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Abstract We perform wave experiments using a vertical shock tube setup. Shock waves are
generated by the rupture of a thin membrane. In the test section, the incident pressure waves
generate borehole-guided waves along water-saturated samples. The tube is equipped with
side wall gages and a mobile pressure probe, so that the attenuation and reflection of the wave
can be measured. The computation for a single horizontal fracture intersecting a vertical bore-
hole gives a quantitative prediction of reflection and transmission of borehole-guided waves.
Three different fracture apertures are used for the calculation. Fracture aperture significantly
affects both reflection and transmission coefficients. Large fractures increase reflectivity and
decrease transmissivity. In the experiment, we found that both pressures above and below
the fracture are influenced by the fracture aperture indeed, thus indicating the potential for
fracture detection by borehole waves.

Keywords Borehole waves · Reflection coefficient · Transmission coefficient ·
Fracture detection · Shock tube

1 Introduction

Fractured reservoir is ubiquitous in hydrocarbon reservoir engineering (Chilingarian et al.
1992; Naimi-Tajdar et al. 2007; Ramirez et al. 2009). The Stoneley wave (St) has been used
for the detection and characterization of fracture zones (Hornby et al. 1989; Kostek et al. 1998;
Qobi et al. 2001; Saito et al. 2004). The borehole fluid flow into the fracture and scattering at
the fracture can lead to attenuation of the St (Hornby et al. 1989; Tang and Cheng 1989). The
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Fig. 1 Schematic of the shock tube setup and fractured sample

relationship between St propagation and permeability was studied by Rosenbaum (1974).
Theoretical models of borehole St propagation in permeable materials were evaluated by
laboratory experiments by Winkler et al. (1989).

In this article, we will introduce a new experimental technique for fracture detection by
means of borehole wave propagation. We use a vertical shock tube to generate a borehole
wave in a core sample in the test section of the tube. The shock tube is shown in Fig. 1.
The high-pressure and the low-pressure parts are separated by a membrane. The dimen-
sions of each section are indicated in the figure. A cylinder which has a centralized borehole
is mounted in the test section of the shock tube. A probe inside the borehole can record
the pressures at different positions. Similar experiments were performed by Winkler et al.
(1989), but they used a conventional piezoelectric source. The advantage of using shock-
induced guided waves is that we cover a wide band of frequencies in one experimental
run, and that shock amplitude is easily varied over a wide range of amplitude levels. The
frequency band width was investigated in a previous article (Chao et al. 2004) and found to be
between 0.5 and 80 kHz, approximately. Van der Grinten et al. (1985, 1987), Sniekers et al.
(1989), and Smeulders and Van Dongen (1997) also performed shock-tube experiments on
water-saturated and partially saturated samples, but here we focus on borehole wave along
water-saturated samples.

The tube is filled with water. The membrane is ruptured by an electrical current, and a
stepwise shock wave in air is generated. The shock wave then travels downward, partially
reflecting, and partially transmitting into the water layer on top of the sample. The transmit-
ted wave reaches the sample where it partially propagates as a borehole wave. The pressures
inside the borehole are recorded by the mobile probe P3. The transducers P1 and P2 are
mounted in the shock-tube wall. P2 is used to trigger the data recording system (see Fig. 1).

2 Theoretical Formulation

We consider a single horizontal fracture, having a width L , intersecting the borehole (see
Fig. 2). The fracture is of infinite extent in the radial (r) direction. The borehole has radius
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Fig. 2 The cylindrical
coordinates of the borehole
fracture

R. The plane z = 0 is in the middle of the fracture. The z-coordinate is pointing downward.
The maximum frequency attained in our experiments is some 80 kHz, which means that the
wavelength λ is always larger than 2.5 cm, so that for all practical purposes, λ/d � 1. We
thus assume that the borehole fluid pressure is uniform across the borehole (Tang and Cheng
1993). The borehole wave equation is

d2ψ

dz2 + κ2ψ = 0, (1)

where ψ is the displacement potential, and κ is the wavenumber. The fluid pressure P and
the axial fluid displacement U in the borehole are given by

P = ρ f ω
2ψ, U = dψ

dz
, (2)

where ρ f is the fluid density, and ω is the angular frequency. Borehole wave propagation is
described by

ψ = A+eiκ1z + A−e−iκ1z for z < −L/2, (3)

ψ = B+eiκ2z + B−e−iκ2z for − L/2 < z < L/2, (4)

ψ = C+eiκ1z for z > L/2, (5)

In the region z < −L/2, A+eiκ1z and A−e−iκ1z represent the incident wave propagating
in the positive z direction and the reflected wave propagating in the negative z direction,
respectively. Note that κ1 is the fluid wavenumber in the undisturbed borehole, and κ2 is the
fluid wavenumber where the borehole is intersected by the fracture. A+ is the incident ampli-
tude, and A− is the reflected amplitude. In the region −L/2 < z < L/2, B+ and B− are the
amplitude of the waves propagating in the positive and negative z directions, respectively. C+
is the amplitude of the transmitted wave in the region z > L/2. The fluid displacement and
the pressure should be continuous at z = L/2 and z = −L/2. The coefficients A−, B+, B−
and C+ can now be calculated as a function of the incident amplitude coefficient term A+:

A−/A+ = 2i(κ2
2 − κ2

1 )sin(κ2 L)/G, (6)

B+/A+ = 2κ1(κ1 + κ2)e
−iκ2 L/G, (7)

B−/A+ = 2κ1(κ2 − κ1)e
iκ2 L/G, (8)

C+/A+ = 4κ1κ2e−iκ1 L/G, (9)
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Fig. 3 Amplitude of reflection coefficient above the fracture at three different fracture apertures

where G is given by

G = (κ1 + κ2)
2e−iκ2 L − (κ1 − κ2)

2eiκ2 L . (10)

The above equations were also found by Tang and Cheng (1993).
Assuming a rigid formation, the wavenumber in the region z < −L/2 and z > L/2 is

simply κ1 = ω/C f = ω
√
ρ f /K f , where C f is acoustic velocity in the fluid, and K f is the

fluid bulk modulus. The wavenumber κ in the fracture is given by the fracture dispersion
equation (Tang and Cheng 1989):

κ2tan

(
L

2
f̄

)
+ f f̄ tan

(
L

2
f

)
= 0. (11)

The parameters f and f̄ can be expressed as follows:

f 2 = ω2

C2
f − 4

3 iων
− κ2, (12)

f̄ 2 = ω

−iν
− κ2. (13)

The kinematic viscosity ν = μ/ρ f , withμ the dynamic viscosity. The effective wavenumber
κ2 at region −L/2 < z < L/2 in the borehole can now be expressed as follows:

κ2 = ω

C f

√

1 − 2

κR

H1(κR)

H0(κR)
(14)

where H0 and H1 are Hankel functions of zeroth and first orders, respectively. This relation
is derived from the assumption that an oscillatory Poiseuille flow exists in the fracture sat-
isfying the no-slip boundary conditions at z = ∓L/2. We assume the borehole radius R to
be 10 mm and the fluid velocity C f to be 1.5 km/s. Using equations (6) and (9), we plot
the reflection coefficient A−/A+ and the transmission coefficient C+/A+ as a function of
frequency for different fracture apertures (see Figs. 3, 4). The amplitude of the reflection
coefficient increases with fracture aperture, but decreases with frequency. The trends of the
transmission coefficient are obviously opposite.
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3 Shock-Tube Experiment

3.1 Experiment with Closed Fracture

We performed several experiments with an elastic Polyvinyl chloride sample (Cp =
2.3 km/s,Cs = 1.1 km/s) for calibration. The length of the sample is 400 mm. The diameter
of the borehole, the probe, and the sample are 10, 6.3 and 76.5 mm, respectively. A typical
recording of the trigger channel P2 is given in Fig. 5. Scaling is with respect to the incident
pressure. The system is triggered at time t = 0 by the arrival of the pressure step wave in
water. At time 0.535 ms, the reflected wave from the sample top arrives at the transducer
P2. Therefore, the wave propagation time from the transducer P2 to the top of the sample
is 0.268 ms. At time 0.899 ms, the wave reflected from the free water surface arrives at P2.
Also in the borehole, experiments were performed. The two test positions of the mobile pres-
sure probe are 225 and 245 mm from the sample top, respectively. From the 225 mm TVD
(true vertical depth) measurement, at 0.367 ms, the first arrival of the P-wave is recorded,
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Fig. 4 Transmission coefficient over the fracture at three different fracture apertures
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Fig. 5 Recorded pressure signal P2, which is used for triggering the data acquisition system
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Fig. 6 Recorded pressure signals from the mobile probe P3 at 225- and 245-mm TVD

followed by the arrival of Stoneley wave (St) at 0.506 ms (see Fig. 6). From the 245-mm TVD
recording, we note that it has similar behavior as the 225 TVD measurement, but that the P
and St events arrive a little later. Now we can easily deduce the P-wave velocity recorded by
the probe inside the borehole to be 2268.5 m/s, which is in agreement with independent Poly-
vinyl chloride velocity determination by means of ultrasound. The St velocity is 983.9 m/s.
Obviously, frequency domain analysis would add more insight to the frequency-dependant
velocity and attenuation of the individual wave modes (one of which is the St), but that would
require sophisticated FFT-Prony-Spectral Ratio analysis, as performed by Chao et al. (2004),
to discern the individual wave modes. Here, the focus is on the St mode only.

3.2 Experiment with Open Fracture

Now we describe an experiment which has a single horizontal fracture intersecting the sam-
ple. The fracture is located at 200-mm TVD. The position of the probe is below the fracture,
at 230-mm TVD. The fracture aperture is 5 mm. In reality, 1–2 mm fractures might be
anticipated in the real earth. In that respect, our 5-mm fracture is much larger (taking bore-
hole scaling into consideration). For that reason also a much smaller fracture aperture (0.1
mm) is studied in our setup (see Fig. 8). We also note that Tang and Cheng (1993) modeled
centimeter scale fractures that we want to compare against our experimental results. The
recorded pressure profile with a 5-mm fracture is given in Fig. 7. In this figure, the P wave
arrival is at 0.369 ms and the St arrival is at 0.526 ms. The pressure between 0.423 and 0.526
ms is dramatically decreasing because of the presence of the fracture. We also note that in the
previous Fig. (6) the influence of the (closed) fracture was already visible as a small pressure
rise at t ≈ 0.43 ms, indicating that a fracture once created cannot easily be undone. The
theoretical predictions have transmission coefficients always below 1, which indicates that
there should be a pressure decrease over the fracture. In this experiment, the pressure drop
is almost complete, which is much larger than predicted by theory.

We also performed two new experiments with different fracture apertures: 0.1 and 5 mm.
The probe is 110 mm above the fracture which is at 90-mm TVD. In Fig. 8, we notice the
arrival of the P-wave at 0.308 ms and of the St at 0.368 ms. Obviously, the fracture aperture
does not affect primary arrivals above the fracture, so that both measurement curves are

123



Shock-Induced Borehole Waves and Fracture Effects 269

0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.7

−0.2

−0.1

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

time (ms)

P
re

ss
ur

e 
(b

ar
)

230mm from top

P St

Fig. 7 Recorded pressure signal from the mobile probe P3 at 230 mm TVD. The fracture aperture is 5 mm.
The fracture is at 200-mm TVD
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Fig. 8 Recorded pressure signal from the mobile probe P3 at 90-mm TVD. The fracture apertures are 0.1 and
5 mm. The fracture is at 200-mm TVD

indistinguishable. From 0.4 ms onward, both arrivals start to become different. The pressure
of the 5-mm fracture experiment decreases significantly after 0.4 ms compared with the 0.1-
mm fracture aperture experiment. This is probably due to reflection from the fracture that
affects the recorded pressure profiles.

4 Conclusion

The computation for a single horizontal fracture intersecting a vertical borehole gives a quan-
titative prediction of reflection and transmission of borehole-guided waves. Three different
fracture apertures are used for the calculation. Fracture aperture significantly affects both
reflection and transmission coefficients, as was also predicted in the previous literature.
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The shock tube can generate borehole-guided waves in a broad frequency band. Reflection
from the water-sample interface and from the free water interface can be recorded by means
of a fixed pressure transducer mounted in the wall of the shock tube above the sample in the
water layer. We also performed borehole pressure measurements on different fracture aper-
tures at different borehole positions using a specially designed mobile probe. The presence
of fractures significantly affects borehole-guided waves. Large fractures increase reflectivity
and decrease transmissivity. We found that both pressure above and below the fracture are
altered by its presence, thus indicating the potential for fracture detection. Agreement with
theory is still only qualitative.
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