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Abstract
The scale of the fractures can vary, making the seismic velocity and anisotropy substantially scale dependent. Two mecha-
nisms of the scale-dependent phenomenon may be considered: scattering and wave-induced fluid flow. In this study, we 
measure the scale-dependent velocity and anisotropy effects through laboratory experiments on porous and non-porous 
artificial rocks containing aligned fractures. This allows us to isolate the effects of these two mechanisms for the first time, 
yielding some insights into the scale-dependent phenomenon. For short-wavelength waves, scattering dominates with less 
wave-induced fluid flow effects. For intermediate- and long-wavelength waves, the P-wave is strongly scale dependent 
mainly due to wave-induced fluid flow mechanism, and the slow shear-wave is also strongly scale dependent but due to both 
scattering and wave-induced fluid flow. However, the fast shear-wave is almost scale independent. Moreover, a multi-scale 
equivalent medium theory can model the P-wave propagation accurately.
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List of Symbols
λP . λs  Wavelength of P- and S-waves
d  Fracture scale length
τm  Relaxation time at grain scale
τf  Relaxation time at fracture scale
�  Fluid viscosity
k  Permeability
cv  Volume of the individual cracks
Kc  Inverse of the crack space compressibility
c1  Number of connections to other elements 

of the pore space
�c  Critical stress
μ  Shear-wave modulus
r  Aspect ratio of the crack

ν  Poisson’s ratio of the isotropic rock 
matrix

�,af  Grain size and fracture size
�p , �c , �f   Porosity, crack density and fracture deity
Cijkl  Stiffness tensor of fractured rock
C0
ijkl

  Elastic properties of the unfractured 
porous rock

C1
ijkl

 , C2
ijkl

 , C3
ijkl

  Contributions from the pores, micro-scale 
cracks and meso-scale fractures, 
respectively

�0 , �0  Lame parameters of porous background 
matrix

1 Introduction

Fractures in underground rocks strongly influence rock prop-
erties (Ding et al. 2019; Fan et al. 2013; Li et al. 2015a), and 
understanding the fracture system within these rocks is criti-
cal to a range of geoscience applications such as hydrocar-
bon exploration, water resource management,  CO2 capture 
and storage, and geo-thermal exploitation (Fan et al. 2018). 
Characterizing the fracture system is a difficult task because 
of its various scales, from pore size to hectometers (Barbier 
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et al. 2012). In some hydrocarbon reservoirs, the dominant 
fractures are on both the formation scale (10–100 m) and 
the sector scale (100–1000 m) (Li et al. 2015b; Stephenson 
et al. 2007). Hydrocarbon reservoir behaviour influenced 
by large-scale fractures (e.g. decimeter to hectometer) has 
been examined in real case studies (Cosentino et al. 2002). 
Previous studies have shown that the influence of fracture 
geometrical parameters, in particular the fracture scale, 
is substantial with respect to rock physical properties (de 
Dreuzy et al. 2001; Liu et al. 2018; Pan et al. 2017; Tran 
et al. 2006; Wang et al. 2017).

Along with the preferred orientation of minerals (Nico-
las and Christensen 1987), sedimentary layering (Backus 
1962), micro-cracks, and pores in a non-hydrostatic stress 
field (Hall et al. 2008), aligned fractures are the main cause 
of seismic anisotropy that generate directional variations 
of seismic velocity. The azimuthal information extracted 
from seismic velocity can be used to investigate the frac-
ture parameters (Boness and Zoback 2004). Observations 
of amplitude versus azimuth, azimuthal travel time (Wang 
2011), attenuation (Ekanem et al. 2013; Li et al. 2019), and 
shear wave splitting (Al-Harrasi et al. 2011; Verdon and 
Kendall 2011) can be used to estimate the fracture proper-
ties. Nonetheless, distinguishing the fracture parameters at 
the various scales is still a problem due to heterogeneity and 
frequency-dependent anisotropy (Chapman 2009; Jiang et al. 
2016; Pyrak-Nolte and Nolte 1992).

Scale-dependent seismic properties in fractured media 
may arise from two potential mechanisms. One is the scat-
tering of seismic waves which is related to the ratio of the 
seismic wavelength ( λ ) to the fracture diameter ( d ). Scale-
dependent velocity due to scattering has been widely stud-
ied in isotropic media (Berryman 1992) and in anisotropic 
media (Hudson 1981). The other mechanism is wave-
induced fluid flow which is related to the pressure equali-
zation process during seismic wave propagation described 
by the equivalent medium theory (EMT) in fractured rocks 
(Berryman 1980; Carcione et al. 1991; Hudson et al. 1996). 
Based on numerical finite difference forward modelling, 
previous study pointed out that the effective medium model 
is qualitatively valid when λ∕d > 3 for shear-wave propaga-
tion (Yousef and Angus 2016). Measurements of shear-wave 
splitting (SWS) are unstable when 1 < 𝜆s∕d < 3, where the 
scattering is dominant. When 𝜆s∕d < 1 , there is no scale 
dependency, and the fractured medium becomes transversely 
isotropic. Previous research discussed the squirt flow mech-
anism which considers both wave-induced fluid flow and 
scattering on rough fracture surfaces (Baird et al. 2013). 
However, there is a lack of experimental studies to validate 
theoretical and numerical findings due to the difficulties in 
carrying out laboratory experiments on rocks with controlled 
fracture geometry, and particularly in isolating the effects of 
these mechanisms.

In this paper, we fill this gap through the use of two sets 
of artificial rocks to measure scale-dependent velocity and 
anisotropy. One set of non-porous artificial rocks contains 
penny-shaped fractures, and we analyse the scattering effects 
while the fluid flow effect is absent. In the other set of porous 
artificial rock in which fractures and pores are saturated by 
air, we analyse dispersion caused by wave-induced fluid flow 
in the long-wavelength region where non-porous artificial 
rocks show scale independence. These laboratory experi-
ments validate previous numerical findings and reveal new 
insights into the scale-dependent velocity effects due to the 
two main mechanisms, which forms the basis for character-
izing fracture properties using seismic anisotropy.

2  Methods

2.1  Sample Preparation

Artificial rocks have been used to represent fractured rocks 
in several previous studies. We built two sets of artificial 
rock samples containing aligned fractures. First, a set of non-
porous artificial rocks which is a powder - epoxy mixture 
with a density of 1.66 g/cm3, and P- and S-wave velocities 
of 2920 m/s and 1450 m/s, respectively. When the sample 
is constructed layer by layer, the penny-shaped inclusions 
made of rubber (with low P-wave velocity of 1360 m/s, 
density of 1.09 g/cm3, S-wave cannot propagate in rubber) 
are distributed on each layer. Six samples containing differ-
ent sizes of fractures are constructed. The fracture diameter 
is 2.50 mm, 3.00 mm, 3.60 mm, 4.30 mm, 5.00 mm, and 
6.20 mm, respectively (Fig. 1a).

Then we used a different construction method, based on 
advances in material science, to build artificial porous sand-
stones (Ding et al. 2017) that have similar mineral compo-
nents, pore structure, and cementation to natural rocks. The 
materials chosen for building artificial porous sandstone are 
silica sand and clay minerals. We choose sodium silicate as 
a binder, which provide silicic cementation similar to natu-
ral rocks. The mineral powders are mixed in a ball mill for 
24 h to ensure homogeneity and then mixed with sodium 
silicate. The mixture is then poured layer after layer into a 
100 × 100 mm mold to create an artificial rock block. When 
laying the sand mixture in the mold, polymeric material 
discs are spread out on the surface of each layer. The mold 
is compressed under 10 MPa for 10 h, then is moved out and 
heated for 7 days at 80 ℃. After the block has consolidated 
under these conditions, it is placed into a muffle oven and 
sintered in a high-temperature environment at 900 ℃. The 
polymeric material discs decompose into gas and leak out 
the block under high temperature (900 ℃), leaving penny-
shaped voids within the block, simulating fractures.
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To create artificial rocks with different sizes of frac-
tures, we choose discs with three different diameters and 
spread them in three different parts of each layer. We 
set the fracture density at 5%, the fracture thickness at 
approximately 0.06 mm, and the fracture diameters at 
2.00 mm, 3.00 mm, and 4.00 mm, respectively. There 
is also a sample with no fractures as a reference sam-
ple, providing the background properties. After the block 
was sintered in the oven, it was cut into four blocks with 
different sizes of fractures. The artificial rock surface is 
then polished for better coupling with the ultrasonic trans-
ducers. Figure 1b shows the completed porous artificial 
rock samples, and Fig. 1c–f shows the SEM images of the 
fracture distribution and geometry in the artificial rocks. 
Figure 2 shows the X-ray CT images of porous artificial 
rocks. The imbedded fractures are aligned and have same 
geometries, as described in equivalent medium theories. 
Compared with the complex fracture parameters in natu-
ral rocks, distribution and geometries of the aligned frac-
tures in artificial rocks can be quantitatively controlled. 
Hence, artificial rocks with aligned fractures can be used 
to observation the seismic anisotropy affected by fracture 
parameters, and to validate the equivalent medium theo-
ries (Ding et al. 2014, 2017; Tillotson et al. 2014).

2.2  Ultrasonic Measurements

The porous artificial rocks are placed in an oven and dried 
for 24  h to evaporate any water, leaving air-saturated 
artificial rocks. According to the test standards of DZ/
T0276.24-2015, ultrasonic devices (as shown in Fig. 3) 
are used to measure the P- and S-wave velocities of the 
non-porous and porous samples with different fracture 
sizes. The transmitted P- and S-wave signals are recorded 
with a digital oscilloscope and a desktop computer. The 
time sampling interval for all experiments is 0.04 �s for 
both P- and S-wave signals. Phase velocity is measured 
in the parallel or perpendicular directions to the symme-
try axis (Dellinger and Vernik 1994). Hence, the phase 
velocities of both P- and S-waves are measured at 0° (e.g. 
perpendicular to fracture plane) and 90° (e.g. parallel to 
the fracture plane). The transmitted signals of the refer-
ence sample are analysed by Fourier transform to obtain 
the dominant frequency. The velocities of the matrix are 
measured from the reference sample, and the wavelength 
of different frequency is calculated.

Fig. 1  a The non-porous 
samples with aligned cracks. 
b The porous samples with 
aligned cracks. c The fracture 
geometries. SEM images of 
the fracture geometry in the 
porous samples with 2.00 mm 
(d), 3.00 mm (e), 4.00 mm (f) 
fractures
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Fig. 2  X-ray CT images of 
the fracture distribution in the 
porous samples with 2.00 mm 
(a), 3.00 mm (b), and 4.00 mm 
(c) fractures

Fig. 3  Schematic diagram for the ultrasonic measurement system and the Olympus ultrasonic transducers
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2.3  Modelling the Fluid Flow Effects 
by the Frequency‑Dependent Rock Physics 
Model

In the frequency-dependent Chapman’s model for fractured 
rocks (Chapman 2003; Chapman et al. 2002), fluid flow 
takes place at two scales: the grain-scale local flow and the 
meso-scale inter flow. The grain-scale local flow is related 
to the squirt flow relaxation time τm,

where � is the fluid viscosity, k is the permeability, cv is 
the volume of the individual cracks, � is the grain size, Kc 
is the inverse of the crack space compressibility, c1 is the 
number of connections to other elements of the pore space, 
and �c = ��r∕[2(1 − �)] is the critical stress in which μ is 
the shear-wave modulus, r is the aspect ratio of the crack, 
and v is the Poisson’s ratio of the isotropic rock matrix. The 
meso-scale inter flow is related to a larger relaxation time τf 
which depends on the fracture size:

where af is the fracture size. The overall stiffness tensor is 
given by

where C0
ijkl

 represents the elastic properties of the unfrac-
tured porous rock, and C1

ijkl
 , C2

ijkl
 and C3

ijkl
 are the contribu-

tions from the pores, micro-scale cracks and meso-scale 
fractures, respectively. �p is the porosity, �c is the crack den-
sity, and �f is the fracture density. The overall elastic proper-
ties of the fractured porous rock are functions of the proper-
ties of the unfractured porous rock, and crack and fracture 
densities, as well as the seismic wave frequency and the fluid 
properties.

Note that the original form of Chapman’s model (Chap-
man 2003; Chapman et al. 2002) is limited to low porosity, 
following the interaction energy approach of Eshelby’ model 
(Eshelby 1957). Then Chapman’s model was modified with 
no such limitation (Chapman et al. 2003), making the model 
more applicable to real data. By introducing the λ0 and μ0 
which were calculated from the measured V0

p
 and V0

s
 and 

density of the un-fractured rock, a C0
ijkl
(Λ, M) term, a fre-

quency w0 is added to Eq. (3):

(1)τm =
cv�

(

1 + Kc

)

�ck�c1
,

(2)τf =
af

�
τm

(3)Cijkl(�) = C0
ijkl

− �pC
1
ijkl

− �cC
2
ijkl

− �fC
3
ijkl
,

(4)
Cijkl(�) = C

0
ijkl
(Λ,M,w) − �pC

1
ijkl

(

�0,�0,w
)

− �cC
2
ijkl

(

�0,�0,w
)

− �fC
3
ijkl

(

�0,�0,w
)

,

where

In the case of high porosity, the model is simplified by 
setting the crack density to zero, Then Eq. (4) becomes

Based on the measured parameters of the unfractured 
rock, fluid properties and fracture parameters, the elastic 
moduli of the fractured rock can be determined by the above 
equations. The velocities are then calculated following the 
Christoffel equations (Cheadle et al. 1991).

The micro-scale relaxation time τm is a free parameter 
which should be determined from measured data. The 
value of τm is sought that minimized the misfit between 
the measured data and the theoretical predictions. The 
minimum value of the relative difference is considered 
to be the τm of the micro-scale relaxation time. Figure 4 
shows the relaxation time corresponding to the minimum 
value is τm = 3.55 × 10−7s . Then the estimated τm is used 
to generate the theoretical predictions of porous artificial 
rocks. The input parameters for Chapman’ model are the 
measured data of porous artificial rock with no fractures, 
the fracture parameters and background properties shown 
in Table 1, and the estimated relaxation time τm is as given 
above.

(5)Λ = �0 + Φc,p

(

�0,�0,w0

)

; M = �0 + Φc,p

(

�0,�0,w0

)

,

(6)�0 = �

(

V0
p

)2

− 2�0;�0 = �
(

V0
s

)2
.

(7)
Cijkl(�) = C0

ijkl
(Λ,M,w) − �pC

1
ijkl

(

�0,�0,w
)

− �f C
3
ijkl

(

�0,�0,w
)

.

Fig. 4  The estimation of relaxation time �
m

 of porous background 
sample
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3  Results

3.1  Non‑porous Artificial Rocks

The measured results of non-porous artificial rocks show 
that the P-wave velocity varies significantly with the ratio 

of the P-wave wavelength to the fracture diameter ( �P∕d ), 
especially in the direction perpendicular to the fractures. 
When 𝜆P∕d < 14 , as shown in Fig. 5a, P-wave velocity is 
strongly affected by scattering and decreases with increas-
ing �P∕d . When �P∕d > 13, the P-wave velocity remains 
unchanged as �P∕d increases. Figure 5b shows the vari-
ations of the S-wave velocity with the ratio of S-wave 
wavelength to fracture scale ( �S∕d ). The fast shear wave 
velocity shows little variation with �S∕d overall. However, 
when 𝜆S∕d < 4 , the slow shear wave velocity decreases 
sharply with increasing �S∕d , and when 𝜆S∕d > 3 , the 
S-wave velocity then becomes stable and shows no vari-
ation with �S∕d.

Figure  5 indicates that the long wavelength limit 
for P-wave propagation is 𝜆P∕d > 13 and for S-wave is 
𝜆S∕d > 3 . This confirms the numerical findings of previ-
ous study (Yousef and Angus 2016). In the intermediate 
regions ( 1 < 𝜆P∕d < 14 and 1 < 𝜆S∕d < 4 ), Rayleigh scat-
tering affects the P- and S-wave velocity, and phase velocity 
decreases with increasing λ∕d . As the ratio approaches one 

Table 1  Import parameters of porous samples for Chapman’s model

#1 #2 #3 #4

Fracture density 5.00% 5.00% 5.00% –
Fracture diameter 2.00 mm 3.00 mm 4.00 mm –
Fracture thickness 0.06 mm 0.06 mm 0.06 mm –
Fracture aspect ratio 0.03 0.02 0.015 –
Fluid density 1.29 kg/m3

Fluid bulk modulus 0.133 GPa
Grain size 75 μm
Fluid viscosity 1 cP
Permeability 500 mD

Fig. 5  Experimental results for the non-porous rocks. a P-wave veloc-
ity. Squares represent velocities in the parallel direction and triangles 
in the perpendicular direction to the fracture strike. b S-wave velocity. 
Here, squares represent the fast shear wave and triangles represent the 

slow shear wave. c, d (Thomsen 1986) parameters ε (squares) and γ 
(triangles), representing P- and S-wave velocity anisotropies, respec-
tively
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( λ∕d ≈ 1 ), the phase velocity sharply increases due to Mie 
scattering (Mavko et al. 2009). When λ∕d < 1 , the P- and 
S-wave velocities are scale independent and much higher 
than in the intermediate- and long-wavelength regions. The 
ray theory can be used to describe the wave propagation in 
this case. Note that there is a significant jump in velocity 
when �P∕d ≈ 2� in Fig. 5a. A similar phenomenon exists 
in Fig. 5b when �S∕d ≈ � . This phenomenon is due to the 
Rayleigh scattering effects. The measured results are in a 
good agreement with the scale dependence of wave velocity 
which is related to scattering (Mavko et al. 2009).

As shown in Fig. 5c, d, the P- and S-wave velocity ani-
sotropies are higher in the long-wavelength region than in 
the short-wavelength region. In the intermediate region, the 
anisotropy increases with increasing λ∕d . The measurement 
results indicate that the fractured media can be treated as 
effectively isotropic in the short-wavelength region (Berry-
man 1992), but it becomes significantly anisotropic in the 
long-wavelength region. For large faults and joints with the 
scale length larger than the seismic wavelength, the ray the-
ory is valid to describe the wave propagation. Large amounts 
of small-scale fractures will introduce significant seismic 

anisotropy, and equivalent medium theories are valid for 
describing the wave propagation. In the transition zone, the 
anisotropy induced by fractures is strongly scale dependent, 
and if ignored, it may lead to significant uncertainty when 
inverting fracture parameters from seismic anisotropy.

3.2  Porous Artificial Rocks

Figure 6a, b shows the corresponding measured veloci-
ties for the porous artificial rocks. Comparing with Fig. 5, 
it is apparent that in the short to intermediate region, i.e. 
λ∕d < 14 for P-wave, and 𝜆∕d < 4 for S-wave, the velocities 
decrease as �∕d increases, similar to the non-porous case. 
However, in the long-wavelength region, 𝜆∕d > 13 for the 
P-wave, and 𝜆∕d > 3 for the S-wave, the velocities continue 
to decrease as �∕d increases, contrary to the non-porous 
case. We believe that this is due to the wave-induced fluid 
flow in the porous artificial rocks.

Note that the non-porous artificial rocks were made of 
solid epoxy imbedded with rubber discs with no porosity and 
no fluid flow mechanism, which is suitable for examining the 

Fig. 6  Experimental results for the porous rocks. The filled symbols represent the measured data, the empty symbols are modelled results. a P- 
and (b) S-wave velocities, and (c) the Thomsen parameter ε and (d) the Thomsen parameter γ
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scattering effects. However, in the porous artificial rocks, 
fractures and pores are saturated by compressible fluid (air 
in this case). Since the fractures with small aspect ratio are 
more compressible than pores with large aspect ratio, wave 
propagation induces a pressure gradient between the pores 
and fractures, hence generates fluid flow between them. This 
wave-induced fluid flow makes the wave dispersive and the 
velocities decrease.

We can also explain this behaviour using the theoretical 
rock physics model (Chapman 2003; Chapman et al. 2002). 
First, the fluid interaction occurs at two scales: micro-
scale flow in pores and microcracks, and meso-scale flow 
related to large fractures, which are related to the squirt flow 
relaxation time τm and τf , respectively. Hence, the disper-
sion effects are proportional to the fracture size, and large 
size fractures yield low characteristic frequency. When the 
wave frequency is lower than the characteristic frequency, 
fluid should have sufficient time to flow, making the rock 
more compressible, with low velocity. Otherwise, when the 
wave frequency is higher than the characteristic frequency, 
the unrelaxed fluid makes the rock less compressible, with 
high velocity. This explains the continuous dispersion of 
the P-wave velocity for 13 < 𝜆P∕d < 21 and S-wave velocity 
for 3 < 𝜆S∕d < 11 in Fig. 6a, b. In low-frequency approach, 
when the wave frequency is considerably lower than the 
characteristic frequency, rocks present the lowest P-wave 
velocity due to the fluids in pores and fractures being 
relaxed.

Second, we can use the Chapman’ model to calculate the 
velocity changes of the porous rocks (shown in Fig. 6). The 
theoretical results for P-wave velocity at 90° to the fracture 
normal fit the measured data well, and the P-wave veloc-
ity in this direction shows no significant dispersion. At the 
fracture normal direction, the theoretical results also fit the 
measured data in the long-wavelength region very well, 
as shown in Fig. 6a. This confirms the presence of wave-
induced fluid flow mechanism in the porous rocks. However, 
in the intermediate region (2 < 𝜆P∕d < 14 ), the theoretical 
model gives higher predictions of P-wave velocity than the 
measured values in the fracture normal direction. The dis-
parity between the theoretical results and the measured data 
indicates the presence of scattering effects in addition to the 
wave-induced fluid flow effects in this region. In the short-
wavelength region, when �P∕d ≈ 1 , or < 1, the equivalent 
medium theory reaches the high-frequency limit, and the 
unrelaxed fluids are isolated in pores and fractures. In this 
case, there is no wave-induced fluid flow effect, and scatter-
ing effects are dominant.

The fast shear wave is not significantly affected, as shown 
in Fig. 6b, implying that the fast shear wave is not sensitive 
to the fracture scale and wave frequency. Similar to the non-
porous artificial rocks, the slow shear wave for the porous 
artificial rocks presents strong scale-dependent variations. 

As shown in Fig. 6b, the slow shear wave velocity continues 
to decrease in the long-wavelength region ( 𝜆S∕d > 3 ) when 
the scattering effects are absent, as shown in Fig. 6b. Conse-
quently, the measured shear-wave anisotropy parameter ( γ ) 
shows strong scale dependency (Fig. 6d). However, the theo-
retical red curve at 0◦ and 90◦ to the fracture normal shows 
no change with the fracture scale in the long-wavelength 
region, and the modelled γ marked with red open triangles is 
scale independent. This is because in the equivalent medium 
theory models, the shear modulus is only dependent on the 
fracture density in the symmetry plane at 0◦ or 90◦ to the 
fracture normal (Chapman 2003; Hudson et al. 2001; Sch-
oenberg and Sayers 1995).

3.3  Scattering Effects

Based on the laboratory results from the non-porous arti-
ficial rocks, the scale-dependent velocity and anisotropy 
caused by scattering effects can be summarized as below:

 I. Large-scale faults and joints whose scale length is 
larger than the seismic wavelength will be highly het-
erogeneous but possibly isotropic. In this case, the 
rocks have high velocity and low anisotropy, and the 
ray theory can be used to describe the wave propaga-
tion process.

 II. A large amount of small-scale fractures whose scale 
length is sufficiently long ( 𝜆S∕d > 3 and 𝜆P∕d > 13 ) 
can be treated as homogeneous but anisotropic. In 
this case, the rocks have low velocity and high ani-
sotropy, and the equivalent medium theory (EMT) 
can be used to describe the wave propagation process 
instead.

 III. In the intermediate region where Rayleigh scattering 
( 1 < 𝜆P∕d < 14 and 1 < 𝜆S∕d < 4 ) and Mie scatter-
ing ( λ∕d ≈ 1 ) are the dominant effects, seismic veloc-
ity and anisotropy are substantially scale dependent. 
Neither the ray theory nor the EMT is valid to model 
the wave propagation, and the use of velocity and ani-
sotropy to invert the fracture parameters can contain 
significant uncertainty.

3.4  Wave‑Induced Effects

Based on the laboratory results of the porous artificial rocks, 
the scale-dependent velocity and anisotropy caused by the 
wave-induced fluid flow mechanism can be summarized as 
follows:

I. In the short-wavelength region, when λ∕d < 1 , the unre-
laxed fluids are isolated in pores and fractures, and there 
is not sufficient time for the fluid flow. Therefore, there is 
no wave-induced flow fluid effect similar to the non-porous 
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artificial rocks, and scattering is dominant. Mie scattering 
( λ∕d ≈ 1 ) is the dominant effect.

II. In the long-wavelength regions ( 𝜆S∕d > 3 and 
𝜆P∕d > 13 ), the propagating wave induces a pressure gradi-
ent between the pores and fractures, causing fluid exchange 
between them. Therefore, the waves continue to be dis-
persive. In this case, there are no scattering-related scale-
dependent effects, and wave-induced effects are dominant.

III. In the intermediate region ( 1 < 𝜆P∕d < 14 and 
1 < 𝜆S∕d < 4 ), the seismic velocity and anisotropy are sub-
stantially scale dependent. Their variations are affected by 
both scattering and wave-induced fluid flow. Consequently, 
the wave propagation process is more complicated in the 
intermediate regions compared to the other two regions due 
to the interactions of these two mechanisms, which are dis-
cussed separately in the following section.

Note that the fast shear wave is insensitive to the pres-
ence of fluid, and scattering is the only factor to affect the 
propagation of the fast shear wave. This effect is relatively 
small and the fast shear wave is almost scale independent.

4  Discussion

To gain some insights into the interaction of these two mech-
anisms of scale-dependent wave propagation, Fig. 7 shows 
a comparison of the P-wave velocity in the fracture normal 
direction in the intermediate region of both the porous and 
non-porous artificial rocks. The velocity variations of the 
non-porous artificial rocks are denoted by black solid trian-
gles, illustrating the scattering effects; those of the porous 
artificial rocks are denoted by black solid squares, illustrat-
ing both the scattering and wave-induced effects. The red 
open squares show the modelled wave-induced fluid flow 
effects calculated for the porous artificial rocks. The dashed 
lines through the symbols are calculated by fitting. The slope 

of the fitted lines represents the degree of the scale depend-
ency and shows the influence of the different mechanisms 
on the seismic velocity.

As shown in Fig. 7, the slope of porous artificial rocks is 
higher than that of non-porous artificial rock. This indicates 
that the wave-induced fluid flow introduces more signifi-
cant velocity variations than scattering. Hence, the fluid flow 
mechanism is more sensitive to the fracture scale than the 
scattering mechanism. Also note that the theoretical results 
(red line) only account for the fluid flow effects and over-pre-
dict the amount of dispersion for the porous artificial rocks, 
indicating that the two mechanisms are competing with each 
other. Furthermore, the misfit between the measured and 
modelled data is relatively small, implying that the scatter-
ing effects are relatively small and that the Chapman’s model 
(Chapman 2003; Chapman et al. 2002) serves as a good 
theoretical tool for modelling P-wave propagation in frac-
tured media from the intermediate to the long-wavelength 
region. This knowledge may have significant implications 
for characterizing the fracture scale using P-wave anisotropy.

As discussed above, depending on the zones of interest, 
wave propagation in fractured media is scale dependent 
and may be influenced simultaneously by both scattering 
and wave-induced fluid flow. Therefore, considerable care 
should be taken when using seismic velocity and anisotropy 
to quantify fractures. Some implications for fracture charac-
terization can be summarized as below:

 I. When the seismic wavelength is smaller than frac-
ture scale, conventional seismic imaging and seismic 
attribute analysis may be directly used to quantify 
fracture (fault) properties (e.g. fracture strike, den-
sity, size, as well as their spatial distribution). The 
common attributes may include seismic curvature, 
coherence, dip attribute, etc.

 II. In the intermediate region, it is difficult to separate 
the effects of scattering and wave-induced fluid flow 
as they may exist simultaneously during wave propa-
gation. However, for P-wave propagation, the scat-
tering effects are relatively small compared with the 
wave-induced fluid flow effects. In particular, P-wave 
scale-dependent velocity and anisotropy effects can 
be modelled relatively accurately using the equiva-
lent medium theories of Chapman’s model (Chap-
man 2003; Chapman et al. 2002) and this makes it 
possible to quantify the fracture scale based on the 
P-wave scale-dependent effects. In contrast, shear-
wave splitting measurements are more difficult to 
model in this region, and the accuracy of fracture 
parameter inversion from γ measurements will be 
substantially compromised.

 III. When wavelength is much larger than fracture size, 
although imaging individual fractures is not possible, 

Fig. 7  Comparison of the P-wave velocity in the fracture normal 
direction in the intermediate region for both porous and non-porous 
rocks
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the aggregate properties of the fractured media (e.g. 
fracture orientation and density) can be inverted from 
seismic anisotropy. Established procedures include 
the analysis of azimuthal variations of P-wave attrib-
utes, such as AVA (amplitude versus angle), AVOA 
(amplitude versus offset and azimuth), etc., and the 
analysis of shear-wave splitting. Observed scale-
dependent effects in this region, if any, can be used 
to quantify the fracture scale, including both scale-
dependent P- and S-wave effects.

5  Conclusions

We have observed scale-dependent phenomena influenced 
by scattering in non-porous artificial rocks, and the labo-
ratory results confirm the previous numerical findings on 
scale-dependent anisotropy. We compared the scale-
dependent velocity and anisotropy of porous artificial rocks 
(affected by both scattering and fluid flow) and non-porous 
artificial rocks (no fluid effects), and confirm the presence 
of wave-induced fluid flow effects in the long-wavelength 
region when 𝜆P∕d > 13 , where there is no scattering-related 
scale-dependent effects.

Our experimental results indicate that the fast shear wave 
is not significantly affected by scattering and fluid flow, but 
the slow shear wave presents scale dependence in the inter-
mediate-wavelength region. In the intermediate region, scat-
tering and fluid flow both have influences. Their comparison 
suggests that the fluid flow effects are more significant than 
the scattering effects, and these two mechanisms compete 
with each other in terms of the scale-dependent phenom-
enon. Based on the long-wavelength assumption, Chapman’s 
model gives a good prediction when 𝜆P∕d > 13 . Moreover, 
Chapman’s model still gives a reasonable theoretical predic-
tion in the intermediate wavelength region where the P-wave 
propagation is affected by both scattering and fluid flow. Our 
experimental results suggest that Chapman’s model can reli-
ably describe the fluid flow effects in most circumstances, 
and can be used to invert the fracture scale from observed 
scale-dependent effects.

This study suggests that the scale effects of the fractures 
to the seismic velocity and anisotropy should be significantly 
concerned. The scale effects give fundamental insights into 
fracture characterization in geophysical exploration and 
rock engineering, such as considering the effects of fracture 
evolution in hydraulic fracturing can help in improving the 
accuracy of velocity model in micro-seismic monitoring. 
However, the fluid flow effects are observed in ultrasonic fre-
quency. The effects of wave-induced fluid flow in kilohertz 
and seismic frequencies should be observed in laboratory 
in the future study.
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