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ABSTRACT

Numerical modeling of 2D seismic wave propagation using spectral finite element method to estimate the
response of seismic waves passing through the poroelastic medium from a hydrocarbon reservoir has been
carried out. A hybrid simple model of the elastic - poroelastic - elastic with a mesoscopic scale element
size of about 50cm was created. Seismic waves which was in the form of the ricker function are generated
on the first elastic medium, propagated into the poroelastic medium and then transmitted to the second
elastic medium. Pororoelastic medium is bearing hydrocarbon fluid in the form of gas, oil or water. Vertical
and horizontal component of velocity seismograms are recorded on all mediums. Seismograms which are
recorded in the poroelastic and second elastic medium show the existence of slow P compressional waves
following fast P compressional waves that do not appear on the seismogram of the first elastic medium.
The slow P wave is generated when the fast P wave enters the interface of the elastic - poroelastic boundary,
propagated in the poroelastic medium and is transmited to the second elastic medium. The curves of
Vertical to horizontal spectrum ratio (VHSR) which are observed from seismograms recorded in the
poroelastic and the second elastic medium show that the peak of VHSR values at low frequency correlated
with the fluid of poroelastic reservoir. The highest VHSR value at the low frequency which is recorded on
the seismogram is above the 2.5 Hz frequency for reservoirs containing gas and oil in the second elastic
medium, while for the medium containing water is the highest VHSR value is below the 2.5 Hz frequency.
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INTRODUCTION

The seismic wave propagation in fluid saturated poroelastic media based on Biot’s theory is
the basis for the numerical simulation of wave propagation in fluid saturated poroelastic media
[1.2] The finite-difference (FD) method for Biot’s equations has been formulated, i.e. finite
difference method in displacement 3! and finite difference method in velocity-stress [4l. An
unsplit convolutional perfectly matched layer (CPML) is the stable new an absorbing boundary
condition has been implemented in finite difference method [*). Numerical modeling of 2D
seismic wave propagation in fluid saturated porous media based on finite difference method
using Graphics Processing Unit (GPU) has been implemented to simple hydrocarbon (oil or
gas) reservoir model [l Numerical modeling of 2D seismic wave propagation in fluid saturated
porous media based on spectral finite element (SEM) has been implemented too [°1. Numerical
modeling of 2D seismic wave propagation in poroelastic medium in realistic hydrocarbon
reservoir trapping model has been implemented by mean spectral finite element (SEM) method
too 191,

In recent years, application of passive seismic method for hydrocarbon prospecting and
exploration has received more attention '] The measurement and processing results of
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passive seismic 3C data of various oil and gas fields from various parts of the world,
empirically show the existence of correlation between the peak values of the vertical to
horizontal spectral ratio (VHSR) in the low frequency band with the presence of the oil or gas
reservoir beneath the seismometer location. The peak value of VHSR around 2 - 6 Hz correlates
with the presence of oil or gas with various fluid characters and physics properties of reservoir.
While the peak value of VHSR in the frequency band least than 2 Hz correlates with water
existence 14l Not many theoretical explanations or numerical modeling that explains the
existence of this empirical phenomenon '], Numerical modeling for the propagation of seismic
waves in pure elastic medium or in pure poroelastic medium cannot explain this phenomenon.

In this study, a hybrid elastic-poroelastic-elastic medium model is proposed to show the
conversion behavior of the P wave when it enters a different medium, from elastic medium to
poroelastic medium. It will be shown that the phenomenon of high VHSR values in the low
frequency band is related to the conversion of a seismic P wave become fast P wave and slow
P wave when entering from a pure elastic medium to a fluid-saturated poroelastic medium. The
conversion of seismic P wave and diffusive character of the slow P wave on the mesoscopic
scale are expected to be able to change the frequency content of the seismic signal [, The 2D
of numerical wave modeling is done using the spectral finite element (SEM) method on 80
cores MPI cluster, so that it can address the homogeneous hybrid elastic — porous elastic
medium model with each element size around 50 cm 81,

METHODS

We use the SPECFEM2D software package [ and decompose the model into 12104
hexahedral elements. In each spectral element we use the polynomial degree of N = 4, and thus
each element contains (N + 1)3 = 125 Gauss-Lobatto-Legendre (GLL) integration points.
Total number of GLL points in the model is 14,124,456. The minimum and maximum distance
between Gauss-Lobatto-Legendre integration points in the model is 2-17 m respectively. We
use a ricker wavelet as source time function with dominant frequency is 20 Hz. The time step
used is At =5x 10°°ms and we propagate the signal for 300.000 time steps, thus total simulation

time is 1.5 s.
Table 1. Physical properties of rock for the réservoir model

P'::zz:fe's Elastic1 | Elastic 2 — P°’°;:TS“° —
V, (m/s) 2700 2750 | 2540 2580 2620
Vi (m/s) 1185 1200 | 1620 1433 1247

ps (ke/my) | 2450 2500 | 2300 2300 2300
K; (GPa) - - 0.02 0.7 2.4

1 (Pa.s) - - 0.00001  |0.03 0.003

K (mD) - ; 100 100 100

a - ; 2.0 2.0 2.0

b (%) - - 10 10 10

pr (ke/m?) - - 150 750 1000

The schematic of simple hybrid model for numerical simulation is shown in Figure 1. The
dimension of the model is 500 m x 450 m which contains three mediums, i.e.: elastic 1,
Poroelastic and elastic 2 medium. Table 1 shows Physical properties of rock for numerical
simulation. The mesh model has900.000 elements using interpolation for domains
decomposition in the form of 4th order polynomials. Spectral element sizes around 50 cm.
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Simulation is done by placing the source point at elastic 1 medium and deploying 1 receiver in
elastic 1 medium, 1 receiver in poroelastic medium and 3 receivers in elastic 2 medium.
Physical properties and fluid filling the reservoir are shown in Table 1.

b)

100 m

Elastic 1

450 m

Figure 1. a) Schematic of hybrid simple model. b) Mesh Implementation model.

The numerical simulation is carried out on a computer cluster containing 7 workstations and
one server with 80 core processors Intel Xeon CPU E5-620 @2.4 GHz using MPI (Message
Passing Interface) under the rock cluster linux operating system at Computational and Seismic
Laboratory, Geophysics Sub-Department, Gadjah Mada University.

RESULTS AND DISCUSSION
Seismic wave propagation

The numerical simulation of seismic wave propagation with spectral finite element (SEM)
method on elastic-pororoelastic hybrid medium using the box mesh model in Figure 1 and
reservoir physics and fluid properties in Table 1. has been completed in computational time of
3 hours 38 minutes to produce propagation waves for 1.5 s. The source of the rickerfunction
(second derivative of the gaussian function) is generated at the location of source S in the elastic
zone 1, spreads into the poroelastic zone of the reservoir and then transmitted to the elastic 2
medium. The M2, M1, H2, H5 and HS recievers record the velocity of wave propagation both
vertical or horizontal direction. The physical property of the poroelastic reservoir medium is
set up according to the variation of the measured reservoir response. Pororoelastic reservoirs
have variation of physical properties such as porosity and reservoir fluid. Reservoir fluid is in
the form of Gas, Oil and Water. Wave propagation images fromt = 0.1 s to t = 0.6 s are shown
in Figure 2.

a) b) c)
t=0.2
f)

t=0.1 t=03
d}. | . . .

t=04 t=05 t=086

Figure 2. Wave propagation images fromt=0.1stot=0.6s
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Seismograms of vertical and horizontal components of the gas, oil and water reservoir with
porosity of 10% are recorded in the H5, H2, M1 and M2 receivers are shown in Figure 3. The
vertical component seismograms of M1 reciever shows the presence of slow P wave that follow
the fast P waves that are not recorded on the seismogram of the M2 reciever in the elastic zone
2. The M2 receiver only record fast P waves and their reflections. The slow P wave from
poroelastic medium is transmitted to the elastic zone 2 following the fast P wave so that it is
recorded in the HS and H2 receivers too.

The horizontal component seismograms of M2, M1 and H5 reciever have a very small
amplitude value range compared to their vertical component seismogram because it is in
vertical line with source S. The horizontal component seismogram of H2 reciever has a
relatively large amplitude value because it is not vertically in line with source S so that it raises
shear waves component. Seismic waves that pass through the reservoir medium containing gas come
at the latest. While seismic waves that pass through the oil medium will come the fastest.
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Figure 3. Vertical and horizontal components seismograms with porosity 10% of gas, oil and water reservoirs. a)
vertical component seismogram of HS reciever, b) horizontal component seismogram of H5 reciever,
¢) vertical component seismogram of H2 reciever, d) H2 reciever horizontal component seismogram,
e) Vertical component Seismogram of M1 reciever, f) Horizontal component seismogram M1 reciever,
g) vertical component seismogram of M2 reciever, h) horizontal component seismogram of M2
reciever.
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The vertical components seismograms from reservoirs containing gas, oil and water with
varying porosity on the H5 receiver are shown in Figure 4. The H5 receiver is located in the
elastic medium 2 that receives wave transmission from the pororoelastic reservoir medium and
has a vertically straight-line position with Souce S. The horizontal component wave is very
small amplitude compared to the vertical component. The slow P wave is seen following the
fast P wave. Seismic waves that pass through a gas-filled reservoir with porosity of 10% arrive
at the latest but have the greatest amplitude or the smallest attenuation. Seismic waves that pass
through a gas-filled reservoir with a porosity of 40% arrive the fastest but have the smallest
amplitude or the greatest attenuation. Seismic waves that pass through reservoirs containing oil
and water have almost the same amplitude and arrival times for all reservoir porosity variations.
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Figure 4. The vertical component seismogram of gas, oil and water reservoir with varying porosity on the HS

receiver. a) Vertical component seismogram of gas reservoir, b) Vertical component seismogram of oil

reservoir, ¢) Vertical component seismogram of water reservoir
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The vertical components seismograms of reservoirs which are containing gas, oil and water
with varying porosity on the M1 receiver are shown in Figure 5. The M1 receiver is located in
the poroelastic zone which receives wave transmissions from elastic zone 1 and has a vertically
straight-line position with source S. The horizontal component wave is very small amplitude
compared to their vertical component. The slow P wave is seen following the fast P wave.
Seismic waves in gas-filled reservoirs with porosity of 10% arrive at the latest but have the
greatest amplitude or the smallest attenuation. Seismic waves in gas-filled reservoirs with
porosity of 40% arrive the fastest but have the smallest amplitude or greatest attenuation.
Seismic waves in reservoirs containing oil with 20% porosity have aslow P wave that comes
faster and amplitude is greater than 10% porosity. Seismic waves from reservoirs containing
water have almost the same amplitude and arrival times for all variations of reservoir porosity.

The vertical components seismograms of reservoirs containing gas, oil and water with varying
porosity in H2 reciever are shown in Figure 6. H2 recievers are located in the elastic medium
2 that accepts wave transmissions from the poroelastic reservoir medium and have a position
not in a vertically straight line with Souce S. Horizontal wave component has a relatively large
amplitude due to shear compression of propagation wave. Slow P waves are seen to follow fast
P waves with imperfect shapes. Seismic waves that pass through a gas-filled reservoir with
porosity of 10% arrive at the latest but have the greatest amplitude or the smallest attenuation.
Seismic waves that pass through a gas-filled reservoir with a porosity of 40% arrive the fastest
but have the smallest amplitude or the greatest attenuation. Seismic waves that pass through
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reservoirs containing oil and water have almost the same amplitude and arrival times for all
variations of reservoir porosity.
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Figure 5. The vertical component seismogram of gas, oil and water reservoir with varying porosity on the M1
receiver. a) vertical component seismogram of gas reservoir, b) vertical component seismogram of oil
reservoir, ¢) vertical component seismogram of water reservoir
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Figure 6. The vertical component seismogram of gas, oil and water reservoir with varying porosity on the M2
receiver. a) vertical component seismogram of gas reservoir, b) vertical component seismogram of oil
reservoir, ¢) vertical component seismogram of water reservoir

Vertical to horizontal spectral ratio (VHSR)

Receiver on M2, M1, H2, H5 and H8 records seismogram of the wave propagation velocity in
both vertical and horizontal directions, then spectral analysis is done in the frequency domain.
The seismogram data from the time domain is transformed the frequency domain by mean
Fourier transforms to get the spectrum. The value of the vertical component spectrum is divided
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by the horizontal component spectrum to get the vertical to horizontal spectrum ratio (VHSR).
Observation of the frequency band and peak spectrum in the low frequency range is carried
out.

The VHSR curve on the H5 receiver is shown in Figure 7. The H5 receiver is located in the
elastic medium that receives wave transmissions from the poroelastic reservoir medium and
has a vertically straight-line position with the source S. The VHSR value of seismic wave that
passing through gas and oil filled reservoir has a peak VHSR curve above 2.5 hz, while a
reservoir containing water has a peak VHSR smaller than 2.5 hz at low frequency. VHSR
values of seismic waves that pass through reservoirs containing gas with low porosity tend to
have a higher spectrum than high porosity.
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Figure 7. VHSR curve on HS5 receiver. a) VHSR curves of gas, oil and water reservoir, b) VHSR curves of gas
reservoir with porosity variations, ¢) VHSR curves of oil reservoir with porosity variations and d)
VHSR curves of water reservoir with porosity variations

The VHSR curve on the M1 receiver is shown in Figure 8. The M1 receiver is located in the
poroelastic medium that receives wave transmissions from elastic 1 medium and has a
vertically straight line position with Souce S. The VHSR value of seismic waves in reservoirs
containing gas, oil and water has a peak below 2.5 hz spectrum at low frequency. VHSR values
of seismic waves from low-porosity gas reservoirs tend to have a higher spectrum than high
porosity.

The VHSR curve on the H2 receiver is shown in Figure 9. The H2 receiver is located in the
elastic 2 medium that receives wave transmissions from the pororoelastic reservoir medium
and has a position not in a vertically straight line with Souce S. The VHSR value of seismic
waves passing through reservoirs containing gas, oil and water has peak spectrum well below
2.5 hz and low value at low frequencies. The energy of the vertical component of the seismic
wave is partitioned in the direction of the shear component.
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Figure 8. VHSR curves on M1 receiver. a) VHSR curves of gas, oil and water reservoir, b) VHSR curves of gas
reservoir with porosity variations, ¢) VHSR curves of oil reservoir with porosity variations and d)

VHSR curves of water reservoir with porosity variations
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Figure 9. VHSR curves on H2 receiver. a) VHSR curves of gas, oil and water reservoir, b) VHSR curves of gas
reservoir with porosity variations, ¢) VHSR curves of oil reservoir porosity variations and d) VHSR
curves of water reservoir with porosity variations

CONCLUSIONS

We have applied the numerical modeling of 2D seismic wave propagation using spectral finite
element method to estimate the response of seismic waves passing through the poroelastic
medium from a hydrocarbon reservoir. A hybrid simple model of the elastic - poroelastic -
elastic with a mesoscopic scale element size around 50cm was created. Seismograms which
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are recorded in the poroelastic and second elastic medium show the existence of slow P
compressional waves following fast P compressional waves that do not appear on the
seismogram of the first elastic medium. The curves of Vertical to horizontal spectrum ratio
(VHSR) which are observed from seismograms recorded in the poroelastic and the second
elastic medium show that the peak of VHSR values at low frequency correlated with the fluid
of poroelastic reservoir. The highest VHSR value at the low frequency which is recorded on
the seismogram is above the 2.5 Hz frequency for reservoirs containing gas and oil in the
second elastic medium, while for the medium containing water is the highest VHSR value is
below the 2.5 Hz frequency.
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