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Motivation
• Hydraulic fracturing continued to be the main 

method for oil and gas recovery stimulation
• An increase in the well spatial arrangement 

density can lead to influence of the 
neighboring wells on the hydraulic fracturing.

• Oil & Gas producers meet problems related 
with insufficient hydraulic fracturing model 
accuracy. 

• The model enhancements and sophistications 
need in lab experiments which allow to 
estimate influence of the parameters 
neglected earlier on the fracture.

• The scaled laboratory experiments could be 
considered as the most reliable method for 
validation of the models of the hydraulic 
fracturing.
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the hydraulic-fracture width (at the borehole) can be obtained with
an accuracy of a few microns.

Before the injection cycle, we tested the wellbore by pressur-
izing the system to approximately 5 MPa. Because we have a
check valve (to minimize wellbore volume on shut-in), the pres-
sure is initially constant when we resume the injection until the
check valve is opened. Then, the fluid pressure increases even
though the injected fluid is still stored in the wellbore. At a 
certain moment a fracture is initiated, which results in a decrease
of the pressurization rate because some fluid is now flowing into
the fracture. When the applied flow rate at the pump equals the
flow rate into the fracture, the maximum pressure is reached. This
instant is defined as the breakdown time. When the pump is shut
in, the fracture slowly closes.

Acoustic System. The piezoelectric contact transducers (manufac-
tured by Panametrics) used for generating compressional and shear
waves effectively generate signals in the blocks with a peak 
frequency of 0.5 MHz. The active element size is 12.7 mm in diam-
eter. The present acquisition system can handle up to 48 transduc-
ers. For the experiments discussed here, we used a combination of
24 compressional and 20 shear transducers. The set of transducers
focuses primarily on transmission and diffraction measurements.
For a transmission measurement, the wavefield propagates from a
source at the top of the block to a receiver at the bottom of the
block. For a diffraction measurement, the wavefield propagates to
the side of the block, aiming at scattered events at the tip of the
hydraulic fracture. Fig. 2 shows the acquisition geometry.

Integrated in a computer-controlled switchbox, each transduc-
er can subsequently act as a source while the other transducers are
in receiving mode. In addition, each transducer can act as both a
source and a receiver in pulse-echo mode. A complete scan with
48 transducers results in 1128 different records. Before analog/
digital conversion, we adaptively apply gain on each record. The
waveform digitizer and storage device sample the signals at a 
5-MHz frequency and provide a resolution of 12 bits/word; 
therefore, the dynamic range is 72 dB. Each record contains 2048 
samples, which results in a memory requirement of 4.6 MBytes
for a complete scan.

To achieve homogeneous stress inside the block, we need to
apply sheets that reduce the friction between the loading platens

and the block. However, these sheets can interfere with the
acoustic measurements. We found that coupling the transducers
directly to the block was a satisfactory solution.3 Aluminum plates
were constructed with small holes through which the transducers
can protrude. The transducers are backed by a spring that applies a
force of 500 N to ensure a good contact. Using thin sheets of Teflon
(greased with Vaseline) on the remaining surface of the aluminum
plate provided a fairly even stress distribution inside the block. The
stress level in the block was close to the stress calculated from the
applied force.14

Fracturing Experiments. We carried out experiments on cement,
plaster, and sandstone rock samples but show only the results for a
set of cement experiments here. Table 1 gives the material proper-
ties of the cement. The cement experiments discussed in more
detail are Experiments CNV15, CNV19, CNV21, and CNV22.
Experiment CNV22 is used mainly to discuss the diffracted events,
while Experiment CNV21 is used mainly to clarify the transmis-
sion measurements. Table 2 presents the experimental conditions
of the cement experiments.

Diffractions
The physics of fracturing is poorly understood, especially the
behavior of rock near the fracture tip. The reality of fracturing is
more complicated than the picture of a stress singularity predicted
by linear elasticity. In view of the heterogeneity of rocks, compli-
cated phenomena at the tip create a zone of decohesion (or process
zone) where the rock gradually loses its strength. In addition, the-
oretical models and some field observations claim that a dry frac-
ture front precedes the fluid fracture.15 Careful modeling of rock
deformation coupled with fluid flow shows that the overall fracture
behavior is determined by the balance between the fluid lag and the
process zone. In view of the scaling laws that we applied,16 we
expect a clear fluid lag. In this section, we show some acoustic data
that illustrate this discussion.
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TABLE 1—MATERIAL PROPERTIES

Eunloading k Ic

Material  (GPa)  (md) φ (MPa m )

Cement 18 10–3 0.2 0.5

Plaster   9 50   0.42 0.3

K

Fig. 1—Schematic of experimental setup for hydraulic-
fracturing experiments.

Fig. 2—Schematic measurement configuration for ultrasonic
monitoring of hydraulic-fracturing experiments.

Summary
We performed acoustic measurements in a time-lapse sequence in
scaled laboratory tests. The advantage of time-lapse measurements
is that the fracture response can be separated from the background
signal. As a consequence, not only can the hydraulic fracture be
detected, but its shape and geometry can be measured during its
growth. This application requires the combined information of
both compressional- and shear-wave measurements. We apply this
technique to propagation, flowback tests, and reopening of
hydraulic fractures.

Acoustic waves excite diffractions at the fracture tip. These dif-
fractions are used to locate and to characterize the fracture tip. The
acoustic measurements indicate that we can distinguish between a
dry tip and the fluid front of the fracture.

Shadowing of shear-wave transmissions allows estimation of the
moment of fracture initiation. The width profile of the fracture is
determined with compressional-transmission measurements. This
application is based on the fact that the attenuation and time delay
of compressional transmissions are proportional to the fracture
width. Analysis of a flowback test shows that the fracture closed at
the wellbore but remained open farther away from the wellbore.

Introduction
Design of hydraulic fractures is based on assumptions about the
fracture geometry and on a description of the target formation.
Fracture behavior in subsurface formations is not only a compli-
cated process, but there is often a lack of sufficient formation data.
Therefore, we studied the fundamental fracture process in labora-
tory tests in conjunction with novel measurements of the fracture
geometry using active acoustics.

Medlin and Massé1 pioneered acoustic monitoring of hydraulic-
fracture growth in laboratory tests. They showed the possibility of
measuring fracture length by detecting transmission losses of com-
pressional waves. On the basis of their results, we decided to build
a state-of-the-art acoustic-monitoring system in our triaxial load
frame.2,3 These experiments resulted in the first detection of strong
compressional diffractions scattered from the perimeter of the frac-
ture.2 We used arrival time of the diffraction to estimate fracture
length.2,3 We recently extended the method to determine fracture
width3,4 and improved the setup to detect shear waves that contain
useful information on fracture closure and reopening.3,5

The measurements proved to be extremely valuable in the lab-
oratory, and they are also promising for determining the dimen-
sions of fractures in the field. As yet, only a small number of field
treatments have been combined with active acoustic measure-
ments, and these have been only partly successful because of the
complex acquisition geometry and conditions at depth. Both dif-
ferential vertical-seismic-profiling (VSP) experiments6-8 and
crosswell experiments9-11 have shown the possibility of monitoring
fracture propagation by use of the phenomenon of shear-wave
shadowing. When propagation of the shear wave is disturbed by

creation of a hydraulic fracture, transmission of the shear wave is
lost or shadowed because shear waves cannot propagate through
fluid. Hence, shear-wave shadowing indicates that the fracture
intervenes the ray path from source to receiver. Field tests were
used in this way to estimate the global fracture geometry. Active
measurements can also be used to determine small-scale details of
fractures near the borehole. Recently, advances in sonic tools with
dipole sources operating at low frequency have shown that it is
possible to monitor fractures from the same borehole.12

The advantage of acoustic monitoring in the laboratory instead
of in the field is the flexibility to try various acquisition geometries
for relatively low cost. Laboratory experiments provide a unique
opportunity to gain information about the acoustic data that can be
acquired and their application. 

The first section of this paper describes the experimental setup.
The second section discusses the observations of acoustic diffrac-
tions and their relation to the fracture tip. We use these diffractions
to locate the position of the fracture tip. Estimation of fracture size
by use of the direct diffractions allows prediction of the arrival time
of more complicated events, including those related to surface waves
along the fracture. With this arrival-time prediction, we can interpret
the various events that have been measured in the laboratory. In addi-
tion, we show that the acoustic diffraction measurements can distin-
guish between migration of the fluid front and the dry tip.

The third section of the paper discusses observations and applica-
tions of transmission measurements. Shadowing of shear-wave trans-
missions allows us to determine the moment of fracture initiation.
Compressional waves are partially transmitted. We propose a wave-
form fitting procedure and show that accurate and reliable estimates
of fracture width can be obtained. By combining several transmission
measurements of different source/receiver combinations, we recon-
struct the full fracture width profile during propagation and closure.

Experimental Setup
Weijers13 gives a detailed description of the experimental setup for
the fracture experiments, and Savic2 and Groenenboom3 describe the
acoustic part. We limit ourselves to those parts of the experimental
setup that are necessary to understand the data we show in this paper.

A 0.3-m cubic block is stressed in a true-triaxial-compression
machine. The load frame consists of three perpendicular compres-
sion systems, each of which can independently deliver a maximum
force of 3500 kN (Fig. 1). For this block size, the maximum pres-
sure that can be imposed on each side is 40 MPa, which corre-
sponds to the effective in-situ stress at a depth of approximately
3000 m. Because the sample is not supported at the ribs, it is
impossible to apply pore pressure to the rock.

A 23-mm-diameter borehole is made in the cubes. The borehole
is oriented vertically in line with the smallest principal stress,
whereas the stresses are isotropic in the horizontal plane. A cir-
cumferential notch is sawed in the borehole wall in the middle of
the borehole. This geometry is used to initiate simple radial frac-
tures that grow perpendicular to the borehole. A linear voltage dif-
ferential transformer (LVDT) is mounted inside the borehole. An
LVDT is an electromechanical device that directly measures the
displacement between two clamps above and below the notch. It
measures both the opening of the fracture and the deformation
inside the rock between the two clamps. A correction for rock
deformation is applied, but this is only on the order of a few per-
cent of the total displacement. With this method, a measurement of
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Figure 4.51: a) Top view and b) side view photos of the middle section of the block 
sample in test 11 shows three perforation clusters with highly angled 
hydraulic fractures (in red dye) of different sizes (note that the injection 
flow direction was from right to left)  

b

a

Experimental Investigation of Geomechanical
Aspects of Hydraulic Fracturing Unconventional 
Formations by Emad Abbad Alabbad, MS Thesis 
The University of Texas at Austin, 2014

There	are	a	lot	of	research	(experimental	in	
that	number)	devoted	to	the	study	of	the	
hydraulic	fractures.	Nevertheless,	some	
questions	continued	to	be	unresolved	and	of	
interest	for	better	understanding	the	
fracturing	processes	to	improve	the	
technology	of	fracturing	in	oil	&	gas	
reserves.	



Research aims

• Laboratory study of the influence of the stress change and the 
hydraulic fracture presence in the neighbour boreholes on the 
fracture propagation

• Study of the fracture propagations
• Study of the possibility to get second fracture from the same 

perforations
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• Gypsum and cement mixed in ratio 
10:1 was chosen as a modelling 
material, 45% water was added to the 
mixture

• Porosity 40-50%
• Permeability 1 - 2.7 md

MPaUCS 93.04.6 ±=s MPaTSTR 18.08.0 ±=s

Measurement 
type

Bulk 
density, 
g/sm3

P-wave velocity 
in massif, m/s

Rod p-wave 
velocity, m/s

Young’s 
Modulus, GPa

Poisson
’s Ratio

Dynamic 1.77 2310 2100 7.7 0.26

Static 1.77 2260 - 3.6 0.21

The gypsum water 
solution was used
to simulate the 
strata fluid. 
Vacuum mineral oil 
(viscosity 112 cP, 
density 0.86 
g/cm3) was used 
for simulation of 
the fracturing 
fluids.

7

Cement/gypsum 
ratio

1/8 1/8 1/8 + 
silicate 
glue

1/8 + 
silicate 
glue

1/10 1/10

Permeability
(mDarcy)

23.3 23.6 24.9 24.4 1.7 1.8

Yu Q.L., Brouwers H.J.H. Microstructure and mechanical 
properties of b-hemihydrate produced gypsum: An insight 
from its hydration process. Construction and Building
Materials 25 (2011) 3149–3157.
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Laboratory setup

Measurements
ü Flow rate
ü Pore pressure in 15 points of the settings
ü Acoustic emission (15 transducers)
ü Ultrasonic wave propagations
ü Fracture rate
ü Strains

Sample dimensions
üDiameter 430 mm
üHeight 65 mm

Loading options
üMax vertical stress: 15 MPa
üMax horizontal stress: 10 MPa
üMax pore pressure difference: 9 MPa

Side
borehole

Central
borehole

Cameras for
horizontal load

Injection options
üMax pore pressure: 15 MPa
üMax constant injection rate: 0.3 cm3/s



Dry +p of the 
fracture

Fracturing fluid leak-off

Fracture filled by fluid

Preliminary experiments with small samples

9

Diameter 105 mm
Hight 65 mm



Preliminary experiment to produce horizontal fracture

Mean fracture rate 130 mm/sec

Fluid flow rate inside the 
fracture 70 mm/sec
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• Vertical stress, Mpa 7,1
• Minimal horizontal stress, Mpa 0,55
• Maximal horizontal stress, Mpa 1,0
• Side well injection pressure, Mpa 1,0
• Central well rate, sm3/s 0,37
• Angle between pore pressure gradient
and max stress direction, grade 22,5



σmax

Vertical stress 6,5 MPa
Horizontal stress X 2 MPa
Horizontal stress Y 0,6 MPa

Fracture rate 90 mm/sec

Fracture rate 0.45 mm/sec ± 0.07 mm/sec. 



Fracturing 1 Vertical stress, MPa 3.3

Max horizontal stress, MPa 1.5

Min horizontal stress, MPa 0.2

Fracturing pressure, MPa 7.4

Injection rate, cm3/sec 0.2
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Fracturing 2-3

Vertical stress frac2, MPa 3.3

Max horizontal stress frac2, MPa 1.5

Min horizontal stress frac2, MPa 0.2

Fracturing pressure frac2, MPa 5.0

Vertical stress frac3, MPa 3.0

Max horizontal stress frac3, MPa 1.9

Min horizontal stress frac3, MPa 0.1

Fracturing pressure frac3, MPa 4.5

Injection rate, cm3/sec 0.2

Fracture closing?



σmax
σmax

σmax

σmax σmax



Horizontal fracture and vertical fracture

The fracture had horizontal part of 36 mm in radius, 
then it declined from the horizontal direcjon and 
finally it came to the sample upper surface.
Then, several experiments were made, in which the 
fluid was injected under different values of the 
verjcal stresses in range 0.5 – 2.5 MPa. 
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Vertical stress 0.95 MPa
Horizontal stresses (X & Y) 1.5 MPa

After that, the vertical stress 
was increased up to 6.9 MPa 
and horizontal stresses were 
made 3.2 MPa & 0.95 MPa.
A vertical fracture formed, 
which intersected the 
horizontal fracture.

Vertical stress 6.9 MPa
Horizontal stresses (X & Y) 3.2 MPa & 0.95 MPa



Measurements of the fracture 
growth by ultrasonic waves
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Photo of the sample after the first fracturing 
and two re-fracturing. The positions of acoustic 
sensors in upper lid and in bottom lid, as well 
as fluid pressure transducers are shown by red, 
blue and light blue points respectively.

Sketch of the fracture (red line) and ultrasonic wave rays (blue lines). 

Medlin W, Masse L (1984) Laboratory Experiments in Fracture Propagation. SPE, June 1984, 256-268.

Zoback M, Rummel F, Jung R, Raleigh C (1977) Laboratory
hydraulic fracturing experiments in intact and pre-fractured rock.
Int J Rock Mech Min Sci Geomech Abstr, 14, 49–58.

Stanchits S, Surdi A, Gathogo P, Edelman E, Suarez-Rivera R (2014). Onset of Hydraulic Fracture 
Initiation Monitored by Acoustic
Emission and Volumetric Deformation Measurements. Rock Mech Rock Eng, 47, 1521–1532.



Fracture 1: injection pressure and ultrasonic wave amplitudes
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1. First diminishing of the waves amplitudes is caused presumably by the dry fracture forming.
2. Next increase  of the amplitudes is related with the fracture infill by fracturing fluid (estimated rate 35 mm/sec).
3. Next decrease of the amplitudes is caused by the fracture opening due to continue of the fluid injection.

(Medlin W.L., Masse L. Laboratory Experiments in Fracture Propagation. SPE. June 1984. PP 256-268).

Fracture closing



Fracture 1 re-opening
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Vertical stress 1 MPa, horizontal stresses 0.2 MPa. 
The injection was stopped almost immediately 
after the pressure maximum. 

Fracture closing



Relations between maximal injection pressure (fracture 
opening pressure), fracture closing pressure and vertical 
stresses.
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Fracturing 2 & 3: vertical fracture.
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Generator А6, transducers А12, А13, А15;
Generator А3, transducers А7, А8.

Vertical stress 6.8 MPa
Horizontal stress Х 3.2 MPa
Horizontal stress Y 1 MPa

Frac2

Frac3 Frac2

Vertical stress 5.8 MPa
Horizontal stress Х 3 MPa
Horizontal stress Y 0.1 MPa

Frac3
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Fracturing 2 & 3: vertical fracture.

Frac2 Frac3



Conclusions

• If the fracturing fluid viscosity is much grater than viscosity of the fluid saturated the sample, there should be 
no acoustic (microseismic) events outside the fracture. 

• It is possible to create another fracture from the same perforation, if the main stress axis orientation is 
changed dramatically.

• The hydraulic fracture development can be divided into three stages: 

• A dry fracture propagation, 

• Fluid flow in the fracture, 

• An increase of the fracture aperture.

• The dry fracture propagation rate is estimated as 130 mm/sec.

• The fluid flow rate is 35 mm/sec.

• The fracture opening and closure pressures is dependent linear on the minimal main stress.

22
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Questions after experiments

1. Why the fracturing pressure is much higher than it should be expected?
2. Why the fracture closing pressure esjmated by G-funcjon is much higher in case of the 

verjcal fractures than it should be expected?
3. What is the reasons for absence of the acousjc emission (high viscosity of the 

fracturing fluid)? 



Thank you!
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Blair et al., 1976

Fracture radius
Estimated to 270 m

Fenton Hill Experiment: 
fracture inflation Summary of GT-2 fracture inflation experiments

A Fault in a Low-Permeability Argillite Layer At Mont Terri

 

Opalinus Clay

Depth of FS Experiment ~350m

A Test Facility for Fault Injection Experiments

Controlled Fault Activation Experiments 
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Lower
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Underground 
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Induced Seismicity and CCS at Scale: 
Understanding Caprock Integrity Impacts Based 

on Mesoscale Experiments
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Event 2

Slip x 10

Mw ~ -2.5

Event 2: Propagation From Secondary Fault to Main Fault
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