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Ultrasonic Velocities of Rocks

Seismic Velocities for Intact Rock Materials
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oCompletely anisotropic medium with 21 elastic constants
oMonoclinic (one plane of material symmetry) with 13 independent elastic constants
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Anisotropy means that certain material properties
(such as sound velocity, strain etc.) depends on the &=
measurement direction.

Dr. Hasan Ghasemzadeh Utica Shale near Fort Plain, NY (Rygel, 2008) 14

Petroleum GeoMechanics

12/30/2025



K.N. Toosi University of Technology

1

7

ny

Exx Ex

&5 v,

ex| | E,

el |0
Ve

Vi 0

0

o, = C,.jgj

Transverse Isotropic

v, U,
E, E,
1 o
E, E,
v, 1
¥ Ey
0 0 2+2v,
E
0 0
0 0

S Sluarl

S sbile OYalxe

2ols s 4l g O sy S fio 5 0 S5 5550 5

0 0]
0 0
O xx
0 0|lo,
Oz
0 0] 7.
Tax
1 0L 7w
G,
0 1
th

The origin of anisotropy is heterogeneity by
some degree of structural order at a length
scale much shorter than a wavelength.
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Dip MoveOut (DMO)

§=dip; §, = apparent dip;
X. = source/receiver locations;
— = apparent raypath;

e = apparent reflections;

--- = apparent reflector;
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Migration VS. Normal Move Out and Depth Move Out.

Source Migration Receiver

IE\‘\

[ |

This figure shows three common travel time corrections to seismic data.
Path 1 shows raw travel time from the datum plane which is corrected by Normal Move

Out (path 2), Depth Move Out (path 3) and Migration (path 4). M shows the midpoint
between source and receiver.
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Amplitude Variation with Offset (AVO)

Zoeppritz 1919 derived four equations that determine the amplitudes of
reflected and refracted waves at a planar interface for an incident P-wave as a
function of the angle of incidence and six independent elastic parameters.

Zoeppritz equations

Vim Vpy 1

—sin#, :'—1 cos ¢y = sin 8, Vo ¢cos b
’S1 r 51
e cos @ Y1 gin o VP cos @ _Yn ging S,
Rs | A Vs . Vpa L Vs r2 cos
- V3 ) 2 , V2 "
Tp sin20; ——tcos2¢; — L gin20, 2 L cos 26 sin 26,
Ts Vi 2 Vs cos 2¢
— €08 2¢ —sin2¢, - L sin 2¢»
R., R, T,, and T, are the ViVuup:

reflected P, reflected S,
transmitted P, and
transmitted S-wave amplitude
coefficients, respectively.

Viz Viz 2
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Amplitude Variation with Offset (AVO)

Ostrander(1980) was the first to introduce a practical application of the AVO effect,
showing that a gas sand underlying a shale exhibited amplitude variation with offset.

Shuey (1985): Poisson's ratio was the elastic property most directly related to the
angular dependence of the reflection coefficient

R(0) = R(0)+ Gsin’ @+ F(tan’ @ —sin” 0)

R(0) = ;(AVV“rA;] 0 angle of incidence;
! V. P-wave velocity in medium
G = 1 Av, -2 AVS {A—p+ 2 AV, J F = lLV” ! P-wave velocity contrast
2, v, Lp v, ) 2, AV, cross interface:

Vs S-wave velocity in edium;
G, referred to as the AVO gradient y S-wave velocity contrast
F, describes the behaviour at large angles/far s across interface
offsets that are close to the critical angle £ density in medium;

Ap density contrast across

Shuey Approximation for angle of interface

incidence is less than 30 degrees

R(0)=R(0)+Gsin” @

Dr. Hasan Ghasemzadeh 24
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Triaxial core tests
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Apache North Sea Limited, Well 21/10-B45,
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Directional dependency of seismic
waves (velocity) has become
increasingly more important in
subsurface imaging and
characterization.

Interpretation and processing of these
data requires an understanding of the
possible anisotropy in the subsurface
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FIGURE 15-1

Azimuthal anisotropy of Pn waves in the Pacific upper mantle.
Deviations are from the mean velocity of 8.159 km/s. Data
points from seismic-refraction results of Morris and others
(1969). The curve is the velocity measured in the laboratory for

samples from the Bay of Islands ophiolite (Christensen and Salis-

bury, 1979)
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Cause of anisotropy
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Cause of anisotropy
Unstressed
NTI S
- — UL
Inherent or Lithological — ~N T~
anisotropy s A 7
o Alignment within crystals //\ /’,)_/ %
o Alignment of clay particles //\‘ '/,\ N\
o Laminations et
o Beds SN — N S
. /\~ — ) =~
Stress-Induced anisotropy - 4 \ '}
o Anisotropic stress ‘ 2 e ST T— '
o Alignment of cracks and ./_- ‘/\\ /):*-
fractures == __:\

(Armstrong et al. 1994)
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Anisotropic effects

UWell log measurements in deviated wells

o Different velocities for same rock in wells with
different deviations

Petrophysics

USeismic wave propagation

o Require extension to NMO correction Seismi.c
o Require extension to migration algorithms processing
UReflectivity: reflectivity variation with angle AVO analysis

and seismic
characterization

changes compared with isotropic rocks

WFormation strength is strongly affected by the

orientation of weak planes to the axis of loading Geomechanics

b
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Transverse isotropic medium (TI)

R s
PR SFEIN
RN B

Tl medium as the closest description of sedimentary rock.

Dr. Hasan Ghasemzadeh

Petroleum GeoMechanics 15



K.N. Toosi University of Technology 12/30/2025

S Sluarl

Transverse isotropic medium (TI)

VTl medium

1

Symmetry axis

Tl medium as the closest description of sedimentary rock.
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Transverse isotropic medium (TI)

y HTImedium

Symmetry axis

Tl medium as the closest description of sedimentary rock.
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Stiffness tensor get more complex with 5 independent members:

Gy G, G5 0 0 0
C, ¢, CG; 0 0 0
C. = C; C3 G; 0 00
1o 0 C,0 0
0 0 Cy O

0 0 0 0 Cg Symmetry axis

o taean enacong Vertical transverse isotropic medium (VTI)

These parameters can be calculated in

directions:

G, = Psz90
C,=C, - 2/71/5190
Gy = Pszo
Cu= PVsio

Laboratories by measuring velocities in different

Symmetry axis

Ce =0.5(C,, = C))) = sti9o

w

Dr. Hasan Ghasemzadeh

Cy=—Cy+ \/4P2V;45 - 2pr245 (Cii + G +2C1) +(C + Cyy N(Cy3 + Cyy)
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Rock physics and geological processes
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40% .
”.  Rock Physics Templates (RPT)
Shale 30%
20%
1 10%
Porosity
40% Brine Sand
Clean Sand 30%
20%
10% Porosity
0%
Gas Saturation
10%
>
P-wave Acoustic Impedance (PAl)
1) Increasing shaliness 4) Decreasing effective pressure
2) Increasing cement volume 5) Increasing gas saturation

3) Increasing porosity

Comparing RPT and AVO observations for Alvheim
3

»
3

>

i
e
. Gas sand model
4 6 8 10 12
Al
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Deposition

Pressure/packing

The anatomy of rock physics templates:
The effect of lithology, compaction and fluids.

00% Brine saturated sandstone
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Ep=0.845E5+18.5

S0 ) 5l Juno

e p» 6l S biw! S| ,_5[»‘5?‘)‘.‘:‘3 C‘)".‘:""" >

Olnl 30 Sl B syl zlyseusl 6l 29290 Lails)

(0 yommns Ss) Sal K

OYA- sa>l5)

Ep=1.1714Es+30.475

15 Sl K

(etal., 1385 >sYgd)

Ep=0.969E5+32.73

(o9 9) (Zzoslys Sal

ezl oo & (o))
(YA

Es=0.581 Ep-4.71

(8l o) 5yle Sal 5 Sal

(OYAY o)

Es=1.082Ep-13.04

i slacS:

OYAY k55 )

Ep=100751exp(757710Es)
Ep=95.8Es

o e slacd

(etal,, 1390 %)

Es=0.014Ep""

(w5 b 3blie) SalKiw

(Najibi et al., 2015)

Es=0.0811Ep"*"

(‘5)1.0.»4] a55le) Sal K

OYAY e s & )

SSleg; g jludae

gy o 6y Soilw] Sl sl S gl pFcwl >

Olnl gl (Sliwl g (Sawliad (Sl gl piolyly o balg,

(GPa) ey ala, S g9 exr
Es=aEp iz slo i (b Heerden, 1987)
Eg=0.74E-0.82 iy S S glgil (Eissa & Kazi, 1988)
logii(Es)=0.02+0.7log 4(Ep) o3y S glyl (Eissa & Kazi, 1988)
Es=0.076V5* S (Horsrud, 2001)
Es=0.0158E,™™ et (Ohen, 2003)

Es=0.018E"+0.422Ep

Sal oroglyd ¢ o Kisolo

(Lacy, 1997)

Es=115E-15.2

(Es>15GPa) Cows K

(Nur & Wang, 1989)

Es=0.77Ep+5.85 iz glaSin (Mockovéiakova & Pandula, 2003)
Eg=0.541Ep+12.852 Sl K (Ameen et al., 2009)
Es=0.564Ep-3.4941 Sewdnle (Fei et al., 2016)

logE, = 2.137+0.6612 * logk,, (Porosity 10%-15%)
logE, = 1.829+ 0.6920 * logE,, (Porosity 15%—25%)
logE, = —04575+0.9404 * logE,, (Porosity >25%)
Unit of Es and E,,: psi

(Morales & Marcinew, 1993)

E, =0.0018xE2’

(Bradford et al., 1998)

Vv, =V, xnultiplier

21+v5) 30142v)
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(MPa) >y alail

UCS=(122.11*Es)/(39.37+Es)
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(Moradian & Behnia, 2009)

UCS=12.8*(Ep/10)"*

)

(Najibi et al., 2015)

USC=13.8E""

10<UCS<300 MPa L SalKiw

(Chang et al., 2006)

USC=25.1E"%

60<UCS<100 MPal Ceagls

(Chang et al., 2006)

0. =(2.280)+(4.1089 * Es)

Unit: MPa, E: GPa

(Bradford et al., 1998)

USC=143.8exp(—6.95¢ )

Y Canglie 5 (0.05<0 <0.2) bagie b o5 el
UCS (30<UCS<150 MPa)

(Chang et al., 2006)
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(Chang et al., 2006)
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gy Bmg,5S LS

(Rzhevski\u\i, 1971)

(MPa) ey ala)l

3048, 100
- =0773%E
o e’

g3 s 3luduno s
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(Horsrud, 2001)
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Canglie s <0.1) ol S5l b sla Lo

Lashkaripour & Dusseault, )

(~79 MPa)YL, (2020
USC=2.922¢ "% o J5lo b (e 5 slodeds fuin (Horsrud, 2001)
USC=0.286¢ ~7% ©>0.27) YU J5ss b sla Lot
UCS=0.0084Es (Siwtls) o0, (Malik & Rashid, 1997)
UCS=0.0073Es (Sis ) o300, (Malik & Rashid, 1997)

UCS=0.0072Es

(S ) @35

(Malik & Rashid, 1997)

UCS=2.28+4.0189Es fr sl (Bradford et al., 1998)
UCS=-2.135 *+28.74¢ +18.82 (S 2l) (2500, (Yagar et al., 2010)
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@ = (58) — (135x¢) (Weingarten & Perkins, 1995)
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