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H E MAEFABARDEITFLGEN, F5 2 Abstract With the deepening of exploration and
levelopment of unconventional oil and gas reservoirs
%) 2k A W 37 ) gy 2 ¢ p g )
PV AL AL R A LA ik R 25 A o L IR -BL A L R especially pore-fracture reservoirs with both pore and
ATHRHE. BEWIT M 5, R E FH fracture reservoir structures have become a research
hotspot. Due to the complexity of geological conditions and
IR X A R SO R A R R TR the band limit of seismic data, these reservoirs often show
B s AR LB TFRE LB E S ke hidden characteristics on longitudir.lal seismi.c d.ata, and it
is very necessary to carry out multi-wave seismic response
M. A4 4 Gassmann 75 42 & 16 57 P AR B 3 22 3 analysis of pore-fracture reservoirs. In this paper, we
3 A e JN A combine the anisotropic fluid substitution theory of
Az Thomsen & 1 jt ik S 23k I e 5 2 HTL AR % Gassmann equation and Thomsen anisotropic parameter
GRS R RNABAARE 5%k, #4777 theory to carry out equivalent HTI medium petrophysical
- o e e 1 modeling; use 2.5-dimensional staggered-grid finite-
A BRI B IR AR AT T B A AR AT 4 difference method to carry out highly efficient elastic
% ok AVO F= AVAz vh 5 4% 45 Ao A0 B M. AR 0 45 42 M7 fluctuation orthotropic  simulation; and analyze the
characteristics and sensitivity of the multi-wave AVO and
A U PP R R ¥ %8 PS I 3Z 4R R 08 aF BL 4 % JE A gL AV Az responses in a variety of geological conditions. The
W A B R, T B 4T B A R 6 T AL R R AR m(J(!el. charact?rization shows that the PP wave near-
deviation amplitude and PS wave far-deviation amplitude
IR A KA fe T A AE AL, £ 90% T iE are more sensitive to the changes of fracture density and
- . . , . s e porosity, which can better reflect the changes of the two
A REIGPP ok AVAZ 45 48K I It ts LA Ay parameters; the amplitudes of different offset distances
ZARmF PSR EARAY A E A MM TA, T have similar characteristics of the changes with water
e N oy % Lz saturation, and there is a sudden change near 90%; the PP
TR AEFT PSR TR LK A FT wave AVAz characteristics show that the amplitude
S kAR M A AT, B 25 T SLIN - M A AL B R amplitude amplitude is near-deviation and far-deviation,
and the PS wave shows the opposite trend, and all of them
JO A AE XS R R A AR L, A M LA are periodic changes, which can indicate the The PS wave
MERA GG ERET AL A FREMA A AVAz characteristics show an opposite trenﬂ in amplitl}de,
s and both of them change periodically, which can indicate
FURR-ZL 4 il B L TR E AL L, 7T A 2 56 8h i o5 the fracture orientation; the defining equation of the PS
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wave tuned thickness is deduced, which complements the
characterization of the multi-wave tuned thickness. The
significance of the pore-fracture type reservoir response
characteristics to the actual data interpretation is
summarized, which provides an important reference for
understanding the fluctuation response characteristics of
complex pore-fracture reservoirs, helps to understand the
actual seismic data phenomena of complex pore-fracture
reservoirs, and can effectively assist the design of the
interpretation scheme to improve the accuracy of the
interpretation.

Keywords Pore-fracture reservoir; Petrophysics; HTI
medium; Anisotropy parameter; AVO; AVAz
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Fig. 1  Schematic diagram of pore-fracture
reservoir geological conditions( pores ( blue)
and fractures (red) )
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Table 2 Parameter design for the 1st, 2nd, and 4th Layers
== H/m V,/(m/s) V./(m/s) p/ (kg/m*) & % B 0/(°) o/ (°)
1 600 5200 3002 2632 0 0 0 0 0
2 400 4840 2635 2586 0 0 0 0 0
3 change change change change change change change 90° change
4 1000 5500 2895 2670 0 0 0 0 0
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Fig.2  Schematic diagram of the staggered arrangement of discrete stress-velocity equation wavefield components
(a) Schematic diagram of spatial staggering in the grid; (b) Schematic diagram of temporal-spatial staggering in the grid;
(¢) Schematic diagram of temporal-spatial staggering in the grid at different time steps.
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Table 3 Parameter settings for reservoir thickness variation

NI
C[U

H/m V,/(m/s) V./(m/s)

p/(kg/m3) & y S 0/(°) o/ (°)

10/20/30/35/40/50

/60/70/80/90/100 4231 2601

-0.1104 -0. 0827 -0.0433 90 0
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Fig.5 AVO curves of amplitude variation with reservoir thickness

(a) AVO curve of PP — wave with reservoir thickness variation; (b) AVO curve of PS-wave with reservoir thickness variation.
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as a function of reservoir thickness
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Table 6 AVO characteristics of amplitude variation with porosity
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Fig.7 Curves of model parameters with porosity variation
(a) Curves of P-wave and S-wave velocities with porosity variation; (b) Curves of Thomsen anisotropic parameters
with porosity variation; (¢) Curve of density with porosity variation.
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Fig.8 AVO curves and gradient variation curves with porosity

(a) AVO curve of PP-wave with reservoir porosity variation; (b) AVO curve of PS-wave with reservoir porosity variation;

(c¢) Gradient curve of PP-wave with porosity variation at different offsets; (d) Gradient curve of PS-wave with

porosity variation at different offsets.
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Fig.9 Response, normalized, and gradient curves of amplitude variation with porosity

(a) PP-wave amplitude variation curve with porosity; (b) PS-wave amplitude variation curve with porosity;

(c¢) Normalized amplitude curve with porosity; (d) Normalized amplitude gradient curve with porosity.
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(a) Vertical and horizontal S-wave velocity variation curves with fracture density; (b) Vertical and horizontal P-wave velocity
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Fig. 10 Curves of model parameters with fracture density variation

variation curves with fracture density; (c¢) Curves of Thomsen anisotropic parameters with fracture density variation.
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Table 7 AVO characteristics of amplitude variation with fracture density
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Fig. 11 AVO curves and gradient variation curves with fracture density
(a) AVO curve of PP-wave with reservoir fracture density variation; (b) AVO curve of PS-wave with reservoir fracture density variation;
(¢) Gradient curve of PP-wave with fracture density variation at different offsets; (d) Gradient curve of PS-wave

with fracture density variation at different offsets.
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normalized, and gradient curves of amplitude variation with fracture density

(a) PP-wave amplitude variation curve with fracture density; (b) PS-wave amplitude variation curve with fracture density;

(¢) Normalized amplitude curve with fracture density variation; (d) Normalized amplitude gradient curve with fracture density variation.
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Fig. 13 Curves of model parameters with water saturation variation
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(a) P-wave and S-wave velocity variation curves with water saturation; (b) Curve of density with water saturation variation;

(c¢) Curves of Thomsen anisotropic parameters with water saturation.
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Fig. 14 Amplitude variation curves with water saturation

(a) AVO curve of PP-wave with reservoir water saturation variation; (b) AVO curve of PS-wave with reservoir water saturation variation.
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Fig. 15 Response, normalized, and gradient curves of amplitude variation with water saturation
(a) PP-wave amplitude variation curve with water saturation; (b) PS-wave amplitude variation curve with water saturation;
(¢) Normalized amplitude curve with water saturation variation; (d) Normalized

amplitude gradient curve with water saturation variation.
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Fig. 16  Curves of model parameters with fracture azimuth variation

(a) Vertical and horizontal P-wave velocity variation curves with fracture azimuth; (b) Vertical and horizontal S-wave velocity variation

curves with fracture azimuth; (¢) Curves of Thomsen anisotropic parameters with fracture azimuth variation.
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Fig. 17 Amplitude variation curves with fracture azimuth

(a) AVO curve of PP-wave with reservoir fracture azimuth variation

(b) AVO curve of PS-wave with reservoir fracture azimuth variation.
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Table 10 Differences in AVO characteristics between the dense background layer and

porous-fractured development in PP and PS waves
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gradient curve with fracture azimuth variation.
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Fig.20  Amplitude response of pore-fracture model

(a) Response surface of PP wave in pore-fracture model; (b) Response surface of PS wave in pore-fracture model;

(¢) Response curve of PP wave in pore-fracture model; (d) Response curve of PS wave in pore-fracture model.
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Fig.21  AVO characteristic curves with porosity and fracture density variation
(a) AVO characteristic curve of PP wave with fracture density of 0. 01 and porosity variation; (b) AVO characteristic curve of PP wave with fracture
density of 0. 04 and porosity variation; (¢) AVO characteristic curve of PP wave with fracture density of 0.07 and porosity variation; (d) AVO
characteristic curve of PP wave with fracture density of 0. 10 and porosity variation; (e) AVO characteristic curve of PP wave with fracture density of
0. 13 and porosity variation; () AVO characteristic curve of PS wave with fracture density of 0. 01 and porosity variation; (g) AVO characteristic curve
of PS wave with fracture density of 0. 04 and porosity variation; (h) AVO characteristic curve of PS wave with fracture density of 0. 07 and porosity
variation; (i) AVO characteristic curve of PS wave with fracture density of 0. 10 and porosity variation; (j) AVO characteristic curve of PS wave with
fracture density of 0. 13 and porosity variation.
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Fig. Al

Data preprocessing of the model

(a) Shot gather selection for the PP wave reservoir model with a thickness of 100 m; (b) Phase processing for the PP wave reservoir model with

a thickness of 100 m; (c¢) First-break removal for the PP wave reservoir model with a thickness of 100 m; (d) Shot gather selection for the

PS wave reservoir model with a thickness of 100 m; (e) First-break removal for the PS wave reservoir model with a thickness of 100 m;
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