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CHAPTER I 

INTRODUCTION 

The synthetic seismogram has been used extensively 

for several years in geophysical prospecting. It has been 

employed more recently to obtain the responses of complex 

structural and stratigraphic geologic models. 

Of the various numerical schemes available for 

computing synthetic seismograms, only the finite element 

(Zienkiewicz, 1971) and finite difference techniques have 

proven versatile in their applicability to modeling of the 

subsurface. Finite difference techniques, in which the 

partial differential equations of motion describing the 

propagation of stress waves in an elastic medium are 

approximated by suitable finite-difference equations which 

can be numerically solved on a discrete spatial grid, are 

particularly amenable to problems of exploration interest 

(see for example Kelly et al., 1976). 

The solution of wave propagation problems may also 

be accomplished by the method of characteristics. The 

m ethod of characteristics is a numerical technique which 

reduces the governing hyperbolic partial differential 

equations to ordinary differential equations valid along 

characteristic lines. The technique is particularly 

applicable to one-dimensional wave propagation because 

it is explicit and involves only tvo variables, depth z 



and time t. 

Solutions of partial differential equations by the 

method of characteristics have been obtained for a variety 

of hydraulic transient problems (Streeter and Wylie, 

1967; Streeter, 1971; Streeter, 1972). Newmark and 

Rosenblueth (1971) and Streeter et al. (1974) have 

described its use for studying wave propagation in soils 

and water. Papadakis (1973) applied the technique to 

various problems of wave propagation in dry and saturated 

soils. Most of the above authors' work involved the 

calculation of soil layer responses to earthquake motion. 

In this study, the method of characteristic is 

applied to stress wave propagation problems of exploration 

interest. Chapter II describes the mathematical formula

tion of the technique for dry, viscoelastic soil layers. 

It is then used to compute synthetic seismograms to be 

compared to recorded seismograms. Both velocity and 

acceleration data are computed and compared to observed 

data recorded both on the surface and at depth. 

In Chapter III, the method of characteristics is used 

to compute synthetic seismograms through saturated media. 

The theory of propagation of elastic waves in fluid-

saturated porous media has been extensively studied by 

many authors. The most complete treatment was presented 

by Biot (1956) in which the three-dimensional propagation 



of shear and pressure waves in porous media was analyzed. 

Stress-strain relationships were developed in terms of 

the elastic constants of the fluid and solid frame and 

two additional coupling constants relating the fluid 

and solid constituents. Ishihara (1968, 1970) related 

Biot's coupling coefficients to the compressibilities of 

the system constituents, thus making his approach more 

realis tic. 

Papadakis (1973) has incorporated the theoretical 

and experimental results of the above authors to derive 

the equations of motion for the solid and fluid constitu

ents. A numerical solution of the equations of motion 

is then obtained by the method of characteristics. The 

method of characteristics as proposed by Papadakis is 

applied to problems of exploration interest in this paper. 



CHAPTER II 

STRESS WAVE PROPAGATION THROUGH DRY, 

VISCOELASTIC SOIL LAYERS 

Propagation of pressure waves through a horizontally 

layered soil column can be treated as a one-dimensional 

problem. Normal stresses are set up by motion initiated 

in a given layer and allowed to propagate vertically. 

The propagation of pressure waves is described by the 

equation of motion applicable to the system model which 

includes the geometry and physical properties of the soil 

layers, boundary conditions, and stress-strain relation

ships . 

Since we are considering only one-dimensional pressure 

wave propagation, the only non-zero particle displacement 

is in the z-direction and is given by u. The principal 

strain is described by 9u/8z and the particle velocity, V, 

is denoted by 9u/8t. Under these conditions the equation 

of motion is given by 

3z 
^ = p 

2 
9 u 

2 
8t 

(1) 

or 



A^ - piv 
3z St 

(2) 

where a= normal stress and P= density of the soil. 

The viscoelastic soil behaves as a Voigt solid 

implying that the stress components in a solid can be 

treated as the sum of two terms, the first being 

proportional to the strain and the second being propor

tional to the rate of change of strain (Malvern, 1969). 

Under Voigts' assumption the stress-strain relationship 

for a viscoelastic soil can be expressed as: 

2 
'X 9 u J. 9 u 0 = M + y 
9 z 9 z 9 t (3) 

where y = soil viscosity and M = bulk modulus. 

Differentiating (3) with respect to time gives 

3 
9 u 

9t "9z9t • " 2 
9z9t 

9o ,, 9 u , 
= H-—;r- + y (4) 

or 

9a ^9V 
9t 9z 

- y-

2 
9 V 
9z9t 

= 0 
(5) 



The last term of (5) can be approximated by finite 

difference techniques so that 

2 
a V 

9 z 9 
L = J_ /1I \ = _1 IZ _ /_9̂ \ 1 
t 9 t \ 9 z / A t l 9 z V 9 z / J (6) 

where C is the value determined at point C on the z-t 

diagram (Figure 1, after Papadakis, 1973). Equations (5) 

and (6) are combined to give 

9t \'^'^At/9z At \9z/r (7) 

Equations (2) and (7) are two linear hyperbolic partial 

differential equations which may be transformed into four 

ordinary differential equations by the method of 

characteristics. This is accomplished by multiplying (2) 

by an unknown multiplier t and adding to (7) to give 

^ I do ^ 3V \ 3a / M \ 9V . /, ./ 3V \ 
C = ' (8) 

Multiplying and rearranging gives 

\ 9z 9t / 
6P 3V 

o Z ( > - ^ ) 

-V 
9 P d t 

+ 
At V 9z / = 0 

(9) 

L 
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Fig. 1. Part of the z - t diagram showing the characteristic lines 

for six elastic soil layers and six time steps. 
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Since a is a function of z and t only, i.e. o = a(z, t), 

the total derivative of a is 

j ^ - 9a J , 9o da = — dz + — 
9z 9t 

dt (10) 

or 

do _ do 

dt 3z ( - ) 
^dt / 

3t (11) 

Now compare closely the right hand side of (11) and the 

terms in parentheses in (9). They are equal only if 

6 = li 
dt (12) 

A similar expression can be found for V, since V is a 

function of z and t only to give 

dV 

d 

Z = a ( dz \ 
t 9z M t / 

3 V / d z \ 3 V 
+ 

3t (13) 

A similar comparison of (13) with the bracketed terms 

of (9) shows that 

6 = 
Pp \ At / 

(14) 



There fore, 

« = i (« -^ ) (15) 

or 

e = ± 
- : / | - PAt (16) 

c • Q dz J dz 
Since 6 = -— and — = 

dt at V 

, ;M ^ y + 
A = + /— + — -— = T V 
^ - 'P PAt p (17) 

where v is the pressure wave velocity and is equal to the 

slope of the characteristic lines of Figure 1. Substitu

tion of the positive and negative roots of (17) into (9) 

gives 

,+ 

da 
dt 

dz 
dt 

pv 
dV 

p dz + 
y 
At m 

= V 

= 0 
(18) 

(19) 

da 
dt + pv 

dV 
p dz 

+ At \ 9z/ 
= 0 

(20) 

dz 
dt 

= -V 
(21) 
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Equation (18) is valid only when (19) is satisfied. 

Similarly, equation (20) is valid only when (21) is 

satisfied. 

Equations (18) and (20) can be conveniently expressed 

in finite difference form assuming a constant At to give 

C : cj^ - a 
P A 

pv^ (V - V ) + _}L_ (V^ - V,) = 0 (22) 
2A B 

C : 0 - 0 
P B 

pv (V - V ) + iL_ (V - V ) = 0 (23) 
p p B 2Az B A ^ 

where v is the layer velocity and V is the velocity at 
P P 

point P on the z-t diagram. 

After a convenient At is chosen, the soil is 

partitioned into depth intervals by 

,'M 
(A,). = At^ ^ + 

Pĵ At 
(24) 

M is considered constant within each layer, i, but may 

vary with depth. Stability of the method of character is tî cs 

is satisfied only if v At<Az at all times. 
P ~ 

The boundary condition at the surface is a = 0. 

V , the velocity at the point p, can be found from (23) 
P 

as 
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Trace Sec. 0.05 0.10 

Input Pressure Function at -70' 

Velocity Computed at-16' 

Velocity Observed at -16' 

Velocity Computed at Surface 

Velocity Observed at Surface 

Acceleration Computed at Surface 

—̂ M̂ *̂  ' ^ ^ ^ • ^ M ^ ^ * ' Acceleration Observed at Surface 

Fig .4 . Velocity and Acceleration data Computed and Observed 

at Various Depths. 
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V = V + 
P B pv 

i - _ii (V - V ) _ i 
Az ^ C B^ pv^ (25) 

The boundary conditions at the input layer consist of a 

known seismic excitation V from which a can be found from 
P p 

(22) as 

% = ^ ^ P \ ^ \ - \ ^ - h ^^c - ^ ) (26) 

Initial conditions are the known zero stresses and 

particle velocity at the time t . These can then be used 
o 

to compute o and V at point P, one time step later, 

using equations (22), (23), (25), and (26). The iterative 

procedure is repeated for subsequent time steps. 

Example 1. The method of characteristics was used 

to compute synthetic seismograms to be compared to data 

acquired by the receiver and source configuration shown 

in Figure 2. The simple model consisting of weathering 

and subweathering layers used to compute the synthetic 

seismograms is shown in Figure 3. 

The computed and observed data are shown in Figure 4. 

The procedure followed in the calculation of the theoreti

cal data was to use the pressure function (Trace 1) 

recorded by an MH-1 hydrophone placed at a depth of 65 

feet in the shothole as input at the base of the model. 
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Synthetic velocity traces were then computed at a depth of 

16 feet (Trace 2) and at the surface (Trace 4 ) . These 

signals may be compared to the signals recorded by a GSC 

20D seismometer placed at a depth of 16 feet (Trace 3) 

and a Bell and Howell seismometer placed on the surface 

(Trace 5). A comparison of Traces 2 and 3 shows the 

similarity between the two signals. The synthetic data 

trace, however, shows a stronger surface reflection occur

ring at about .032 sec. than does the observed data. 

This is expected because of the simple model used to make 

the computations. 

A comparison of Trace 4 and 5, the data computed and 

observed at the surface, shows some differences in the 

total waveform. However, the acceleration data of Traces 

6 and 7 are remarkably similar with the exception of the 

boundary reflections evident on the computed trace. 

The implication here is that the very near surface cannot 

be properly treated as an elastic medium, assuming the 

type of velocity detector used at the surface is amenable 

to measuring the primary pulse generated from explosive 

sources. Obviously, the first 15 feet of soil are more 

complex than assumed in the model. This complexity of 

the near surface not only affects the character of seismic 

wavelet but also its spectral characteristics as shown 

later. 
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Amplitude spectra of the data of Figure 4 are shown 

in Figures 5-7. The shape of the spectra of the computed 

and observed data is generally very similar. The spectra 

of the observed signals show a somewhat lower passband 

than those of the observed data for the simple reason that 

the recorded signals are filtered to some degree by the 

real earth. 

The computed and observed data were further analyzed 

by examining the amplitude and phase spectra of only the 

initial wavelets shown in Figure 8. The amplitude 

spectra for the primary pulse are shown in Figures 9-11. 

Here again the shape of the spectra is very similar but 

the observed data show a lower passband and peak frequency 

The phase spectra of the initial pulses are shown in 

Figures 12-14. The spectra of the data computed and 

observed at a depth of 16 feet (Figure 12) are in good 

agreement over most of the passband. However, some 

deviation is noted between the phase spectra of both the 

observed and theoretical velocity and acceleration data 

obtained at the surface. The difference is again attri

buted to the complexity of the near surface. 

The theoretical wavelets discussed thus far were 

computed using an elastic near surface model. The near 

surface soil layers are in reality not perfectly elastic 

but possess some degree of viscoe1 asticity. The two 
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Trace Sec. 0J)5 0.10 
No. 

2 - ^ 

Velocity Computed at-16' 

Velocity Observed at -16 

Velocity Computed at Surface 

Velocity Observed at Surface 

Acceleration Computed at Surface 

Acceleration Observed at Surface 

Fig. 8. Initial Wavelet Computed and Observed at Various Depth. 
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layer model shown in Figure 3 was modified by making the 

various layers viscoelastic. Three cases of viscoelas-

ticity were used to compute theoretical velocity and 

acceleration data at the surface. The three models used 

are given in Table 1. The viscoelastic coefficients 

used in the models are typical of the soil types indicated 

TABLE 1 

VISCOELASTIC MODELS USED TO COMPUTE VELOCITY AND 
ACCELERATION DATA AT THE SURFACE 

Model yClb/ft^) 
for Layer 1 

y(lb/ft2) 
for Layer 2 

Type Soil 

I 

II 

III 

30,000 

30,000 

20,000 

10,000 

20,000 

100,000 

Fill 
Soft Clay 
Fill 

Medium Clay 
Medium Clay 
Sand & 
Gravel 

The resulting data are shown in Figure 15. Comparison of 

these data with similar data computed from the elastic 

models (Figure 4) shows practically no similarity exists 

between the two types of signals at depth but some degree 

of similarity exists at the surface (compare for example 

traces 1-4 of Figure 15 to trace 5 of Figure 4). Both 
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Trace 
No. 

Sec. 0.05 0.10 

Velocity for Viscoelastic 
Model I 

Acceleration for Viscoelastic 
Model I 

Velocity for Viscoelastic 

Model II 

Acceleration for Viscoelastic 

Modem 

Velocity for Viscoelastic 

Model III 

Acceleration for Viscoelastic 
Model III 

Fig. 15. Velocity and Acceleration Computed at the Surface using various 
Viscoelastic Earth Models. 
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cases exhibit a broad low frequency initial pulse. 

The data computed from the above viscoelastic models 

appear to be overdamped. However, if only the weathered 

layer is assumed to viscoelastic, the data computed at 

the surface (Figure 15A) compares more favorably with the 

observed data. 
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SYNTHETIC DATA FROM VISCOELASTIC MODEL 

Velocity Observed at Surface 

2000 (11, Ib.'SecJn? ) 

4000 

6000 

8000 

10,000 

20,000 

30,000 

40,000 

Fig- 15a- Velocity computed at the surface using various 
viscoelastic coefficients for the near surface 
layer only. 



CHAPTER III 

THE SOLUTION OF BIOT'S EQUATIONS FOR FLUID-

SATURATED MEDIA BY THE METHOD 

OF CHARACTERISTICS 

The stress-strain relations derived by Biot (1956) 

assumed an isotropic physical system comprised of an 

elastic skeleton and a compressible fluid free to flow 

through the pores. For the one-dimensional case in the 

z-direction, these relations reduce to 

a = (2G + X) ^ + Q ^ (27) 
d Z <3 Z 

s = -np = Q 1^ + R 1^ (28) 
^ ^ 3z 8z 

where a = stress on the solid part; s = stress on the 

fluid part; p = pore fluid pressure; n = effective porosity; 

G and A = Lame's constants; Q and R = coupling coefficients; 

w = vertical displacement of solid particles at a depth z; 

w = vertical displacement of liquid particles. R is a 

measure of the pressure required to push an additional 

volume of fluid into the aggregate and Q relates the 

volume change of the solid to that of the liquid. 

Ishihara (1968) obtained expression relating Q, R, 

and A to the system compressibilities: 

31 
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Q = 
-n[(n-l) C + C ] 

p w 

C, (C -C^) + C C^ b £ s' p s (29) 

nC. 
R = 

C, (C -C ) + C C 
b £ s p s (30) 

(n-1) Cp + (n-1) C^ + C, 2 

^ c, (c -C ) + c c I ̂  
b jl s p s 

(31) 

where C = compressibility of the solid particles; Cp 

= pore compressibility; Cp = fluid compressibility, and 

C, = nC + C^ = bulk compressibility of the solid 
b p s * •' 

skeleton. 

Biot derived the equation of equilibrium using a 

Lagrangian formulation. Papadakis expressed the equations 

in terms of generalized coordinates w and w. Biot's 

equations in the vertical z-direction thus become 

8t 
(32) 

St 
2 ^^12 ^ + P22 ""̂  - ^ yt ^^-^^ = TF 

(33) 

where 

Pll = (!-") Ps * Pa 
(34) 
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^22 = " ^ ^ \ 
(35) 

P = -P 
12 a 

(36) 

b = 
Pi n 

K (37) 

where p^- and p^^ are the mass of solid and fluid per unit 

volume of aggregate, respectively; p and p-, are the 

specific mass densities of solid and liquid, respectively; 

p = apparent mass density due to the fluid, usually zero 

for low frequencies; y, = dynamic viscosity of the fluid; 

and K = intrinsic permeability of the solid. 

Assuming p,^ to be zero and denoting the particle 

velocities of the solid and liquid constituents by Vf 

= ^_w\ and u( = _8_w ) , respectively, equations (32) and (33) 
3ty ^ 3t/ 

can be expressed by 

^ - p -^ - b(V-U) = 0 
3z 11 3t 

(38) 

1^ - P 11 + b(V-U) = 0 
3z 22 3^ 

(39) 

Furthermore, differentiation of (27) and (28) with respect 

to time gives 



3A 

do 3V 3U 
M - Q 

3t 3t 3t 
= 0 (40) 

_3_s 

3t - Q 3t 
- R 

3t 
= 0 (41) 

where M = 2G + A is the bulk modulus. 

Thus (38) and (40) are the two partial differential 

equations to be transformed by the characteristics method 

to obtain a solution for the solid part. Equations (39) 

and (41) will be similarly solved to obtain a solution 

for the fluid part. 

The transformation into four ordinary differential 

equations by the method of characteristics is achieved 

by multiplying one equation by some unknown multiplier 

0 and adding it to the other equation. For the solution 

of the solid part, (38) is multiplied by 6, and added to 

(40) to give the following after rearranging terms: 

[6, ^ + ll]-Q,p,, [ ^ iX + lZ]-be.(V-U)-Q(V-U) = 0 (42) 
^ 1 3z 3f^ l^ll^e^^p^^ 3z 3t 1 

From the definition of the Eulerian derivative, i.e., 

1 r^ d z 3 

+ , the bracketed terms become total 
dt 3t dt 3z 

derivatives if 
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d_z 

dt 
= 6 

M 

1 e.p I P I I (43) 

dz 
Since V - -7—, the pressure wave velocity v through thi 

solid skeleton is 
m 

6 + / M + 
= _ V 

^11 ^ (44) 

Substitution of the two values of 0 into (42) gives 

'M 

da 
dt 

dz 
dt 

dV 
V p — 

M^ll dt 

bv^ (V-U)-Q(|U) 
M 3 z c = 0 

= V M 

(45) 

(46) 

M 

do dV , 3U, 

IT ^ V i i dl + b-M^v-u)-Q(yi) 
= 0 

d_z 
dt = - V M 

(47) 

(48) 

The subscript C refers to the value determined at point C^ 

of the z-t diagram shown in Figure 16. 

The same procedure is followed to find the four 

ordinary differential equations for the fluid part. 

Equation (39) is multiplied by 0 and added to (41) to 

give 
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Fig.16. Part of the z- t diagram for fluid-filled media showing ^ 

the characteristic lines. 
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9s 3S R 3U , 3U, ^ 8V 
f'2 il -̂  ^^-^2 P22t0#i7 ii + 7̂ ]+e2b(V-U)-Q ̂  = 0 (49) 

The pressure wave velocity v through the fluid is 
1J 

62 = ±NA^P22=J: v̂  (50) 

Substitution of + v into (47) gives 
LI 

< 

!f - \^22 II ̂  ̂ -L̂ -̂U>-Q̂ fl>c = ° 

^L 

(51) 

^ = V 
dt L (52) 

Is + dU + bv (V-U)-Q(|X) = 0 
dt L 22 dt L 9z c (53) 

dz 
dt " ^L (54) 

A note of caution must be entered here. The relation 

between v and v is established by the particular type of 
m L 

problem being considered. For example, if the method of 

characteristics is applied to a problem of wave propagation 

in soil layers v is usually smaller than v . Consequently, 

M L 

the soil column must be partitioned into distance intervals 

equal to Az = v^At for stability. If the problem at hand is 

one of wave propagation in a hard rock core, Vw is greater 
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than V and the sample must be partitioned into distance 
Ju 

intervals such that Az = v At. 
m 

The derivatives of Equations (45), (47), (51), and 

(53) are approximated by a second order central finite 

difference procedure. With reference to Figure 16, the 

aim of the procedure is to find solid and fluid velocities 

and stresses at point P (at time At later) from the known 

velocities and stresses at time t . 
o 

The finite difference form of the four equations is 

ci: Ors-Q 
'M P "R Pll ^M^^P-^R^-^^M 

At 
2 (^P+VR-UR-UR) 

- QAt _^ R ^ 
2AZ' 

0 (55) 

At 
S= p̂-̂ s + Pll -M(^P-^S)+-M ^ ^V^s-^-^s) 

u -U 
(56) 

^L* S-^A - ̂ 22 \^"P-^A)^^-L ^ ^ W ^ P - V 

B A 
- QAt = 0 

2AZ 
(57) 

r~' q -S + D V (U -U )-bv — (V +V„-U„-U^) 
^L* P B ^22 L^ P B^ °^L 2 P B P B' 

(58) 
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The conditions at points R and S are found from the 

conditions at points A, C, and B from the following inter

polation formulae: 

"R = UC-("C-"A)V^L> "S = V^"C- " B ) V \ 

\ = ̂ C-(^C-'A)-M^\= \ - V ( ^ C - ' B > V \ > (59) 

â  = "c'^^C-^A^V^L- °S = <'C-(''C-°B)V\ 

The final objective is to find the four unknowns 

°p, ^g, Vp, Up from (55) to (58) and (59). 

For convenience, all the known quantities of (55) 

to (58) may be grouped together: 

U -U 
C. = ^.-P..v V +bv^ A^ (V^-U^)+QAt - 4 — ^ (60) 
1 R "̂ 11 M R M 2 ^ ^ 2AZ 

At Us-^R 
C<, = a^ + p^^v^V -bv -- (Vs-U_)+QAt 

I S 11 M S M 2 O S 2AZ' 
(61) 

At 
V -V B A 

S = ^A-P22VA-^^L ^ (V^-U^)+QAt - 2 ^ (62) 

^4 = ^ B ^ P 2 2 - L V ^ \ ^ (V,-U^)H-QAt ! | ^ (63) 

For the sake of further simplification let 
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B = bv At/2 
1 L 

A = B + p V 
1 1 22 L 

B^ = bv At/2 
2 M 

A_ = B + p V 
2 2 11 M 

(64) 

The four unknowns can then be found fro m 

a = (c + C )/2 
P 1 2 

(65) 

P 3 4 (66) 

U 

B^(C^-C^)+A^(C3-C^) 

2(B^B2-A^A2) (67) 

V 

A^(C^-C^)+B^(C3-C^) 

—2Tv7^V (68) 

The boundary conditions at the surface are given by 

0^ = 0 and s = 0 . The particle velocities V and U 
P P p P 

can be found from (56) and (58). The boundary conditions 

at the bottom of the model are given by the seismic s 

excitation considered. The stresses o and S can then be 
P P 

found from (55) and (57). 

The above procedure is repeated at time interval 

At for as long as desired. It must be remembered, however. 
that undesirable reflections from the boundaries will 
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occur at times later than the first arrival. 

Example 1. Biot's equations governing wave 

propagation in fluid-filled media were solved for the cas 

of pressure wave transmission in a 2 inch core of B erea 

sandstone. The parameters used in the model are given 

in Table 2 which also shows some of the computed parameters, 

The sandstone core was modeled using brine as the 

saturating fluid. 

TABLE 2 

PARAMETERS FOR BEREA SANDSTONE CORE MODEL 

Input Parameters 

Fluid Viscosity 
Intrinsic Permeability 
Pv.igidity 
Matrix Compressibility 
Pore Compressibility 
Fluid Compressibility 
Bulk Compressibility 

Percent Porosity 
Matrix Density 
Fluid Density 
Apparent Mass Density 

.18000E-05 Ib-sec/ft^ 

.14400E-07 ft2 

.62070E+10 pndl/ft2 

.37200E-10 ft^/pndl 

.61900E-09 ft^/pndl 

.70000E-09 ft^/pndl 

.14862E-09 ft^/pndl 

0.18000 
146 .10001 
62 .42999 
0.0 

Ib/ft^ 
lb/ft3 
lb/ft3 

Calculated Parameters 

Coefficient Q 
Coefficient R 
Lamb da 
ROl 
R0 2 

.69667E+09 Ib/ft^ 

.22012E+09 Ib/ft^ 

.47955E+10 Ib/ft^ 
119.80200 Ib/ft^ 
11.23740 Ib/ft^ 
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Two sets of theoretical seismograms were computed 

from the data given in Table 2. A test was first made to 

find the effect of changes in lithostatic pressure on the 

seismic pulse. A pressure range from 500 to 5000 psi 

in 500 psi increments was used. The resulting synthetic 

data (not shown) showed the output seismic pulse remained 

unchanged in character and changed only slightly in 

amplitude. A second test was made to study the effect of 

porosity changes on the seismic pulse. The resulting 

data is shown in Figure 17. Trace 1 is the input to the 

transducer. Traces 2-7 are the output synthetic data 

computed from 10%-24% porosity. The significant change is 

the decrease in amplitude which is also shown by the 

graph of Figure 18. Trace 8 is the output data actually 

recorded in the rock properties laboratory. The 

agreement is excellent. 

A very important comment regarding wave propagation 

measurements in rock cores must be made here. The input 

(Trace 1 of Figure 5) is the electrical impulse to the 

transducer and not necessarily to the rock core itself. 

A modification was made to account for the transducer 

effects on the input signal. Kittinger (1977) shows that 

the input signal is modified within the transducer by 

multiple reflections leading to a change in wave shape 

and attenuation of the input signal for the pulse echo 

laboratory technique. For this paper the transducer was 
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Observed Data for Berea Sandstone 

Fig. 17. Data computed and observed from a Berea Sandstone 

core model, Traces 2 -8 were computed by the 

method of characteristics. 
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porosity for Berea Sandstone model. 
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treated as a viscous boundary thus modifying the input 

wavelet. The resulting data were computed using this 

assumption. The excellent agreement with the actual 

recorded data supports this assumption but it must be 

tested experimentally. 

Example 2. As a second example of the application 

of the method of characteristics to wave propagation in 

fluid-filled media, synthetic seismograms were computed 

from a sand reservoir model. The parameters used in the 

model are given in Table 3 . 

TABLE 3 

PARAMETERS FOR SAND RESERVOIR MODEL 

Density in lb/ft Rigidity in pndl/ft „ 
Permeability in millidarcies Compressibility in ft /pndl 
ressure in PSI Viscosity in Ib-sec/ft P 

Grain Density = 165.40 
Water Density = 62.40 
Oil Density = 44.01 
Gas Density = 13.43 
Water Compressibility = .65030E-09 
Oil Compressibility = .2202E-08 
Gas Compressibility = .5134E-07 
Water Viscosity = .1800E-02 
Oil Viscosity = .6300E-02 
Gas Viscosity = .0900E-03 
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TABLE 3 (Continued) 

Pressure 

500 
1000 
2000 
3000 
4000 
5000 

Rigidity 

.6207E+10 

.7316E+10 

.8514E+10 

.8736E+10 
9078E+10 
.9338E+10 

Matrix 
Compressibility 

.1427E-09 

.1161E-09 

.1216E-09 

.1231E-09 

.1182E-09 

.1246E-09 

Pore 
Compressibility 

.6190E-09 

.4745E-09 

.5083E-09 

.5182E-09 

.4923E-09 

.5293E-09 

The seismic excitation at the base of the model 

consisted of a 10-80 Hz Klauder wavelet with a peak 

frequency of 45 Hz. Synthetic seismograms were computed 

at the top of the model to observe the effects of the 

amount of water, oil and gas saturation on the seismic 

wavelet. The effects of confining pressure on the wavelet 

were also determined. 

Figure 19 shows the variation of P-wave velocity 

with porosity using the parameters for 5000 PSI confining 

pressure. The velocity was computed using Biot's theory 

and Ishihara's coupling coefficients. The type of 

saturation fluid has little effect on the velocity as 

indicated by the closeness of the three velocity curves. 

Biot's theory predicts two types of waves propagate 
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Fig. 19. Variation of P-wave velocity with porosity 

for reservoir model 5000 PSI. 
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in fluid-filled media, one propagates through the matrix 

and the other through the fluid. Figure 20 shows the 

variation of the fluid wave velocity with porosity for 

the three saturating fluid cases. For the most part the 

velocity curves remain constant with the exception of the 

case where the medium is filled with water. In this case 

the velocity is somewhat low at low porosities but 

approaches the velocity of sound in water at higher porosi

ties as expected. The variation in velocity may be 

attributed to the different fluid compressibilities 

which determine the coupling coefficient R used to calcu

late the velocity. 

The output theoretical seismograms were further 

analyzed to determine the effect of porosity on the 

amplitude of the seismic wavelet. The results shown in 

Figure 21 were obtained using model parameters for the 

case of 5000 PSI confining pressure. The closeness of 

the three curves indicates the almost negligible effect 

of the type of saturating fluid on the amplitude. 

Figures 22 and 23 show the effect of confining 

pressure on the matrix and fluid velocities respectively. 

Both the P-wave and S-wave velocities increase with 

increasing confining pressure. Furthermore, the increase 

in P-wave velocity is the same for all three fluid cases, 

i.e., the differential velocity between the different 
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50 

a. 
< 

o 
UJ 

CC 

o 

10 20 30 40 50 60 70 

PERCENT POROSITY 

Fig. 21- Variation of P-wave amplitude with porosity 

for reservoir model at 5000 PSI. 



12000 
51 

10000 

u 

u 

> 

8000 

P0R0SITY=.18 

6000 

1000 2000 3000 4000 5000 

CONFINING PRESSURE, PSI 

Fig. 22. Variation of matrix velocity with confining pressure for 
reservoir model. 



52 

6000 

V^ater 

4000 

u 
Oil 

o 

2000 

Gas 

POROSITY:.18 

1000 2000 3000 4000 5000 

Confining Pressure, PSI 

Fig. 23. Variation of fluid velocity with confining pressure for 

reservoir model. 
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types of fluids remains constant from 500 to 5000 PSI 

confining pressure. The effect of confining pressure on 

the fluid velocities is negligible as indicated by the 

virtually straight lines of Figure 23. 

Amplitude of the seismic wavelet increases slightly 

with increasing confining pressure as indicated in 

Figure 24. The change in amplitude is the same for all 

three fluid cases and the differential amplitude between 

the different types of fluids remains fairly constant. 

Another important influence of a reservoir on 

seismic wave propagation is its effect on the ratio of 

P-wave velocity to S-wave velocity. The effect of 

confining pressure on the P/S velocity ratio for the 

three fluid cases is shown in Figure 25. The value 

computed from Biot's equation changes quite rapidly up to 

a confining pressure of about 2000 PSI and then slowly 

decreases with increasing pressure. 
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CHAPTER IV 

SUMMARY AND CONCLUSIONS 

In the foregoing chapters the method of character

istics was applied to a variety of problems of exploration 

interest. Synthetic seismograms were computed from 

various theoretical models by a one-dimensional solution 

of the applicable equations of motion. 

Velocity and acceleration data computed from a near 

surface soil model compared favorably to observed data 

both in waveform and spectral characteristics. The 

excellent agreement between theoretical and observed data 

indicates that vertically travelling waves can be 

adequately described by a one-dimensional approximation 

of the wave equation. 

Biot's equations governing wave propagation in fluid-

filled media were solved by the method of characteristics. 

A synthetic wavelet computed from a model of a two-inch 

core of Berea sandstone exhibited a waveform very similar 

to one actually recorded in a rock properties laboratory. 

Damping effects of the transducers used in the laboratory 

were simulated by introducing viscous boundaries to the 

model . 

The effect of different types of fluids and the 

amount of saturation were studied bv computing synthetic 

56 
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seismograms from a sand reservoir model using a 45 Hz 

Klauder wavelet as the input seismic excitation. There 

were no observable changes.in the spectral characteristics 

of the seismic wavelet for the three saturating fluid 

cases--water, oil and gas. Analysis of the output 

synthetic seismograms showed that only velocity and 

amplitude are affected by the presence of fluid in the 

system under both normal and high pressure. 

There are numerous analyses which could be performed 

to better understand wave propagation in fluid-filled 

media. Such work would in itself constitute a thesis. 

The work reported here emphasizes the availability of a 

tool for computing the synthetic seismograms from which 

the various analyses can be made. The widespread appli

cability of the method of characteristics makes the tech

nique suitable for a variety of problems ranging from 

engineering applications to problems of exploration 

interes t. 

Application of the method oi characteristics to 

problems of transient disturbances travelling through 

near surface and other earth models shows the advantages 

of the technique are relative simplicity, versatility, 

widespread application, accuracy and low computing cost. 
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