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ABSTRACT 

Ultrasonic P-wave and S-wave velocities were measured in Mesaverde 

sandstones and shales as function of confining pressure to 650 MPa, in s1x 

directions concurrently. The samples came from five wells in Colorado and 

Wyoming. The Mesaverde sandstones are quite isotropic; the shales are 

transversely isotropic with the direction perpendicular to bedding being the 

slow direction for wave propagation. The anisotropy of the shale is up to 13% 

for P-waves and 17% for S-waves. 

The velocity-pressure behavior of these rocks reveals microscopic 

structural differences between the sandstones and shales. The sandstones 

contain microcracks that are closed at moderate pressures (less then 

100 MPa ). The shales do not have the obvious discontinuity in the 

pressure/velocity record that can be attributed to the microcrack closing. 

In situ velocities obtained from the well logs of four of the five wells are 

compatible with the laboratory determined velocities. 

Dynamic elastic moduli of the rocks at the overburden pressures (8 to 98 

MPa) were calculated from the wave velocities and bulk density. They were 

compared to static laboratory moduli obtained on corresponding rocks from the 

same wells. The dynamic moduli are greater than the static elastic moduli by 

50 to as much as 600%. The dynamic Poisson's ratios are much smaller than the 

static ones. Some of the calculated dynamic Poisson's ratios have small 

negative values. 

This work highlights the need for a better definition of which mechanical 

properties tests are relevant to the design of hydrofracturing in tight gas 

formations. 
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1. INTRODUCTION 

It 1s estimated that low-permeability western gas reservo1rs in the U.S. 

contain large quantities of natural gas. In order to recover these resources 

economically, the region around a production well must be stimulated to induce 

a more rapid flow of the natural gas into the well bore. Currently, the most 

promising techniques for stimulating low-permeability gas reservoirs is with 

fluids under pressure. 

The goal of the research in support of the DOE's Western Gas Sands 

Subprogram at the Lawrence Livermore National Laboratory (LLNL) is to obtain a 

more detailed understanding of stimulation processes (1). Current methods for 

predicting intensity, geometry, and extent of fracturing resulting from 

hydraulic stimulation require certain equation-of-state (EOS) measurements as 

input data to the calculation codes. To that end, we have measured the 

mechanical properties of Mesaverde shale and sandstone, and those of 

sandstones and siltstones from the Multiwell (MWX) field test site, in static 

laboratory tests (2,3). We are now complementing these earlier studies by 

measuring ultrasonic velocities of P and S-waves in Mesaverde sandstone and 

shale samples obtained at various depths from five vertical boreholes drilled 

1n Colorado and Wyoming. 

This study is designed to estimate the dynamic elastic moduli and 

Poisson's ratios of the Mesaverde rocks as functions of confining pressure, at 

room temperature, and to compare those values to the static values reported in 

reference (2) for corresponding rocks from the same wells. 

Laboratory measured physical properties of rock are necessary input 

parameters to models that analyze and/or predict the response of rock masses 

to certain engineered or natural disturbances. The laboratory samples are 

usually homogeneous and small whereas the rock mass is large and contains both 
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discontinuities and inhomogeneities. However, the laboratory test results on 

small and intact samples can still provide useful, information if the 

discontinuities can be characterized independently. Then, a composite picture 

of the rock mass behavior can be assembled based on intact material plus 

discontinuit~properties. 

Elastic moduli of rock are frequently used 1n the study of geomechanical 

problems. Ultrasonic velocities have been used to estimate these moduli (4). 

Ultrasonic velocity measurements are important for another reason: seismic 

refraction and reflection are common tools for resource exploration and 

crustal studies. Although the field seismic velocities can be different from 

the laboratory measured ultrasonic velocities near the surface where fault, 

joints, and other discontinuities are abundant, the laboratory values have 

been shown to match field measurements at depths where major fractures are 

closed (5-7). 

For a transversely isotropic rock, as a sedimentary rock is most likely 

to be, simultaneous measurements of velocities in six directions enable 

calculating the complete tensor of elastic moduli if the bulk density is also 

known. The velocities were measured as function of confining pressure so that 

an extrapolation could be done to estimate the moduli at depth. 
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2. ROCK DESCRIPTION AND SAMPLE PREPARATION 

2.1 Rock Description 

The samples used in this study were from the same source as those used in 

the measurements of mechanical properties (2). Table 1 lists the well 

locations and the depth at which the core samples were' obtained. The rocks 

are grouped according to well locations. The rock types along with their 

group numbers will be used throughout this report for ease of identification. 

The cores corttain alternating sections of sandstone and .shale. 

Generally, bedding planes in the pure sandstone and shale sections are not 

easily determined by visual inspection. We assume that the bedding plane 1s 

parallel to the interface between the sandstone and shale sections and is 

usually horizontal. Table 2 summarizes the grain size, color, and dry-bulk 

and grain density of the rock types. The sandstone sections of the cores are 

usually quite homogeneous. On the other hand, some of the shale sections, for 

instance Shale 1 and Shale 2, show variations in color and dry-bulk and grain 

densities. No grain size data are available for the shale samples. 

The mineral composition of the rocks listed in Table 3 was determined by 

x-ray analysis. This table also shows that the quartz content of the 

sandstone increases but varies with depth. Shales 4 and 5 contain almost as 

much quartz as the corresponding sandstones. At a depth less than 1958 m, the 

shale usually contains larger amounts of clay minerals, such as illite, 

kaolinite, montmorillonite, etc., than the sandstone. The rocks from deeper 

than 1958 m contain no more than a trace amount of clay minerals. 
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Table 1. Location and depth of Mesaverde formation rock samples used in this 
study. 

Rock Type Group Well Name Location Depth 
(m) 

Sandstone 1 Twin Arrow C&K 4-14 Rio Blanco, co 352 
Shale 1 II II 350 

., 
Sandstone 2 PTS 24-19 Federal Sublette, WY 1582 
Shale 2 II II 1599 

Sandstone 3 PTS 22-12 Federal Rio Blanco, co 1958 
Shale 3 II II 1968 

Sandstone 4 PTS 3-10-A Sweetwater, WY 3512 
Shale 4 II II 3511 

Sandstone 5 Rainbow Resources Sweetwater, WY 3805 
Shale 5 1-3 Federal II 3883 

Table 2. Grain sizes, colors, and densities of the Mesaverde rocks. 

Rock Grain Size Color Dr~ Bulk Densitx Grain Densiti 

(Mg/m3) (Mg/m3) 

Sandstone 1 "' 0.5 mm beige 2.094 ± o.ou 2.68 

Shale 1 Very fine black grey-grey 2.254 ± 0.056 2.35 

Sandstone 2 "'O.l-0.2mm grey 2.546 ± 0.006 2.73 

Shale 2 Very fine dark grey 2.505 ± 0.012 2.64 ., 
Sandstone 3 "' 0. 1-0. 2mm light grey 2.345 ± 0.011 2.69 

Shale 3 Very fine grey 2.660 ± 0.007 2.69 
• 

Sandstone 4 '\, 0.1 light grey 2.536 ± 0.004 2. 71 

Shale 4 Very fine dark grey 2.610 ± 0.012 2.89 

Sandstone 5 0.2-0.3 mm light grey 2.407 ± 0016 2.87 

Shale 5 Very fine grey to dark grey 2.516 ± 0.016 2.92 
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Table 3. Mineral composition of Mesaverde rocks determined by x-ray analysis. 

Rock Type 

Sandstone 1 

Shale 1 

Sandstone 2 

Shale 2 

Sandstone 3 

Shale 3 

Sandstone 4 

Shale 4 

Sandstone 5 

Shale 5 

Mineral Composition 

Quartz (85%), illite-muscovite (5%), kaolinite-nacrite (5%), 
bytownite or anorthite (5%), montmorillonite (trace) 

Quartz (75%), illite-muscovite (15%), kaolinite-nacrite (5%), 
bytownite o.r anorthite (5%), montmorillonite (trace) 

Quartz (80%), kaolinite-nacrite (13%), illite-muscovity (5%), 
montmorillonite (trace) 

Quartz (65%), illite-muscovite (15%), kaolinite-nacrite (10%), 
dolomite (5%), calcite (1-5%), montmorillonite (trace) 

Quartz (95%), caccite (trace), plagioclase-oligoclase (trace), 
kaolinite (trace) 

Quartz (85%), calcite (10%), plagioclase-oligoclase (trace), 
kaolinite (trace) 

Quartz (~ 100%), plagioclase - oligoclase (trace) 

Quartz (95%), plagioclase -oligoclase (trace), kaolinite 
(trace) 

Quartz (~ 100%) 

Quartz (~ 100%), calcite (trace), kaolinite (trace) 
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2.2 Sample Preparation 

The traditional method of determining ultrasonic velocity of anisotropic 

materiai 1.s to core small cylindrical samples in the directions with the most 

anisotropic characteristics (8). The major disadvantage of the traditional 

approach is the introduction of sample variation into the measured value. In 

this study we prepared the sample in a way that made simultaneous measurements 

of velocities in six directions possible. 

The core sections were cut into cubes with dimensions ranging from 3.5 em 

to 5.0 em, dependent on the diameter of the original core section. One of the 

cubic surfaces was coinc~dent with the bedding plane of the rock. It was 

designated as "A". The principal axis AA of the cube (in Miller indicies 

designated 001) is then perpendicular to bedding. The directions B and C (010 

and 100) are arbitrary. The edges of the cubes (110~ were then cut off to 

form a flat surface diagonal to the axes of the cube with widths ranging from 

1.0 to 1.5 em. Figure 1 shows one example of the cube SS3 equipped with 

ultrasonic transducers. The surface A in Figure 1 is that with numbers on it. 

The sample was· then dried at a temperature of about 30°C in a vacuum oven 

to remove the water used in cutting until its weight remained unchanged for at 

least one day. The dry bulk density and grain density listed in Table 2 were 

determined from cylindrical samples core"d from the same core section (2). A 

layer of silver paint no more than 0.03 mm thick was then coated on the entire 

surface of the cubic sample to form a conductive ground for the ultrasonic 

transducers. 
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Three ultrasonic transducers, one P-wave and two S-wave, were mounted on 

each principal face of the sample. One P-wave transducer was mounted on each 

face of one pair of the diagonal faces (Figure 1). The transducers were of 

PZT with a natural frequency of 1 MHz. The two S-wave transducers on each 

principal face were oriented ~n such a way that the polarizations of the 

S-waves were parallel to one of the principal axis of the sample and 

orthogonal to each other. The sample with the electrical w~res attaching to 

the transducers was then encapsulated in Scotch cast resin (8). 

Figure 1. A SS3 sample with transducers. The three principal faces are A, B, 
and C. The diagonal faces AB, AC, and BC are between the 
corresponding two principal faces. The scale is in em. 
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3. EXPERIMENTAL PROCEDURES 

In our pressure system we used Octoil as the pressure medium. The 

confining pressure was generated by an air-oil Haskel pump driving an 

intensifier with a 10 to 1 ratio. The confining pressure was read from a 

Heise gage with a smallest division representing 0.5 MPa. 

The traditional direct transmission method was used to measure travel 

time of ultrasonic waves 1n the sample. The method has been well 

described (8). In this study, the travel time was measured between one pair 

of the transducers at a time. There are twelve travel times to be measured at 

every pressure step. The twelve travel times are PA, PB, PC, PAB, PAC, and 

PBC for P-waves propagating 1n the direction perpendicular to faces A, B, C, 

AB, AC, and BC; and SAB, SAC, SBA, SBC, SCA, and SCB for S-waves propagating 

perpendicular to the A, B, and C faces and polarized in the direction 

perpendicular to B(SAB), C(SAC) and so on. The measurements were repeated 

when the confining pressure was changed to the next level. The travel times 

measured 1n this way avoided interference from waves propagating in other 

directions. The travel times were measured to a confining pressure of 400 to 

500 MPa for most of the samples. For SSl the travel time was measured to 

650 MPa. 

The travel times were then corrected for the system delay time of the 

electronics (including the transducers) and the shortening of wave path due to 

hydrostatic compression. The system delay time for the P-wave and S-wave were 

0.32 ~s and 1.68 ~s, respectively. To calculate the wave path shortening, 

we used the previously determined hydrostatic compressibility of these rocks 

v 
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1n the directions perpendicular and parallel to bedding (2). We assumed that 

the samples were transversely isotropic. Based on our measured travel times 

and compressibility, this assumption was very good. 

It is well known that when a wave propagates inclined to a principal ax1s 

1n an anisotropic medium the direction of particle motion may deviate from the 

direction of wave propagation (9,10) •. For the PAB, PAC and PBC waves we 

calculated the angle of deviation between the direction of wave propagation 

and particle motion us1ng the formula by Fisher and McSkimin (11). The 

deviation angles all were within 1 to 2° at pressures corresponding to the 

overburden pressure (Ref. 2) or greater. The largest deviation angle occurred 

at 0.1 MPa pressure (room conditions). In this case it was 9.12° for sample 

SS4. This angle corresponds to a length difference in traveling path of about 

1%. 

The factors that contributed to the experimental uncertainty of the 

ultrasonic velocity measurements were determination of wave arrival, 

measurement of travel t~me, measurement of wave path distance, and the 

measurement of confining pressure. The total uncertainty for determining 

P-wave velocity at pressures was about 2 to 3%. For the determination of 

S-wave velocity, the totai uncertainty was about 4 to 6%. 
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4. RESULTS AND DISCUSSION 

4.1 Ultrasonic Velocities 

The ultrasonic velocities in the Mesaverde rocks were calculated from the 

corrected travel time data by dividing the travel path length by the travel 

time. The velocities are plotted as f~nction of confining pressure in Figs. 2 

to 11 (Appendix A). In these figures, the upper group of curves is the P-wave 

velocity, the lower group is the S-wave velocity. 

The velocity vs. pressure plots of the sandstones are quite different 

than that of the shales. For the sandstones (Figs. 2, 4, 6, 8, and 10). both 

P-wave and S-wave velocities have a rapid increase with increasing pressure at 

pressures below 100 GPa. Then at higher pressures the velocity increases are 

much gentler. For most of the shale samples (Figs. 5, 7, 9, and 11) the 

b h 
. av . . ~ 

a rupt C ange Ln op LS not as evLdent. The rapid increase of velocity with 

pressure at low pressures has been attributed to the closing up of microcracks 

in the sample under pressure (5). One exception among the shales is SHl 

(Fig. 3) where the velocities show similar behavior as the sandstone, 

av 
although the op at low pressures is much smaller than that of SSl (Fig. 2). 

The behavior between the sandstones and the shales indicates some basic 

difference in microscopic texture in these two rocks. The different behavior 

of SHl compared with other shales may indicate that the existence of 

microcracks in shale Ls dependent on the depth of burial because it is the 

shallowest. It is also the least dense shale. 

.. 



-11-

Figures 2 through 11 show that all of the velocity vs •. pressure curves in 

either the P-wave or S-wave group are parallel to each other. Therefore, even 

though some rocks have velocity anisotropy (see below), the velocity in 

different directions varies with confining pressure in about the same way for 

each rock. 

For comparison we list the wave velocities in these rocks at their 

corresponding overburden pressure (P ) in Table 4. In the case of SSl and 
0 

SHl the core section was not large enough to prepare a sample big enough for 

all of the measurements. But the values shown in Table 4 represent the 

velocity ranges for these two rocks. For SH4 the signal of SBA and SCB were 

not good enough for accurate measurement. 

Generally speaking the Mesaverde sandstones are fairly isotropic. Except. 

for the P-wave velocities measured for SSl and SS2, the anisotropy of the 

sandstones are no more than 5%. Even for SSl and SS2 the anisotropy of P-wave 

velocity is no more than 7%. On the other hand, most of the shales show quite 

strong anisotropy in both P-wave and S-wave velocities. The greatest 

anisotropy in velocity is seen in SH4 which is 13% for the P-wave and 17% for 

the S-wave. 

It also shown 1n Table 4 that the velocities of the shales are very 

similar to that of a transversely isotropic material. When the sandstones 

show some degree of anisotropy they are also transversely isotropic. 

The slowest direction of the ultrasonic waves in most of the Mesaverde 

rocks are prependicular to bedding. One exception is SS5 where one of the 

directions parallel to bedding is as slow as the directions perpendicular to 

bedding. However, the difference is only slightly greater than experimental 

uncertainty. 
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Table 4. Ultrasonic velocities along the principal axes of Mesaverde rocks at overburden 

pressures (p ). 
0 

SSl SHl SS2 SH2 SS3 SH3 SS4 SH4 SS5 

P
0

(MPa) 8 8 40 40 50 50 90 90 98 

VPA(km/s) 3.04 3.01 4.08 4.10 4.53 4.85 5.06 4. 77 5.18 

VPB(km/s) 3.24 4.24 4.48 4.72 5.13 5.21 5.38 5.18 

VPC(km/s) 3.33 4.32 4.61 4.70 5.18 5.11 5.33 5.32 

VSAB(km/s) 2.05 2.25 2.94 2. 77 3.21 3.16 3.60 3.21 3.85 

VSBA(km/s) 2.93 3.00 3.14 3.10 3.61 3.83 

VSAC(km/s) 2.98 2.80 3.22 3.16 3.56 3.24 3.74 

VSCA(km/s) 2.99 2.99 3.23 3.19 3.57 3.42 3.79 

VSCB(km/s) 2.09 2.37 3.00 2.90 3.31 3.27 3.63 3.90 

4.2 Dynamic Elastic Moduli 

We used the formula suggested by McSkimin (4) to calculate the stiffness 

coefficients of the Mesaverde rocks as function of confining pressure. As 

mentioned in Section 2, the frequency of the ultrasonic wave was 1 MHz. The 

-6 
strain applied by the ultrasonic waves was very small, of the order of 10 , 

therefore the moduli calculated from the measured ultrasonic wave velocities 

are elastic moduli. We used a Cartesian coordinate with Z-axis perpendicular 

to bedding, i.e., perpendicular to face A. The other orthogonal axes x. andy 

were chosen arbitrarily. We set x=B and y=C. The five independent stiffness 

SH5 

98 

4.36 

4.78 

4.73 

2.96 

2. 92 

2.95 

2.90 

3.17 
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Th.e bulk density as a function of confining pressure, was calculated from the 

dry bulk density at 0.1 MPa and the bulk compressibility of the rocks reported 

previously (2). 

Figures 12 through 21 show the stiffness coefficients of these rocks as 

functions of confining pressure (Appendix A) •. In these figures, curve 1 is 

c11 ; curve 2 is c33 ; curve 3 is c44 ; curve 4 is c66 ; and curve 5 is 

c13 • As expected, the stiffness coefficients behave very similarly to the 

ultrasonic velocities -- the sandstones are fairly isotropic, and the shales 

are transversely isotropic with respect to the bedding plane. 

The relative values of the diagonal member of the stiffness (c11 , 

c33' c44 and c66) between the sandstone and the shale vary with depth of 

sample origin. The stiffness coefficients of SSl are smaller than SHl; the 

stiffness coefficients of SSS are greater than that of SHS. 

In some cases the value of c13 becomes negative. This was shown to 

exist in orthotropic composites. The stiffness coefficients of the rocks 

passed the stability tests suggested by Alers and Neighbors (12). 

4.3 Comparison of Static Elastic Moduli and Dynamic Elastic Moduli 

For the purpose of compar1ng with the static elastic properties, the 

dynamic Young's moduli (ExD and EzD), dynamic shear moduli (GxyD and GxzD), 

and dynamic Poisson's ratios (vxyD and vxzD) were calculated from the 

dynamic stiffness coefficients (Cll' c13 etc.). Note, however, that the 

static G was not measured, as explained in reference (2). In a xz 

transversely isotropic material the correspondence between stiffness 

coefficients and elastic moduli and Poisson's ratios is: 
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-1 

ell (Cll-2C66) cl3 
1 _ vxy \)XZ 0 0 0 0 0 Ex Ex -EX" 

(Cll-2C66) ell cl3 0 0 0 
_ vxy 1 \)XZ 

0 0 Ex Ex Ex 

cl3 ci3 · c33 0 0 0 
\)ZX \)ZX 1 0 d - Ez -E; Ez 

0 0 '0 c44 0 0 0 0 0 1 0 
G xz 

1 
0 0 0 0 c44 o 0 0 0 0 

G 

0 0 0 0 0 c66 0 0 0 0 0 

We only compared the dynamic elastic properties and the static elastic 

properties at the overburden overburden pressure (P ). Table 5 shows the 
0 

compan.son. 

xz 

The dynamic moduli are always greater than the static moduli. This has 

been extensively documented for numerous rock types (13-17), including gas 

bearing formations (18). However, the amplitude of the difference is quite 

large for the Mesaverde rocks. For example, in Westerly granite and diabase 

the dynamic moduli was about 20% greater than the static moduli. In this 

0 

0 

0 

0 

0 

1 
G xy 

study the dynamic moduli are greater than the static moduli by up to more than 

600%. 
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Table 5. Dynamic Young's moduli (ExD, EzD), shear modulus (GxyD), and 

Poison's ratios (vxyD, vxzD) of the Mesaverde rocks compared to the 

corresponding static moduli (ExS, EzS, GxyS) and Poisson's ratios (vxys, 

vxzS) from reference (2). 

Rocks p 
0 

(MPa) 

SSl 8 

SHl 8 

SS2 40 

SH2 40 

SS3 50 

SH3 50 

SS4 90 

SH4 90 

SS5 98 

SH5 98 

ExD 
ExS 
(GPa) 

21.46 

24.86 

47.62 
10.45 

51.02 
8.14 

51.81 
17.07 

67.57 

66.67 
41.05 

75.19 
17.86 

66.23 
23.36 

56.50 
10.34 

EzD 
EzS 
(GPa) 

19.01 

20.37 

42.55 
10.3 

42.02 
7.16 

48.08 
16.91 

60.98 

65.36 --42.27 

58.14 
21.14 

60.98 
21.82 

47.17 
8.86 

GxyD 
GxyS 
(GPa) 

9.52 

12.67 

23.41 
3.8 

21.08 
3.1l 

25.83 
6.57 

28.46 

33.72 --17.18 

36.79 
6.64 

37.02 
9.23 

25.57 
3.69 

GxzD 

(GPa) 

8.84 

11.38 

22.59 

19.83 

24.40 

26.58 

32.35 

27.05 

36.01 

22.24 

vxyD 
vxyS 

0.14 

-0.019 

0.017 
0.37 

0.21 
0.31 

0.0031 
0.31 

0.19 

-O.Oll 
0.20 

0.22 
0.35 

-0.11 --0.27 

0.11 
0.33 

vxzD 
vxzS 

0.09 

-0.06 

-0.007 
0.30 

0.06 
0.39 

-0.05 --0.27 

0.12 

-0.004 
0. 22 

0.09 
0.33 

-0.19 --0.25 

0.12 
0.44 
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The difference between dynamic and static moduli has been attributed to 

the different level of stress applied to the sample in the two methods of 

measurement (19). In ultrasonic measurements the stress applied to the sample 

is very small s9 that no sliding of mineral grains may occur. For the 

Mesaverde roC:ks the sliding of mineral grains during the static measurements 

may have a more profound effect on reducing the moduli values than in the 

ingeneous rocks such as granite and diabase (15). The ~tatic and dynamic 

measurements were done on different samples. This may contribute to part of 

the difference in the results, but not that much. 

The dyn~~ic Poisson's ratios are always small~r than the statit Poisson's 

ratios. This ~as, again~ observed before (18). The explanation for this 

phenomenon ~s the same as that for the moduli. However; several of the 

Mesaverde rocks have small negative Poisson's ratios. A negative Poisson's 

ratio is not physically impossible but it is unusual for rock. It has been 

noted before that the dynamic Poisson's ratio measurement is. intrinsically 

in'accurate because it involves the difference of two quantities of similar 

magnitude (19). 

4.4 Comparison of In-Situ Velocity and Laboratory Ultrasonic Velocity 

In-situ P-wave velocity in rocks from four of the five wells (except the 

shallowest well, Twin Arrow C & K 4-14) was calculated from the travel time 

measured by sonic logs. The P-wave velocity is plotted as a function of 

depth, as shown in Figures 22 to 25 (Appendix B). Also plotted in these 

figures are the laboratory determined P-wave velocities, perpendicular to 

bedding, of the Mesaverde sandstone and shale from these wells at the 

corresponding overburden pressure. 
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In most of the cases the laboratory measured velocity is greater than the 

in-situ velocity measured by sonic log. The P-wave velocity of the sandstone 

from PTS 24-19 well (well #2 1n Table 1) falls below the sonic velocity at the 

same depth. However, generally speaking the laboratory determined velocity is 

quite compatible with the son1c velocity. Normally one expects the laboratory 

determined velocity to be greater than the in-situ sonic velocity, because the 

laboratory sample is homogeneous and intact whereas the region between the 

transmitter and receiver of a sonic logging tool may contain cracks and joints. 

Our results indicate that at the depth of sample origin the effect of discon

tinuities (fractures, joints, ••• ) on the sonic velocity is not significant. 
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5. SUMMARY 

We have measrired ultrasonic wave velocities in Mesaverde sandstones and 

shales in six directions simultaneously as function of confining pressure to 

650 MPa, at room temperature. This is consistent with the mechanical 

properties reported separately on the same rocks. The shales, however, are 

transversely isotropic with the perpendicular to bedding being the slow 

direction for wave propagation. The anisotropy of the shales may be as great 

as 13% in P-wave velocity and 17% in S-wave velocity. 

The laboratory determined ultrasonic P-wave velocities perpendicular to 

bedding of the Mesaverde sandstone and shale are quite compatible with the 1n 

situ P-wave velocities at the same depth measured by sonic logging. This 

indicates that the effect of discontinuities (fractures, joints, etc.) on the 

in-situ velocity is not significant. 

The dynamic elastic moduli and Poisson's ratios of the Mesaverde rocks 

were calculated. Comparison with the static moduli and Poisson's ratios 

indicates that the dynamic moduli are greater than the static moduli and the 

dynamic Poisson's ratios are smaller than the static ones. The differences 

between the dynamic and static moduli of the Mesaverde rocks are significantly 

greater than usually reported for other rocks. 

This work demonstrates the need for a better definition for which 

mechanical properties tests are relevant to the design of hydrofracturing 1n 

tight gas formations. 
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APPENDIX A. 

Plot~ of ultrasonic velocities (Figures 2-11) and stiffness coefficients 

(Figures 12-21) vs. pressure, for Mesaverde sandstones and shales. 
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function of pressure. 
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APPENDIX B. 

Plots of in situ P-wave velocity and laboratory determined P-wave 

velocity vs depth for Mesaverde rocks (Figures 22-25). 
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Figure 22. P-wave velocity as function of depth and rock types of PTS24-19 

well. 0 and ~ are the laboratory measured P-wave velocity of 

sandstone and shale respectively. 
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Figure 23. P-wave velocity as functions of depth and rock types of PTS 22-12 

well. 0 and ~ are the laboratory measured P-wave velocity of 

sandstone and shale respectively. 
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Figure 24. P-wave velocity as function of depth and rock types of PTS 3-lOA 

well. 0 and 6 are the laboratory measured P-wave velocity of 

sandstone and shale respectively. 
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