To investigate whether the baseplate symmetry is dependent on source location, a mean

correlation across the baseplate (using all correlations across the baseplate) was calculated for

each source location. Additionally, the total standard deviation of the baseplate correlations was

obtained for each source location. By comparing the mean correlation coefficient and

corresponding standard deviation for each source location, it could be established that the

baseplate symmetry is dependent on source location (Figure 5.21 ). The more rigid the near-

surface conditions (source location 1 - concrete) the larger the mean correlation across the

baseplate. The largest variabilities were associated with loose near-surface conditions (source

location 3- irregular semi-saturated alluvium) and the most asymmetric behavior across the

baseplate.

To determine if the variability between accelerometer responses located in separate

quadrants fell within the range of variability observed in the sweep for each source location, the

standard deviation of baseplate quadrant correlations was compared to standard deviation of the

sweep repeatability (Figure 5.22). The variability across the baseplate fell within the range of

source variability for source location 1, which was collected on the most rigid and uniform near-

surface conditions. The variability across the baseplate increased as the near-surface conditions

become less rigid and the teITain became more irregular. For both source locations 2 and 3, the

variability across the baseplate fell outside the source variability range. Therefore, the baseplate
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has the ability to act symmetrically but that reaction depends on near-surface conditions directly

beneath the baseplate.

Figure 5.20. a) Mean and b) standard deviation of correlation coefficients between four quadrants for on
rib accelerometer positions at each source location in experiment 1. c) Mean and d) standard deviation of
correlation coefficients between four quadrants for off rib accelerometer positions at each source location
in experiment 1 .

47



Figure 5.21. Mean correlation across baseplate for each of the three source locations. Standard deviation
posted and displayed as error bars for each source location.

Figure 5.22. Comparison of quadrant response variability to source variability for each source location in
experiment 1 .
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The correlation phase spectra were calculated for each on rib accelerometer position in

quadrant 3 with respect to quadrant 1 to determine the phase difference for source location 1

(Figure 5.23). This procedure was repeated for source locations 2 and 3 (Figures C.15 and C.16).

Correlation of the amplitude spectra of the accelerometer response were computed to identify

any amplitude differences and their relative size in each quadrant with respect to quadrant 1 for

source location 1, (Equation 22):

A{db  =  20 * [09io(Ao/Ao[) for i = 1,2,3,4            (22)

where I. represents the quadrant of accelerometer, Ag db is the amplitude ratio of quadrant I. over

qudrant 1 expresed in decibles, Ao{ is the calculated amplitude of quadrant I., and Ao[ is the

calculated amplitude of quadrant 1 . Amplitude and phase calculations were filtered using a 21 -

point moving average for plotting purposes (Figure 5.24). This procedure was repeated for

source locations 2 and 3 (Figures C.17 and C.18). Differences in phase and amplitude between

separate quadrants are present between each of the 4 quadrants at all source locations. The

quadrants do not respond identically and therefore the baseplate exhibits asymmetric behavior

throughout the duration of the sweep. Variations in phase and amplitude between the two

quadrants confirm the baseplate' s asymmetric response. At source location 3, the baseplate

displays the greatest asymmetric behavior mainly due to the irregular surface beneath the

baseplate. For each of the three source locations, the phase and amplitude differences are greater

towards the edge of the baseplate where it is least rigid.
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SLI On Rib - Phase Spectra of Baseplate Accelerometers Correlated to Quadrant 1
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Figure 5.23. Phase spectra of quadrant 3 correlated with quadrant 1 for each radial position located on rib
at source location  1.
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Figure 5.24. Amplitude spectnm difference plot of quadrant 3 from the amplitude spectrum of quadrant
1 for each radial position located on rib at source location 1.

5.3.5. Differences in Response Associated with Source Location

Theory suggests the vibroseis source signature will vary depending on the near-surface

conditions located directly beneath the baseplate (Baeten,1989; Sallas, 2010; Ziolkowski, 2010;

Wei et al., 2011). To illustrate the changes of source signature related to varying near-surface

conditions, analysis of the baseplate motion was done at three source locations. The three source

locations were selected to provide variable surface terrain and near-surface rigidity. The absolute
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peak ground force was calculated using the CRL accelerometer placed directly next to the

Endevco accelerometers for each source location (Figure 5.25). Although the frequency range of

the sweep was different between source location 1 and source locations 2 and 3, the change in

frequency dwell-time, At, between the two sweeps is < .002 seconds and considered negligible

for this comparison.

Absolute Peak Force Comparison-CRL Accelerometers
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Figure 5.25. Absolute peak force comparison of three source locations calculated from CRL
accelerometers. Source location 1  sweep parameters 5 second linear upsweep ranging from 30-400 Hz,
Source Locations 2 and 3 sweep parameters- 5 second linear upsweep ranging from 30-450 Hz

RIgid near-surface conditions (source location 1 -concrete) produced the largest absolute peak

force. Each of the three source locations failed to output adequate energy for measuring force

past 200 Hz. Each baseplate accelerometer signal was correlated to the respective reaction mass

signal for each source location. The correlation phase spectra were calculated for the CRL

accelerometers with respect to the signal recorded by the reaction mass accelerometer at each of

the three source locations (Figure 5.26). The baseplate is approximately 160 degrees out of phase

with the reaction mass at 200 Hz at the all three source locations.
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Experiment 1 -Phase Spectra of Baseplate Accelerometers Correlated to Reaction Mass
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Figure 5.26. Correlation phase between CRL reaction mass and baseplate signals for each source
location.

Variations in phase and amplitude were present between the four baseplate quadrants at

each source location. The most uniform accelerometer response across the baseplate occurs on

the uniform concrete surface (source location 1 ). Phase and amplitude variations increased at

accelerometer locations positioned near the edge of the baseplate at all locations. Changes in

accelerometer positions with respect to baseplate structure (on rib vs. off rib) resulted in smaller

variations in phase and amplitude than changes in radial accelerometer position. Differences in

response associated with baseplate structure were similar for each of the three source locations.

Although each of the three source location exhibited similar trends, the source location with the

least symmetric baseplate response (source location 3) displayed the highest correlations

between on and off rib accelerometers at each of the three radial positions (Figure 5.17).
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6. Discussion= Part 1 ; Investigation of Baseplate Motion

The baseplate did not react symmetrically during the sweep at any of the three source

locations. Since all four accelerometers were placed at the sane relative radial position in the 4

defined quadrants, changes in phase and amplitude between the 4 quadrants is most likely

associated with asymmetric motion of the baseplate. For source location 1, the greatest variations

in phase and amplitude occuITed between 120-180 Hz (Figures 5.23 and 5.24). The abrupt

changes in phase and amplitude within the frequency range of 120-180 Hz across the baseplate

can be attributed to a resonant frequency between the baseplate and the ground at this particular

source location (Schrodt,1987). For source locations 2 and 3, when driven at high frequencies (>

200 Hz), the differences in phase across the baseplate increased (Figures C.15 and C.16)

especially for accelerometers positioned towards the edge of the plate. Since the baseplate varies

in thickness radially, this result is expected and directly attributed to the thinning of the baseplate

at the edge of the plate. From the formula for flexural rigidity (Eq. 8.4), rigidity is dependent on

the thickness of the baseplate. The rigidity of the IVI Minivib I baseplate decreases with

increasing distance from the center of the baseplate. When driven at higher frequencies (>200

Hz), baseplate flexure is most severe resulting in phase and amplitude variation across the

baseplate (Sallas, 2010; Wei, 2010). Also, the external shell of the baseplate is equipped with

weldments used to measure the baseplate motion for calculating ground force. These weldments

could also be contributing to differential rigidity across the baseplate. Therefore, phase and

amplitude differences across the plate could be in part attributed to an increase in baseplate

flexure near the rim/edge.

There appears to be a connection between source terrain and asymmetric baseplate

motion. Variability across the baseplate increased for less rigid and uneven surface terrain
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(Figure 5.22). The baseplate response is adversely affected by rugged terrian because the vibrator

baseplate is subjected to irregular baseplate flexure, creating an unpredictable distribution of

pressure beneath the baseplate (Solodov,1998; Levedev and Beresnev, 2004; Wei, 2010). Non-

unifrom distruibution of pressure manifests areas of partial decoupling underneath the baseplate

generating additional harmonic distortion (Wei, 2010). Since the least response variability across

the baseplate occurred on a relatively flat rigid surface (concrete), it appears likely that a non-

uniform contact with the baseplate and the ground contributed in part to response variability

between the 4 baseplate quadrants at source locations 2 and 3.

When constrained to the response variability within a single quadrant, the greatest

changes in phase and amplitude were observed betweebn the three radial positions on the

baseplate (Figures 5.15 and 5.16). The correlation coefficient between radial position 1 and

radial position 3 possess the least similarity as a result of the two times larger distance between

successive accelerometer positions (Figure 5.5). Response variability associated with radial

accelerometer position is attributed to the baseplate's differential rigidity distribution. It is well

known that accelerometer response will vary considerably across the surface of the baseplate

(Levedev and Beresnev, 2005; Wei, 2009; Sallas, 2010; Wei et al., 2011).

Amplitude differences were greater between radial position 1 and radial position 3 most

likely due to the change in baseplate thickness. However, the angle at which the accelerometers

were off-vertical increased with the distance away from the center of the baseplate. Radial

position 1 was = 5° off vertical and radial position 3 was = 15° off-vertical. The accelerometer

response differs from a vertical accelerometer by cosine of the angle (Sill and Seller,1999) and

therefore, the amplitude response difference between the two accelerometer signals can be

calculated by:
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AAdB  =  20 * !Ogio(COSRpi(Ct)) -20 * !Ogio(COSRp3(P)) (23)

where AAdB is the amplitude change assocaited with the angular difference between radial

position 1 and radial position 3, ct is the angle at which the accelerometer located at radial

position 1 is off-vertical (= 5°), and P is the angle at which the accelerometer located at radial

position 3 is off-vertical (= 15°). From this calculation, the maximum amplitude difference

associated with increasing off-vertical accelerometer angle was = 0.27 dB. As a result, the

amplitude response variability can be attributed to variability in baseplate rigidity due to a

decrease in baseplate thickness. The aniplitude difference between the three radial position were

minimal (< 2 dB) in comparison to phase variations.

Accelerometer response varied with on and off rib placement of baseplate accelerometers

for each of the three source locations (Figure 5.17). These variations were minimal when

compared to response variation associated with radial accelerometer position. As expected, the

differences in phase and amplitude between on and off rib placement were greater towards the

edge of the plate (Figures 5.18 and 5.19). From the internal baseplate structure (Figure 5.5), it is

apparent that the circumferential distance between on and off rib accelerometers increased as the

radial position of the accelerometer increased. This may explain the decrease in correlation

coefflcient between on and off rib accelerometer positions with increasing radial accelerometer

position.

The baseplate and reaction mass signals becaine approximately 160 degrees out of phase

at 200 Hz at each source location (Figure 5.26). Consequently at frequencies greater than 200

Hz, the accelerometer signals from the baseplate and reaction mass destructively interfere with

each other when calculating ground force uisng the weighted-sum approximation. Since the

baseplate weight and the reaction mass weight of the IVI Minivib I are similar, the resulting

55



force output at frequencies greater than 200 Hz is less than 1/6th  the maximum vibrator output

and converge to zero force as the frequency of the sweep increases. In the time domain, this

relationship results in minimal correlateable signal after 3 seconds into the sweep. Although the

IVI Minivib I is advertised to produce "the broadest broadband available" spanning the

frequency range of 10 to 550 Hz, the vibrator does not output any correlatable energy past 300

Hz.

As expected, the near-surface conditions significantly affected the vibrator output (Figure

5.25). Source location 1 produced the greatest maximum peak ground force because it

represented the most rigid and level surface of the three tested locations. Although the vibrator

produced the greatest peak force on the rigid surface, the approximate source signature at the

rigid surface is more likely to contain harmonic distortion due to decoupling when compared to

an even semi-elastic surface (Walters, 2009; Schrodt,1987; Reust,1995). On a flat rigid surface,

the vibrator hold-down weight provides a force that prevents the baseplate from completely

decoupling, but due to baseplate flexure the local dynamic force can become greater than the

local hold-down force resulting in partial decoupling (Wei et al., 2010). Hamonic distortion is

not easily processed out of correlated data because strong harmonics have the ability to oveaprint

the fundamental signal producing harmonic ghosts within the data (Schrodt, 1987; Baetan and

Ziolkowski,1990; Wei, 2008a). For upsweeps, harmonic energy produces a distortion in the

correlated records that appears as a forerunning noise train at each reflective interface

characterized by oscillations about the fundament frequency of the radiated signal (Seriff and

Kim, 1970; ESpey, 1988). However, upsweeps should be used to avoid interference between late

reflections and the distortion signals from strong early events (Seriff and Kim,1970; Li et al.,

1995).
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Many acquisition and pre-processing techniques have been developed to reduce the

harmonic energy present in the correlated vibroseis data with varying degrees of effectiveness

(Rietsch,1981 ; Schrodt,1987; Li et al.,1995). Ideally, deconvolving the raw data with an

accurate ground force approximation will remove the harmonic energy because the harmonic

energy is contained within the source signature (Li,1997; van der Veen et al.,1999). Because of

this, it is strongly advised to collect each accelerometer trace and uncorrelated raw seismic

separately during acquisition.

As previously stated, the IVI Minivib I generated a non-uniform response most likely

attributed to inadequate baseplate rigidity especially towards the edge/rim of the baseplate.

Baseplate flexure produces source generated harmonic energy that is not representative of energy

being transferred into the ground and therefore, source generated harmonic distortion will

decrease the accuracy of the ground force approximation (van der Veen et al.,1999; Saragiotis et

al., 2010; Wei, 2010). Increasing the baseplate rigidity will reduce the effect of source generated

harmonic distortion. Theoretically, increasing the baseplate rigidity for the IVI System can be

obtained by designing a new uniformly thick baseplate with a smaller diameter.
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7. Conclusions= Part 1 ; Investigation of Baseplate Motion

The IVI Minivib I baseplate responds non-uniformly and unpredictably across the

baseplate surface to the reaction mass drive energy. Asymmetric baseplate motion about the

origin of the baseplate is apparent towards the edge of the plate where the baseplate is the least

rigid. Consequently, the most cylindrically symmetric baseplate response is seen towards the

center of the baseplate. When the baseplate is subjected to flexure vibrations, the placement of

the baseplate accelerometer at diffferent locations on the plate will produce different ground

force approximations (Levedev and Beresnev, 2005; Wei, 2009; Sallas, 2010; Wei et al., 2011).

The magnitude of response variability increased with increasing sweep frequencies due to

baseplate flexure (Sallas, 2010; Wei, 2010). Furthermore, the baseplate response becomes

increasingly asymmetric relative to the origin of the baseplate when subjected to near-surface

conditions which contribute to poor source coupling. Therefore, the IVI Minivib I baseplate does

not act a point source for generation of seismic energy. When subjected to baseplate flexure, the

baseplate moves differently in response to ground- related nonlinearities resulting in an

inaccurate ground-force approximation at high frequencies due to harmonic distortion (Wei,

2008a).

Although the response is non-uniform across the baseplate due to baseplate flexure,

optimal accelerometer locations can be determined by examining the approximate ground force

to the true vibrator output (Wei, 2009). It is most likely that placement of multiple

accelerometers will be necessary to average the baseplate motion and more closely measure true

baseplate motion. Averaging the baseplate motion with multiple accelerometers, should

58



effectively measure differences in response across the baseplate due to differing near-surface

conditions.

The design of the IVI Minivib I manifests two major complications true to recording

device motion and therefore the source wavelet: (1 ) when driven at high frequencies, the

baseplate experiences flexure causing a non-uniform distribution of pressure underneath the

baseplate resulting in harmonic energy being present within the ground force estimation; (2) The

baseplate and reaction mass approach 180 degrees out of phase at 200 Hz resulting in minimal

ground force output to the ground. Although the first major complications has been shown for

conventional seismic vibrators (Levedev and Beresnev, 2005; Sallas, 2010; Wei, 2010), this

result has not been observed for commercial high frequency seismic vibrators. To reduce the

affects of baseplate flexure, the rigidity of the baseplate must be increased to improve the

vibrator output for high frequency applications. The weighted-sum approximation will inherently

be limited to some degree by the rigid body assumption since an infinitely stiff baseplate is

unattainable. Additionally, a more rigid baseplate could greatly minimize complication (2).

Increasing the weight of the baseplate is another measure that may mititigate complication (2).

By increasing the weight of the baseplate, the forces produced by the baseplate and reaction mass

will not completely cancel each other in the ground force approximation when using the

weighted-sun method.
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8. Methods= Part 2; Optimizing Ground Force Approximation

8.1. Purpose Statement

An experiment was designed to determine the optimum accelerometer model for

collecting the true source signature, to determine the optimal number and location of baseplate

accelerometers to most accurately estimate the ground force output using the weighted-sum

approximation, and to evaluate the quality control system and associated feedback signal for the

IVI Minivib I. For conventional exploration seismic vibrators, the weighted-sum approximation

tends to overestimate the true ground force at high frequencies (> 150 Hz) (Baeten and

Ziolowoski,1990; Allen et al.,1998; Sallas, 2010). Also, it has been shown that the weighted-

sum approximation using one baseplate accelerometer and one mass accelerometer is a poor

representation of true ground force delivered to the ground by a seismic vibrator. A better

approximation can be achieved by using measurements from multiple accelerometers on the

vibrator baseplate for calculating an augmented weighted-sum (Sallas, 2010; Wei, 2010). By

collecting the distribution of pressure beneath the baseplate using the Load Cell System

simultaneously with an array of accelerometers, this experiment will identify a better

approximation for the energy delivered into the ground by the Minivib I.

8.2. Data Acquisition

Data acquisition occurred north of the Lawrence, KS offices of the Kansas Geological

Survey and approximately 6 in (20 ft) away from a 122 in (400 ft) deep test wellbore (Figure

8.1 ). Data from this experiment was only collected at one source location, which corresponded to

source location 2 in A4e/feocJs.. Pcrr/ /. Although the source location was located near three roads,

trafflc noise should not degrade the data collected in this experiment. The IVI Minivib I source

generated a 5 second linear upsweep with a frequency range of 30-450 Hz (Table 5.1). Signals
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from all three model accelerometers were collected during each sweep to compare ground force

spectral characteristics. In addition, these signal' s spectral characteristics and approximate

ground force signals were compared to true ground force collected by the Load Cell System

during each sweep.
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Figure 8.1. Source location for Part 2

Five CRL magnetic mount accelerometers were used in this study. One accelerometer

was positioned on the vibrator reaction mass throughout the survey. Fifteen different locations

were tested on 8 different baseplate positions (Figure 8.2). Both the number of active

accelerometers and the position of the active accelerometers were varied to create the fifteen

tested locations. For each different accelerometer location, data was recorded as the Minivib

generated 3 five-second linear upsweeps with a frequency range of 30-450 Hz. All three

accelerometer signals and load cell signals were collected during each sweep.



Two of the fifteen CRL accelerometer locations occupied on the baseplate coincided with

the Endevco baseplate accelerometer location and the Dytran baseplate accelerometer location.

These locations were tested to allow direct comparison of the signal characteristics from each of

the models. In addition, it allowed a direct comparison of the weighted-sum estimate from each

of the three accelerometer models to the true ground force calculated by the load cells.

Figure 8.2. Schematic of 8 different accelerometer positions tested. GF corresponds to the location of the
Endevco accelerometer position currently used by KGS to calculate ground force. QC corresponds to
location of Dytran accelerometer that is used by IVI vibrator quality control.

Six additional accelerometer positions were welded onto the baseplate to test for the

optimum ground force calculation. They were located in quadrant 1 of the baseplate and

corresponded to the on and off reinforcement rib locations in each of the three radial positions

occupied during part one of this study. Six of the fifteen locations were tested by placing a single

62



CRL accelerometer at each of the six welded plate locations. The remaining 7 locations used all

four accelerometers placed on specific combinations of the six welded plate positions (Table

8.1).

Table 8.1: Accelerometer location combinations using 4 baseplate accelerometers with each
accelerometer' s corresponding welded positions

An augmented weighted-sum ground force was calculated using the four CRL baseplate

accelerometers and the CRL reaction mass accelerometer for each combination of locations.

Each augmented weighted-sum was compared to the true ground force measured by the load

cells. The location combinations were selected based on accelerometer performance seen in P¢rf

/ of the survey.

The load cell plates were strategically positioned so the maximuni number of individual

load cell sensors were underneath the vibrator baseplate (Figure 8.3). Six load cell signals were

collected during acquisition. Sensors A and 8 on load cell 1 and Sensor C on load cell 3 were not

functioning properly; therefore, they were not acquired. The true ground force signal, which is

calculated by integrating the pressures beneath the vibroseis baseplate, was collected during each

sweep to evaluate differences between the true ground force and the three ground force

approximations calculated using the different accelerometer models (Mewhort et al., 2002).
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Downhole geophone data was collected simultaneously during each sweep with the load

cell data and the accelerometer data. The downhole geophone was initially placed 50 ft from the

surface. After all 15 combinations were collected, the downhole geophone was incremented 50 ft

and all data was recollected until the depth reached 400 ft. Data was collected to compare the

response with both approximate and true ground force calculations and to determine at which

depth the subsurface responds as a homogenous elastic body. After acquisition, it was

determined that the downhole data was not suitable for this application due to the low signal

strength. The signal strength was low due to equipment malfunction related to the downhole

geophone being partially disconnected from the takeout cable.
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Figure 8.3. Location of load cells beneath the baseplate



8.3. Data Analysis

Simultaneous collection of baseplate and mass accelerometer data and Load Cell System

data allowed direct comparison of approximate source signatures with actual measured ground

force. The Load Cell System measures the direct force output by integrating the pressure beneath

the vibrator baseplate. These comparisons were key to establishing an optimum position(s) and

location(s) of baseplate accelerometer(s) to most closely approximate ground force (Sallas,

2010). However, when using the Load Cell System, the contact area between the load cells and

the baseplate does not equal the area of the baseplate. As a result, the coupling between the

baseplate and the ground surface becomes a point load at each load cell resulting in a resonance

frequency that does not exist if the contact area is equal to the baseplate area (Wei et al., 2010).

Furthermore, the performance of the IVI vibrator quality control system was analyzed permitting

the selection of an optimum accelerometer model.

Although triggered at the same time during acquisition, each of the three accelerometer

data sets were recorded on separate systems and therefore resulted in a time-lag between each of

the signals. It was neseccary to shift time zero to compensate for inherent lags in the recorded

energy allowing a quantatative measure of similarity between the accelerometer signals (Figure

8.4). For both the Endevco and Dytran accelerometer models, their reacion mass, baseplate, and

ground force signals were shifted to their respective CRL equivalent. The proper shift was

dictated by the maximum correlation coeffiecient between the two signals. This shift was

determined by cross-correlating the time-lagged signals for each record and applying the time

shift that resulted in the maximum correlation coefficient. This shift equates to the time between

the maximum correlation value and time-zero.
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All spectral analysis plots were initially filtered using a 21 -point moving average and due

to lack of sufficient amplitude > 380 Hz, a frequency range of 30-400 Hz for display purposes

was used.

Figure 8.4. Unshifted accelerometer signals with corresponding calculated ground force traces for
stacked Record # 4000.

8.3.1. Sweep Repeatability

Sweep repeatability is a critical metric for evaluation vibrator performance and

effectiveness of the method at a particular site. The CRL accelerometer response for the reaction

mass was cross-correlated with the ideal signal (synthetic sweep) to determine the consistency of

the vibrator output. The standard deviation of the correlation coefficients was small (= 1 0/o). It

reasonable to suggest the vibrator sweeps acquired for this experiment were repeatable. Each of

the 15 CRL baseplate accelerometer locations, therefore, was evaulated after stacking their

corresponding three individual sweeps, increasing the signal-to-noise ratio for each tested

accelerometer location.
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8.3.2. Evaluation of the Feedback Signal

The accuracy and quality of the feedback signal for the IVI Minivib I was evaluated by

studying the computed ground force using the weighted-sum of the stacked Dytran reaction mass

and baseplate signals (Equation 7). Amplifier noise and a DC-bias was present on each ground

force trace recorded by the IVI vibrator control system. The ground force recorded by the factory

control system does not accurately represent the ground force signal and required trace

conditioning by filtering the ground force traces with a 5-10 Hz low-cut filter (Figure 8.5).

Figure 8.5. a) Amplitude spectnm of Dytran ground force signal with ampifier noise circled in red. b) 5-
10 Hz Low-cut filtered amplitude spectrum of Dytran ground-force.

The true ground force (measured by the Load Cell System) was calculated using the six

individual load cell signals located underneath the baseplate (Equation 24):

TGF  =   (Lci+LC2+LC3+LC4+LC5+ LC6).CLc.SLc                               (24)

where TGF is the true ground force (lb-force), LC! is the individual load cell signal (volts, V),

C4c is capacity of each load cell (g-force, g), and sic is the reciprocal of the accelerometer
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sensitivity (g/V). True ground force traces were calculated for all stacked records collected in

experiment 2.

Variability of true ground force measurements collected by the Load Cell System must be

examined to evaluate the factory feedback signal and to optimize the source signature

approximation. Each true ground force trace was cross-correlated with the first stacked record to

determine the consistency of the Load Cell System. The standard deviation of the correlation

coefficients was = 1 % and therefore it is reasonable to optimize source operations using the true

ground force signals.

The Dytran ground force traces were cross-correlated with the corresponding true ground

force traces. The mean of the correlation coeffiencts between the true ground force trace and the

Dytran ground force trace was 88% with a standard deviation of 4.19 %.

A total of 8 stacked records were collected with a single CRL baseplate accelerometer

positioned directly beside the factory Dytran baseplate accelerometer. The ground force outputs

from the Dytran and CRL accerleometers were correlated with the corresponding true ground

force to establish a quantitative measure of similarity between the respective ground force traces

and the true ground force. The mean and standard deviation of the maximum correlation

coeffiecients for each accelerometer model was computed to compare the accuracy and percision

of each model . The mean correlation between the CRL ground force and the true ground force

was 97. 6%, which was  = 9% greater than the mean correlation between the Dytran ground force

and the true ground force. Additionally, the correlations between the CRI, ground force and the

true ground force had a standard deviation of 0.2% and the correlations between the Dytran

ground force and the true ground force had a standard deviation of 4%.

68



The correlation phase spectrum (Figure 8.6) of the Dytran and CRL ground force signals

was compared to the phase of the true ground force. The amplitude spectrum of each

approximated ground force signal was also contrasted with the true ground force (Equation 25):

AGFidb --20 * logio(AGFJATGF)                                         f ori = 1,2,3      (25)

wherez.representstheaccelerometermodel(1=CRL,2=Dytran,3=Endevco),ACFfdbisthe

amplitude ratio of the approximate ground force over true ground force expresed in decibles,

AGFf is the calculated amplitude of the ground force for accelerometer model z., and ATGF is the

calculated amplitude of the true ground force (Figure 8.7). In addition, the absolute peak force of

both ground force signals was compared to the absolute peak force of the true ground force

collected using the Load Cell System (Figure 8.8).

Correlation PIlase Spectra of Dytran and CRL accelerometers with respect to TGF
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Figure 8.6. Phase spectra of the Dytran and CRL ground force correlated with the true ground force.
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Amplitude Spectra of D}rfun and CRL accelerometers with respect to TGF
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Figure 8.7. Amplitude difference between calculated Dytran and CRL ground force and the true ground
force displayed in dB.
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Figure 8.8. Absolute peak force comparison of the Dytran and CRL ground force to the true ground
force.
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8.3.3. Determination of Optimal Accelerometer Model

Maximum correlations were calculated between the Dytran and the true ground force to

establish how well the factory equipment performed, but Rademacker (2006) established that

from a signal to noise perspective the Dytran accelerometer model is inferior to the Endevco

accelerometer model. Therefore in an effort to determine the optimal accelerometer model for

calculating ground force, the CRL accelerometers were compared to the Endevco

accelerometers.

For the sweeps at which the accelerometers were positioned side-by-side, each model's

calculated ground force was cross-correlated with the corresponding true ground force trace to

determine which accelerometer model produced the most representative ground force output.

The mean and standard deviation of each of the maximum correlation coefficients were

computed . The mean correlation between the Endevco ground force and the true ground force

was 91 °/o, which was only 0.9% greater than the mean correlation between the CRL ground force

and the true ground force. However, the standard deviation of correlations between the Endevco

ground force and the true ground force was I.6%, which was 60% less than the standard

deviation of the CRL ground force and true ground force correlations. Unfortunately, only 4

records were available to make a direct comparison between the CRL and the Endevco model

due to an equipment malfunction related to the Endevco accelerometer cable being partially

disconnected from the accelerometer.

Although a spectral comparison between the Endevco and CRI, accelerometer with

respect to each other has been completed in Dcr/a 4#cr/ysz.a.. Par/ / , the correlation phase spectra

(Figure 8.9) and amplitude spectra (Figure 8.10, Eq. 25) of each accelerometer model's

respective ground force trace was computed and compared to the true ground force to determine
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which ground force approximation best estimates the phase and amplitude of the true ground

force. Additionally, the absolute peak force of each ground force trace, calculated by each

accelerometer models, was compared to the absolute peck force of the Load Cell System (Figure

8.11).

Correlation Phase Spectra of Endevco and CRL accelerometers with respect to TGF
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Figure 8.9. Phase spectra of the Endevco and CRL ground force correlated with the true ground force.
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Amplitude Spectra of Endevco and CRL accelerometers with respect to TGF
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Figure 8.10. Amplitude difference between calculated Endevco and CRL ground force from the true
ground force displayed in dB.
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Figure 8.11. Absolute peak force comparison of the Endevco and CRL ground force to the true ground
force.
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8.3.4. Optimal Accelerometer Baseplate Combination

The CRL accelerometers were magnetically mounted and were easily moved around the

baseplate. As described in A4leffooc7s.. Par/ 2, fifteen different ground force calculations were

tested that varied both the nuniber of accelerometers used and the location of accelerometers on

the baseplate (Figure 8.2). For each of the fifteen different accelerometer locations, the CRL

calculated ground force trace was cross-correlated with the true ground force to establish a

quantitative measure of similarity between the two signals. The mean and standard deviation of

the maximum correlation coefficients was computed for each accelerometer combination (Figure

8.12).

The most representative approximation for true ground force calculated with one

baseplate accelerometer occured when the CRL baseplate acclerometer was positioned adjacent

to the Dytran accelerometer at approximately 17.75 cm (7 inches) away from the center of the

baseplate. IVI positioned the Dytran baseplate accelerometer at this location because it was

assessable and close to the center of the baseplate (E. Christensen, pers. corm.). The least

representative approximation of true ground force occured when the CRI, baseplate

accelerometer was located on a rib at radial location 3. Correlation phase spectrum (Figure 8.13)

and amplitude spectrum (Figure 8.14) were calculated with respect to the corresponding true

ground force to show the variations in phase and amplitude associated with these accelerometer

locations. When using four baseplate accelerometers to approximate ground force (augmented

weighted-sun), the most representative (accelerometer combination 2) and least representation

(accelerometer combination 6) approximation of true ground force only varied from one another

by < 2%. The correlation phase sprectum (Figure 8.15) and amplitude spectrum (Figure 8.16)

were calculated for each approximation with respect to true ground force.

74



represented by error bars.

75



Absolute peak ground force was calculated for each of the four (Dytran accelerometer

location, on rib 3, combination 2, and combination 6) accelerometer locations and compared to

the absolute peak force of the true ground force signal. The true ground force for each of the four

accelerometer combinations is very similar, which is expected because the true ground force

measurements only varied by ± 1 %. However, a qualitative measure of the differences between

preformance of the senor configurations can be established by plotting the the most

representative and least representative ground force signal using both one baseplate

accelerometer (Figure 8.17) and a combination of four baseplate accelerometers (Figure 8.18).

Correlation Phase Spectra of CRL Ground Force combinations with respect to TGF
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Figure 8.13. Phase spectra of the most representative ground force approximation and least representative
ground force approximation using one CRL baseplate accelerometer correlated with respect to their
respective true ground force.
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Amditude Spectra of CRL Ground Force combinations with respect to TGF
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Figure 8.14. Amplitude spectra of the most representative ground force approximation and least
representative ground force approximation using one CRL baseplate accelerometer with respect to the
true ground force displayed in dB.
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Figure 8.15. Phase spectra of the most representative ground force approximation and least representative
ground force approximation using four CRL baseplate accelerometers correlated with the true ground
force.
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Amplitude Spectra of CRL augmented combinations witli respect to TGF
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Figure 8.16. Amplitude spectra of the most representative ground force approximation and least
representative ground force approximation using four CRL baseplate accelerometers with respect to the
true ground force displayed in dB.
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Figure 8.17. Absolute peak force comparison of the most and least representative ground force calculated
using one CRL baseplate accelerometer to their respective true ground force.
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Figure 8.18. Absolute peak force comparison of the most and least representative ground force calculated
using four CRL baseplate accelerometers to their respective true ground force.
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9. Discussion: Part 2; Optimizing Ground Force Approximation

Examining the feedback signal with respect to true ground force revealed that the Dytran

accelerometer model generates a poor approximation of the true ground force with signiflcant

variability from sweep to sweep compared to the CRL accelerometer model. The mean

correlation between the Dytran ground force and the true ground force was 88.8% with a

standard deviation of 4%, which was significantly less than the mean correlation between the

CRL ground force and the true ground force (97.6% with a standard deviation of 0.3°/o),

calculated at the same baseplate position. The phase spectrum of each model with respect to the

true ground force was almost identical (Figure 8.6) across the bandwidth of the sweep, but the

amplitude spectrum of each model with respect to the true ground force was significantly

dissimilar (Figure 8.7). The Dytran ground force overestimated the force output of the seismic

vibrator above = 120 Hz by up to = 50% of the true ground force and underestimated the force

output under = 120 Hz by up to = 33% of the true ground force. It is evident that the Dytran

ground force is not representative of the true ground force, whereas the CRL accelerometer is a

more accurate approximation of ground force (Figure 8.8). Therefore, it is not advisable to use

the feedback signal collected by the Dytran accelerometers to correlate raw vibroseis seismic

data.

The mean correlation coefficients between the Endevco and the CRL ground force

calculations and the true ground force were extremely similar. However, the Endevco model

produced a more consistent measure of the motion. The standard deviation of Endevco

correlations to the true ground force was 1.70/o, while the CRL standard deviation was 2.8%. The

difference in variability between the two ground force calculations may be attributed to the

different mounting mechanisms. Since the CRL accelerometers were magnetically mounted, it is
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likely that decoupling between the CRL accelerometers and the seismic vibrator occurred at high

frequencies. Determination of the optimal accelerometer model could be established in spite of

the fact the comparison between the Endevco accelerometer model and the CRL accelerometer

model with respect to the true ground force was at less than optimal baseplate positions (near the

edge of the baseplate).

Each ground force amplitude spectra with respect to the true ground force displayed

similar trends. The CRL ground force amplitude spectrum was closer to that of the true ground

force with a maximum amplitude difference of 13 dB at approximately 215 Hz (Figure 8.10).

The Endevco ground force phase more closely matched the phase of the true ground force. The

maximum phase difference between the CRL ground force phase and the true ground force phase

was approximately 160 degrees at 225 Hz, while the maximum phase difference between the

Endevco and true ground force was approximately 100 degrees at 225 Hz (Figure 8.9). Although

the peak ground force of these two approximate ground forces compared to the true ground force

are very similar (Figure 8.11), differences in both amplitude and phase are evident between the

Endevco ground force and the CRL ground force.

The optimal accelerometer number and baseplate position(s) to generate the most

representative ground force for the IVI Minivib I was determined by correlation with the CRL

accelerometer model for the IVI Minivib I. When limited to only one baseplate accelerometer at

a particular site, the best baseplate location is at approximately 17.75 cm (7 inches) away from

the center of the baseplate. The greatest correlation between approximate ground force and true

ground force (97.6°/o) occurred at the factory located Dytran baseplate accelerometer position,

approximately 17.75 cm away from the center of the baseplate. Although this position produced

the greatest correlation, no extensive testing was done by IVI to determine the optimal baseplate
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accelerometer position to approximate ground force (E. Christensen, pers. comm.). The least

representative ground force approximation using a single baseplate accelerometer occured when

the accelerometer was located at on rib radial position (88.7%). In general, the correlation

between the approximate ground force and the true ground force decreased as the distance away

from the center of the baseplate increased (Figure 8.12), which is consistent with the decreasing

rigidity distribution towards the edge of the plate. Data for this experiment were collected at one

source location and the optimum baseplate accelerometer placement may depend on near-surface

conditions and therefore these results must be considered a signal sample.

As expected using one baseplate accelerometer, significant phase and amplitude

differences were observed with respect to the true ground force signal between the most

representative and least representative ground force approximation. After approximately 25 0 Hz,

the phase difference between the ground force calculated using one accelerometer located at the

factory Dytran accelerometer position and the ground force calculated using one accelerometer

located at on rib radial position 3 were > 100° . However, the ground force signal phase

calculated with one accelerometer located at on rib radial position 3 was more consistent with the

phase of the true ground force (Figure 8.13). Amplitude differences between the two ground

force signals and the true ground force were much more pronounced and contributed to the low

correlation coefficient between the true ground force and the approximate ground force using

one accelerometer located at on rib radial positions 3. At approximately 260 Hz, the ground force

amplitude using the baseplate accelerometer located at on rib radial position 3 was greater than

that of the true ground force and doubled the ground force output at 300 Hz (Figure 8.14).

Therefore at approximately 3.5 seconds, the true ground force is overestimated using this

approximation (Figure 8.18).
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The overall mean correlation between the 7 different approximations of ground force

using 4 baseplate accelerometers and the true ground force was 96% with a standard deviation of

0.7°/o. Approximating ground force using an augmented weighted-sum (multiple baseplate

accelerometers) provided a more consistent approximation of ground force compared to the

ground force approximations using one baseplate accelerometer (Figure 8.12). Since the

baseplate motion is dependent on the near-surface conditions, using multiple baseplate

accelerometers to average the motion of the baseplate will lead to a more accurate approximation

of ground force for varying near-surface conditions (Wei, 2009). Although each correlation

between the 15 different accelerometer locations tested and the true ground force was > 88%,

increasing the accuracy of the ground force approximation will increase data resolution when

deconvolving the recorded data with the ground force approximation.

Spectral analysis of the most and least representative ground force approximations,

combination 2 and combination 6 respectively, using the 4 baseplate accelerometers with respect

to the true ground force reiterated that the variations between the two ground force

approximations are minimal (Figure 8.15 and 8.16). Consequently for frequencies > 250 Hz,  the

amplitude of the least representative ground force approximation using multiple accelerometers

is up to 3 dB closer to the true ground force compared to using one baseplate accelerometer

(Figure 8.14 and 8.16). To optimize the approximation of the vibrator output for high frequency

data, it is necessary to average the motion of the baseplate by using multiple baseplate

accelerometers (Sallas, 2010; Wei, 2010).

At approximately 225 Hz for all analyzed records, the correlated phase spectrum of the

approximate ground force with respect to the true ground force experiences an abrupt local

maximum or local minimum depending on the location of the baseplate accelerometers. For
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ground force approximations calculated with an accelerometer located at the factory Dytran

accelerometer position, the correlated phase spectrum with respect to the true ground force

experiences a local minimum at 225 Hz. For all other approximations, the accelerometers were

placed on the opposite side of the baseplate and the correlated phase spectrum with respect to the

true ground force experiences a local maximum at 225 Hz. At approximately 225 Hz, the

amplitude spectrum for all records analyzed with respect to true ground force experience an

abrupt decrease in amplitude. Since the amplitude and frequency anomalies shift at

approximately the same frequency while phase changes are opposite on opposite sides of the

baseplate, it can be concluded that 225 Hz is a resonant frequency or natural frequency of the

baseplate and load cells at this particular source location (Wei et al., 2010; Wei and Phillips,

2011 ). Resonance effects increase for high frequency vibroseis data due to increased baseplate

flexure. This flexure adversely affects the ground force approximation by introducing increased

levels of harmonic distortion and thereby reducing the aniount of useable signal energy (Wei,

2008a; Wei, 2008b). Furthermore, resonance frequencies of the baseplate are dependent on the

near-surface conditions and difficult to obtain or estimate analytically (Sallas, 2010).
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10E Conclusions= Part 2; Optimizing Ground Force Approximation

The vibrator output could significantly be improved by upgrading the Dytran

accelerometers used for the feedback signal to higher-quality accelerometers. The Dytran

accelerometers resulted in the poorest ground force approximation out of the three

accelerometers tested. When directly compared to the CRL accelerometer position, the Endevco

accelerometer model provided the most accurate ground force approximation with the smallest

measurement variability. Although ideal for this survey, magnetic mounts have the potential of

decoupling from the baseplate generating unwanted harmonic distortion within the source

signature approximation. Therefore, the Endevco accelerometer model should be used when the

most accurate measure of ground force is the goal. However, if the CRL accelerometer model

could be mounted directly to the baseplate, it will provide a better estimation of ground force

than the Dytran model.

Optimizing the location and number of baseplate accelerometers provided increased

accuracy of the true ground force collected by the Load Cell System. When limited to one

baseplate accelerometer, the optimum location for the particular near-surface conditions tested

was approximately 17.75 cm away from the center of the baseplate. However, it is possible that a

better approximation can be achieved closer to the center of the baseplate since the closest

accelerometer position tested was only 17.75 cm away from the baseplate center. A decrease in

approximation accuracy occurred with increased distance away from the center of the baseplate

increased. Collecting acceleration from a single point on the baseplate can vary considerably due

to the inherent non-rigidity of the driven structure (Wei, 2009; Sallas, 2010). Multiple

accelerometers should be positioned and evaluated on the baseplate at various radial positions

both on and off rib reinforcement to optimize the ground force approximation for multiple source
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locations. Since the mean correlation between all 7 accelerometer combinations tested using 4

accelerometers and the true ground force was approximately 96°/o  ± 1%, any combination would

provide an accurate estimation of the true ground force. Furthermore since baseplate resonance

increases at locations with less rigidity (i.e. towards the outside edge of the plate), it may be

advantageous to limit the number of accelerometers located at the edge of the baseplate when

approximating ground force (Sallas, 2010; Wei, 2010).

Although using multiple accelerometers increased the precision of the source signature

approximation, it failed to accurately approximate the true ground force above 200 Hz. The Load

Cell System measured approximately twice the anount of energy being transferred to the ground

above 200 Hz compared to the weighted-sum approximation (Figure 8.18). This may explain

why synthetic sweep cross-correlation of the raw vibroseis data has recovered more high

frequency energy than ground force deconvolution using the current IVI Minivib system.

However, the energy recorded by the Load Cell System decreases to less than 1/3rd of the

maximum vibrator output above 200 Hz because the phase reversal between the baseplate and

the reaction mass.

The baseplate on the IVI Minivib I must be modified to obtain its advertised broadband

frequency range. Increasing the baseplate weight by 100% could resolve or at least remediate the

problematic phase reversal, which would result in a higher energy output for frequencies over

200 Hz. Additionally, reducing the size of the vibrator baseplate by 50% would decrease

baseplate flexure and provide a source that more closely represents a point source of

propagation. This would also increase the accuracy of the ground force approximation by

decreasing harmonic energy in the approximation and therefore allow for improved ground force

deconvolution.
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Altematively for the current IVI Minivib I baseplate configuration, improvements in the

ground force approximation, especially for frequencies > 200 Hz, may be achieved by drilling

holes through the external shell of the baseplate and placing baseplate accelerometers directly on

top of the baseplate surface. Placement of accelerometers directly on top of the baseplate surface

would more closely represent measurements collected from the load cell system resulting in

increased energy recorded for frequencies above 200 Hz. A more conservative approach to

attaining more energy above 200 Hz is the use of a nonlinear high-dwell sweep when acquiring

data (Goupillaud,1976). A nonlinear high-dwell sweep may alter the baseplate-reaction mass

phase reversal and produce more energy for frequencies > 200 Hz.
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11. Final Conclusions

Understanding the mechanical and geological limiting factors of producing an accurate

ground force approximation is pivotal for fully optimizing source operations for high frequency

vibroseis reflection data (Miller et al., 2009). Approximation of the source signature is difflcult

due to nonlinear complexities introduced within the vibrator mechanical system and nonlinear

ground response to the vibrator output. Implementation of multiple baseplate accelerometers

allowing averaging of the motion of the baseplate increased the precision of the weighted-sun

approximation for the IVI Minivib I output by 2.8%. By directly comparing the ground force

approximation to the true ground force collected by the Load Cell System, the optimum location

of single as well as multiple baseplate accelerometers were determined to be around 7 inches

from the center of the baseplate. When compared to the current location of the Endevco

baseplate accelerometer, using multiple accelerometers in the optimum baseplate positions

increased the approximation accuracy by 5% for the IVI Minivib I at the tested source location.

Mechanically, the driven structure inherently flexes generating harmonic distortion

within the approximate ground force signal. The amount of harmonic energy present within the

approximate source signature is dependent on near-surface conditions, source coupling, and

baseplate resonance caused by baseplate flexure (Schrodt,1987; Baetan and Ziolkowski,1990;

Wei, 2008a). Varying degrees of asymmetric baseplate motion were encountered depending on

the near-surface conditions underneath the baseplate. Although the internal baseplate structure is

symmetric, the IVI Minivib I baseplate did not respond symmetrically at each of the three source

locations tested. It was confirmed that when driven at high frequencies the baseplate flexure is

most severe at the edge of the plate, where the baseplate is least rigid, an observation consistent

with previous studies (Sallas, 2010; Wei, 2010). Since harmonic distortion of a signal is not
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repeatable from sweep to sweep, placement of baseplate accelerometers at locations which suffer

least from baseplate flexure remediated this problem in the IVI system. To further improve the

vibrator output of the IVI Minivib I, a more uniform distribution of rigidity across the baseplate

is optimal. This can be achieved by manufacturing a baseplate that is uniformly thick.

At each of the three source locations tested, this study discovered that the IVI Minivib I

is incapable of measuring ground force energy using the weighted-sum approximation over

approximately 200 Hz because the baseplate and reaction mass become 180 degrees out of

phase. To collect broadband high frequency data with the IVI Minivib I, this baseplate must be

modified by increasing its weight by 100 % assuming the reaction mass weight is able to drive

the baseplate at low frequencies (> 50 Hz). Additionally, increasing the baseplate rigidity by

designinganewuniformlythickbaseplatethatishalfthedianeterofthecurrentbaseplatewill

decrease harmonic distortion caused by baseplate flexure and therefore improve the accuracy of

the ground force approximation. Increased accuracy of the ground force approximation could

allow for significant gains in deconvolution of raw vibroseis data.
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Appendix A

From Figure 2.1, the equations of motion are described as (Sallas,1984):

- Fa = Mr Xr + Da ( Xr - Xb ) + Ka (Xr - Xo),

Fa + Ft -Fg = Mb Xb -Da ( Xr -kb ) -Ka (Xr -Xb).

Summing up the equation of motions (equations (A.1) and (A.2)), gives

Ft - Fg = Mb Xb + Mr Xr

where the force due to vehicle vibration, Ft (

(A.3)

= 0 if vehicle is vibrationally isolated

± 0 if vehicle is not vibrationally isolated

most seismic vibrators are vibrationally isolated, therefore, Ft = 0 in most instances.
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Appendix a

Derivation of the Governing Differential Equation

From classical plate theory, a plate is a structural element with dimensions that are

relatively large compared to its thickness and are subjected to loads that cause bending and

stretching deformation. Consider the problem of an isotropic plate (uniformly thick plate with

uniform elastic properties) under a static transverse load. To derive the differential equation of

motion for the plate using classical plate theory, the following assumptions must be considered

(Timoshenko and Woinowsky-Kreiger,1959; Chakraverty, 2008):

1)   The material of the plate is homogeneous, isotropic and linearly elastic. The plate,

therefore, obeys Hooke's Law.

2)   Straight lines perpendicular to the mid-surface before deformation remain straight

after deformation .This assumption is valid if the deflections are small compared to

the plate thickness.

3)   The middle surface of the plate is a neutral surface and remains unstrained during

bending. This assumption is valid if plate deflections are small compared to the plate

thickness

4)   The transverse normals rotate such that they remain perpendicular to the middle

surface after deformation and the effect of rotator inertia is negligible.

5)   The thickness of the plate is small when compared to other dimensions.

It is important to note that the plate equations derived from classical plate theory are

approximations, but appropriate for the purpose of this study because plate theory was derived

from basic linear wave equations in an elastic medium and transverse motion applied to the
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vibroseis baseplate is negligible when compared to the vertical motion applied by the vibrator

reaction mass.

The assumptions of classical plate theory make it possible to derive the plate equation in

terms of displacement. The derivation of the plate equation can be solved by determining four

different components (Baeten,1989):

1)   the strain components in terms of plate deflection;

2)   the stress relationships, determined from Hooke's law;

3)   the resulting forces and moments per unit length in the x and y direction; and

4)    the equilibrium conditions of the forces and moments.

Using these four components, the governing differential equation for the deflection of a

thin plate subjected to a static transverse load in Cartesian coordinates is (Timoshenko and

Woinowsky-Kreiger,1959; Ventsel and Krauthammer, 2001 ):

a4w¢,y)   ,   na4w¢,y)   .  a4w¢,y)
@x4          '    -@x2@y2     `           @y4

-p(x, y) (8.1)

where D is the flexural rigidity of the plate, w¢ ,)!J is the normal displacement of the plate in the

z direction with respect to a location (x, y) on the plate, andp/x, ){/ is the distributed load acting

on the plate at the location (x, y). Commonly, this equation is condensed to the form,

DV4w(x, y) = P(X, y)

where V4 is called the biharmonic operator and is defined as:

v4()-(#+2#+#)

(8.2)

(8.3)

From equation (8.1), the equation for flexural rigidity, D, which represents the bending of the

plate is (Szilard, 2004):

D-- Eh3

12(1-„2) (8.4)
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where E is the modulus of elasticity for the plate, v is the Poisson's ratio for the plate, and h is

the plate thickness.

Dynamic terms for the plate equation

To solve the problem for a vibrating baseplate, the equation must include a time varying

load acting on the baseplate. When calculating the force equilibrium in the z direction for a time

varying load, a term must be introduced that takes into consideration the acceleration of the mass

of the baseplate. The governing partial differential equation for the deflection of an isotropic,

uniformly thick, plate under a dynamic transverse load is (Rao, 2007 ; Chakraverty, 2008):

a4w¢,y,t)   .   n a4w(jc,y,c)
@X4            '    -Ox2@y2       .             @y4

a2w(x,y,t)
at2

-p¢,y, t)           (8.5)

where h is the plate thickness, and p is the density of the baseplate. Similarly, equations (8.1 -

8.5) can be derived for circular plates by using polar coordinates.

The pressure applied, p /I ,j/, f/, to the vibrator baseplate consists of two terms denoted

as:

P (X ,y, t)--Ts(x, y, t) + pdrive  (x, y, t)

The first term is the traction at the surface of the earth, Ts. The second term is the

(8.6)

pressure applied by the drive system at the top of the baseplate, pdr£"e /x, );, //, which is given by

(Baeten,1989):

pdrive  (x, y, t) -
(

Fappliedi  _  mrar=T - I ,x,y € sF;F
0 'x'y a  sF

(a.7)

where mr is the mass of the reaction mass, ar is the reaction mass acceleration, and AF is the area

of the surface, SF, where the force is exerted upon.
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Boundary Conditions

A solution to the governing plate equation (8.5) must simultaneously satisfy the

differential equation as well as prescribed boundary conditions for the specific plate problem at

hand (Szilard, 2004). The boundary conditions must be established to solve equation (8.5).

Equation (8.5) is a fourth-order partial differential equation and requires two conditions at each

boundary. Since the baseplate is vibrating freely on the earth's surface, the free edge boundary

condition applies to all boundaries of the problem. It implies that there is no bending and

twisting moments, and no vertical shearing forces acting on the plate boundaries (Baeten,1989):

(;::::;:;::;;:::;:f;::: (8.8)

Solution to governing partial differential equation

Equation (8.5), subjected to the boundary conditions (8.8), cannot be solved analytically.

For that reason, Baeten ( 1989) approximates the solution to this problem by considering an

infinite plate of uniform thickness, h, subjected to a point force in the Fourier domain. The

Fourier domain equivalent to equation (8.5) is:

a4w(kx,ky,cO) a4w(k#,ky,aj)   ,   a4w(k„Ity,cO)

@kx4              '    a       @kx2@ky2        '               @ky4
-cTco2W(kx,ky,a)) --P(kx,ky,a))         (8.9)

whereW(k„ky,aJ)isthedisplacementfunctioninthefrequencydomain,P(k„ky,a))isthe

dynamic load applied to the baseplate in the frequency domain, a = ph and denotes the surface

density of the mass of the baseplate (assumed constant), and -a.aJ2 W(k„ ky, aJ) is the Fourier

domain equivalent to the dynamic term in equation (8.5).

Byreplacingp(k„ky,co)withtherepresentationofapointforceintheFourierdomain,

anapproximatesolutioncanbederived,denotedbytheGreen'sFunction,GP!ate(k„ky,a)):
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@4Gplate(kx,ky,OJ)

ak#4

6(kx -k'x, ky -k'y)

@4Gplate(kx,ky,cO)_

@kxz@ky2

@4Gplate(kx,kyp±
aky4

- crcoz GP`ate (kx, ky, oJ) =

(8.10)

The solution to this differential equation can be obtained by solving for GP`ate (k„ ky, aD).

Baeten (1989) formulates the solution to equation (8.10) given by:

Gplace(r) =  _ ;= [H5L)(ar) -H5L)(tar)] (8.11)

where H5]) denotes the Hankel function of order zero, D is the flexural rigidity of the baseplate,

a-is the surface density of mass of the baseplate, and a is:

a-(#):

and r is the distance from the observation point, xo , to the integration point, x6 ,given by:

1

r =  [¢o -x6)¢o -X6)F

(8.12)

(8.13)

Baeten (1989), furthermore, shows that the limiting value for GP`ate (r) as r approaches zero

exists and is approximately equal to:

GP,C]Ce(r g o) -  --8icodeD (8.14)

The displacement of the baseplate can be solved by spatially convolving the Green's Function

(Equation 8.11) with the pressure applied to the baseplate (Equation 8.7) (Baeten,1989; Duffy,

2001):

W(k„ky) = /rsF{Papp"ed(k;,k;) + Ts(k;,k;)}GP`ace(kx -k;,ky -k;)dk;dk;       (8.15)

where(k„ky)istheobservationpositionintheFourierdomainand(k;,k;)isthepositionof

integration in the Fourier domain.
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Assuming the Green's Function is constant across the baseplate, the term containing the

Hankel functions must be constant (Baeten, 1989). As a result,

ar-- (#)1'4 r~~constcrmt

The value r = 0 is always attained in the spatial convolution integration, thus,

(#)1'4rso
The constant Green' s function assumption is true when (Baeten,1989):

1     the frequency of vibration and mass densities of the baseplate are low;

2.   the flexural rigidity of the plate is large;

D  >>  crco2r4,

(8.16)

(8.17)

(8.18)

where a is the mass density of the baseplate, co is the angular frequency, and r is the baseplate

radius. Since the vibrator baseplate is designed to be extremely stiff, the Green' s function for

displacement is approximately constant across the baseplate. This assumption is not valid for the

IVI Minivib baseplate especially when driven at high frequencies (> 200 Hz). Using this

assumption, equation (8.15) can be simplified (Baeten,1989) to:

W(k„ky) = W =  -a=//sF{Ts(k£,k;)+Papp"ed(k;,k;)}dkfdk;            (8.19)

To approximate the ground force with the flexural rigidity baseplate model, the baseplate

motion must be described in terms of acceleration. Taking the second derivative of equation

(8.19) at the center of the baseplate yields (Baeten,1989):

A8(k~ky)=-5%{//sFrs(k£,k;)-MrAr} (8.20)

whereA8(k„ky)isthemeasuredaccelerationatthecenterofthebaseplate,Mristhemassof

the reaction mass, Ar is the measured acceleration of the reaction mass.
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Solvingforthetractionundemeaththebaseplateinequation(8.20),theflexuralrigidity

method approximates the ground force signal with the expression:

FG =  -//sFTs(k~ky)dkxdky =  [¥ Ab(k£,k;) -MrAr]                               (8.21)

where FG is the approximated ground force, and Ab (k£, k;) is the acceleration measured at the

center of the baseplate.
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Appendix C

Part 1 : Additional Figures

Figure C.1. Correlation phase plot of three on rib radial positions at source location 1.

R  d.  lp     .t.onlonRibSL1-Amplitude Spectra Difference from Hadlal rositlon I on i`il]
.42a-24i

I

- Radial Positian 2
- Radial Posttion3

iiiilii= u
iiliiiiii=

50                                            loo                                          150 a                                         2sO                                         3cO                                         350                                        40

Froq uency (ife)

Figure C.2. Amplitude ratio of three radial positions with respect to radial position llocated on rib
reinforcement for source location 1.
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Figure C.3. Correlation phase plot of three off rib radial positions at source location 2.
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Figure C.4. Amplitude ratio of three radial positions with respect to radial position 1 located off rib
reinforcement for source location 2.
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Figure C.5. Correlation phase plot of three on rib radial positions at source location 2.
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Figure C.6. Amplitude ratio of three radial positions with respect to radial position 1  located on rib
reinforcement for source location 2.
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Figure C.7. Correlation phase plot of three off rib radial positions at source location 3.
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Figure C.8. Amplitude ratio of three radial positions with respect to radial position 1 located off rib
reinforcement for source location 3 .
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SL3- Phase Spectra of On Rib Baseplate Accelerometers Correlated to Radial Position 1
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Figure C.9. Correlation phase plot of three on rib radial positions at source location 3.
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Figure C.10. Amplitude ratio of three radial positions with respect to radial position 1 located on rib
reinforcement for source location 3 .
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Figure C.11. Phase difference between on and off rib accelerometers for each of the three radial positions
at source location 2.

Figure C.12. Phase difference between on and off rib accelerometers for each of the three radial positions
at source location 3.

108



SL2-Amplitude Difference of On Rib and Off Rib Accelerometers
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Figure C.13. Amplitude difference between on and off rib accelerometers for each of the three radial
positions at source location 2 displayed in dB.
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Figure C.14. Amplitude difference between on and off rib accelerometers for each of the three radial
positions at source location 3 displayed in dB.
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SL2 0n Rib - Phase Spectra of Baseplate AccekITometers Correlated to Quadrant 1
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Figure C.15. Phase spectra of quadrant 3 correlated with quadrant 1 for each radial position located on
rib at source location 2.
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Figure C.16. Phase spectra of quadrant 3 correlated with quadrant 1 for each radial position located on
rib at source location 3 .
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S12 0n Rib- Amditude Spectra Difference from QLladrant 1
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Figure C.17. Amplitude spectnm difference plot of quadrant 3 from the amplitude spectnm of quadrant
1 for each radial position located on rib at source location 2.
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Figure C.18. Amplitude spectrum difference plot of quadrant 3 from the amplitude spectnm of quadrant
1 for each radial position located on rib at source location 3.
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