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Abstract—The aim of this article is representing of mathematical modeling results in spatial
exploration seismology problems, in particular the problem of seismic waves propagation in fractured
layers with fractures of diﬀerent dimensions. The modeling was produced by grid-characteristic
method with use of irregular computational meshes (triangle in 2D-case and tetrahedral in 3Dcase). The use of such numerical method takes into consideration the characteristic physical properties of describing processes and give us possibility to construct correct algorithms on boundaries
and contact boundaries in integrational domain. By the use of unstructured meshes we can produce
computations of wave processes in any areas of diﬀerent complex shapes.
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1. INTRODUCTION
For the oil and gas sources in widespread carbonate rocks and dense sandstones the development of
systems of sub-vertical fractures of various scales is typical. They play a signiﬁcant role in the ﬁltration
properties of productive reservoirs, that determines the importance of assessing their spatial position
and characteristics. There are several categories of fractures: macrofractures with a length in height
from the ﬁrst tens to the ﬁrst hundred meters; mesofractures with a height equal to the ﬁrst meters and
microfractures with a length of height of the ﬁrst centimeters.
The paper presents the results of numerical simulation in exploration seismology problems [1] using
the grid-characteristic method (GCM) [2] with high-order interpolation [3] on irregular computational
meshes (ICM) "— unstructured triangular (in 2D-case) and tetrahedral (in 3D-case) meshes with
setting boundary conditions on the interface of the medium and fractures, and on the boundaries of the
integration domain, taking into consideration the characteristic properties of the system of equations.
In contrast to the widely used ﬁnite-diﬀerence modeling using the eﬀective medium method [4–7], this
approach makes it possible to compute all heterogeneous inclusions in the geological medium, which
are directly deﬁned in the integration domain as boundary conditions and contact boundary conditions.
Numerical algorithms were parallelized on high-performance computing systems [8, 9]. The wave
responses from single sub-vertical macrofractures and their uniformly oriented systems were simulated.
Fractures of diﬀerent complex shape and various relative orientations in space were considered.
A separate problem is the development and application of models of fractures that are optimal in terms
of the speed of calculation and approximate to real inhomogeneities. The fractures in this work are stated
by diﬀerent contact and boundary conditions that allow simulating gas-saturation, ﬂuid-ﬁlling, as well
as partial gluing.
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2. MATHEMATICAL MODEL AND NUMERICAL SOLUTION
The govering equation system of linear-elastic medium [14] can be represented as
∂σji
∂V
=
,
ρ
∂t
∂xj




 ∂Vk
∂Vi
∂Vj
∂σij
Iij + μ
=λ
+
,
∂t
∂xk
∂xj
∂xi

(1)

k

where Vi is the velocity component, σij is stress tensor component, ρ is density of medium, λ and μ are
Lame coeﬃcients, Iij is component of unit tensor. By the vector u = {Vx , Vy , Vz , σxx , σyy , σzz , σxy , σxz ,
σyz } the system (1) can be represented as

∂u
∂u
+
Ai
= 0.
(2)
∂t
∂ξi
i=1,2,3

The numerical solution is being obtained with use of grid-characteristic method [2]. By the coordinate
splitting of (2) we get the system of independent scalar transfer equations in Riemann invariants
∂w

∂w

+ Ωi  = 0.
∂t
∂ξi

(3)

wkn+1 (ξi ) = wkn (ξi − ωk τ ),

(4)

For the each transfer equation (3)
where τ is timestep. Then we return to the vector of desired values u. For the interpolation [3] on irregular
triangle (in 2D-case) and tetrahedral (in 3D-case) meshes the values in each point we deﬁne by use of
values in supporting points of mesh w(
 rijkl ) and weights of these points pijkl (r) as

pijkl (r)w(
 rijkl ),
(5)
w(
 r) =
i,j,k,l

where D is the matrix 9 × 3 for 3D-case (5 × 2—for 2D-case), d is vector, u are desired values of velocity
and stress tensor components in boundary point on the next timestep.
3. MODELS OF FRACTURES
In real problems of exploration seismology we deal with a heterogeneity of the na-ture of elastic waves
interaction with the surface of a fracture by the propagation through it [15]. The fracture is a complex
heterogeneous structure. In some places the surfaces of fractures are places in some distance between
themselves and are separated by ﬁlling ﬂuid or emptiness, in some places we can observe the gluing
of surfaces, when under the action of pressure forces the fracture surfaces are closely adjoined to each
other. In addition, fractures can be classiﬁed by the nature of saturation: ﬂuid or gas. Obviously, for such
a large variety in the structure of fractures, one can not use the only one model that satisﬁes for all cases.
This section is about developed models of fractures based on model of inﬁnitely thin fracture. We
consider the most popular cases such as gas-saturated, ﬂuid-ﬁlled, glued and partially glued fractures.
For each case the special model was developed.

3.1. Gas-Saturated (Empty) Fracture
The model of gas-saturated (empty) fracture models well the behavior of fractures saturated by air or
gas of a little depth up to 100–150 m. In more depths the fractures with air are closed by action of large
pressure and gas acquires properties of liquid.
The fracture can be set as boundary condition of full reﬂection on surfaces of fracture:
Tn = 0.
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Such model is applicable for describing situation. The velocity of longitudinal elastic wave propagation
in geological medium (1500–7000 m/s) is signiﬁcantly more the wave velocity in air (330 m/s) and
natural gas (430 m/s) in little pressures. The velocity of shear elastic wave propagation in air is equal to
zero. The same situation with densities (1000–3000 kg/m3 versus 1.2 kg/m3 ). Therefore, the reﬂection
coeﬃcient is closed to zero. Thus, a fracture saturated by gas in pressure closed to normal one can
consider as empty and set by free boundary condition, which give a full reﬂection of falling wave.

3.2. Fluid-Filled Fracture
In the most of practical problems fractures are ﬁlled by ﬂuid: water, oil, liqueﬁed gas, etc. So, it was
expediently to develop a model allowing to describe such situation.
Fluid-ﬁlled fracture is set as contact boundary with free slide condition:
va · n = vb · n,

fna = fnb ,

fτa = fτb = 0.

(7)

Such contact boundary fully passes any longitudinal vibrations without reﬂection and fully reﬂects
shear waves. This situation corresponds to real one: values of longitudinal waves propagation in ﬂuids
velocities and densities are comparable with velocities and densities of real geological media. At the
same time velocities of shear vibrations in ﬂuids are closed to zero.

3.3. Gluing Fracture
In the big depth under pressure action the surfaces of fracture can be closed as elastic waves almost
fully propagate through the fracture. In such case the most optimal it will be to use the contact condition
of gluing:
va = vb ,

fa = −fb ,

(8)

where v are the velocities of closing boundary points, f are the forces acting on boundary. “a” is the ﬁrst
and “b” is the second surfaces of fracture.

3.4. Partially Gluing Fracture
In real exploration seismology we take a deal mostly with partially gluing fractures, where part of
sides surface is gluing and part is separated by ﬂuid or gas. Such fractures give partial propagation
elastic wave front, that inﬂuents to amplitudes of response wave of seismograms.
The model of fracture was developed. In this model in diﬀerent points of surfaces conditions gas–
saturation (ﬂuid–ﬁlling) and full gluing are set randomly. The number of point of each type is regulated
by weight coeﬃcient "— coeﬃcient of gluing. Such model give us possibility to set gas-saturated and
ﬂuid-ﬁlling fractures with fracture of gluing points from 0 to 100%. As the fracture reﬂects the wave
front in some points and propagates it in others, the superposition of diﬀracted waves formed by wave
interaction with all points is response of gas–saturated (ﬂuid–ﬁlled) fracture with less amplitude.
4. THE RESULTS OF MODELING

4.1. Wave Response from Single Fracture
The computations for single subvertical fracture [10] with height 40 m and 200 m (microfracture)
were produced. The depth of fracture was 2000 m. The parameters of medium was close to carbonates.
The velocities are Vp = 4500 m/s, Vs = 2500 m/s and the density was ρ = 2.5 g/sm3 . The initial
source was plane wave. The results of computation in form of synthetic seismograms are represented on
Figure 1. On ﬁgure 1a are seismograms for the case of empty fracture model. From the left to right the
seismograms are represented: X is component of velocity for fracture with weight 40 m, Z is component
for the fracture with weight 40 m, X is component for the fracture with weight 200 m and Z is component
of velocity for the fracture with weight 200 m. The similar results for ﬂuid–ﬁlled fracture are represented
on Figure 1b.
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Fig. 1. Seismograms of response from single fracture.
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Fig. 2. Seismograms of response from single fracture.

The response from single fracture consists of diﬀracted longitudinal and shear waves. They generated
by the upper and lower points of fracture. By the weight of fractures the same as seismic wave length
and more we explore their separate registration. By the reduce of fracture height the waves are getting
closer and forming the uniﬁed wave. The inﬂuence of saturation character of fracture by gas or ﬂuid to the
wave response structure is rather signiﬁcant. In case of gas-saturation the intensity of response waves
is multiply more then in case of ﬂuid-ﬁlling.
In case of ﬂuid–ﬁlled fracture the best for response observation is on X-component of seismogram.
In case of gas–saturation is on Z-component.

4.2. The Response from System of Subvertical Fractures
This section is about responses from system of subvertical parallel fractures [11]. The accommodating medium elastic characteristics are close to carbonates. The velocity of longitudinal waves is
4500 m/s, the velocity of shear waves is 2500 m/s and density is 2.5 g/sm3 . The integrational domain
had the width 7000 m and the depth 4000 m. Fractures (their centers) were placed on the depth 2000 m,
and their height was 100 m.
The source of waves was on surface. There was the rectangular plane wave with frequency 30 Hz.
The results were represented as several wave patterns for ﬁxed time points and as seismograms (on
surface). We variate options of fracture system such as number of fractures, distance between fractures,
height of fractures, character of saturation (gas or ﬂuid) and horizontal length of system.
For case of ﬂuid-ﬁlling the results as synthetic seismograms were represented on Figure 2 (X(a) and
Z(b) are components).
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Fig. 3. Seismograms of response from single fracture.
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Fig. 4. Seismograms of response from single fracture.
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Fig. 5. Seismograms of response from single fracture.

4.3. The Response from Fracture System with Parameters Dispersions
The inﬂuence of dispersion of distance between fractures and their angles to response was researched.
Dispersions were stated by random numbers generator. On Figure 3 the seismograms for the case of
dispersion of both parameters (distance between fractures and angle of incline) of 20%. On Figure 4 the
graphs of energy characteristics of response are represented depending on dispersions value. For real
dispersions the energy of response changing not signiﬁcantly.
4.4. Fractures of Complicated Form
Also the responses from fractures of complicated stepped form were obtained. The common problem
state is like the previous problem. The fracture height 100 m and incline angle 100 .
On Figure 5 the matching of seismograms of responses from ideal fracture and fracture with steps
and the seismogram of diﬀerence of these responses. We can see that kinks and roughness contribute
the signiﬁcant inﬂuence on response comparable with fractures end points.
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Fig. 6. Seismograms of response from single fracture.
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Fig. 7. Seismograms of response from single fracture.

4.5. Modeling with Diﬀerent Models of Fractures
Some research of diﬀerences in responses from diﬀerent model structure was produced [12]. The
scheme of computational experiment is represented on Figure 6.
Physical characteristics of host medium: Vp = 2300 m/s, Vs = 1300 m/s, ρ = 1200 kg/m3 . There
were eleven fractures on the depth of 400 m. The height of fractures was 100 m, the incline was α = 50 .
The distance between fractures was 50 m. The size of computational domain was 6 × 0.7 km. The initial
signal was present as plane longitudinal wave front. The responses was being registered on the surface
of observing by seismoreceivers, placed on the distance of 25 m between themselves.
The results for case of partially glued ﬂuid–ﬁlled fracture are represented on Figure 7. There is some
linear amplitude of diﬀracted conversive wave in response dependence on gluing coeﬃcient. Its value is
evenly decreasing by increase of fracture glued area.
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Fig. 8. Seismograms of response from single fracture.

In case of gas-saturated (empty) fractures (Figure 8) we studied as dependences of diﬀracted
conversive wave as dependence of diﬀracted longitudinal wave on the gluing coeﬃcient g.
The amplitudes of diﬀracted longitudinal waves are also decreasing linearly. The linearity for diﬀracted
conversive wave is violated by gluing coeﬃcient more than 10%, as in this case the amplitude becomes
comparable with the calculation error.
5. CONCLUSIONS
The results obtained have good prospects for application in real engineering exploration seismology
problems. Veriﬁcation was performed with a laboratory experiment [13]. In the future, a comparison with
real seismic data is planned.
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