
Vol.: (0123456789)
1 3

Geomech. Geophys. Geo-energ. Geo-resour.           (2024) 10:65  
https://doi.org/10.1007/s40948-024-00739-z

ORIGINAL ARTICLE

Cyclical hydraulic pressure pulses reduce breakdown 
pressure and initiate staged fracture growth in PMMA

Julien Mouli‑Castillo  · Jackie E. Kendrick  · Alexander Lightbody · 
Andrew Fraser‑Harris  · Katriona Edlmann  · 
Christopher Ian McDermott  · Zoe Kai Shipton 

Received: 28 September 2022 / Accepted: 10 January 2024 
© The Author(s) 2024

Abstract Using unique experimental equipment 
on large bench-scale samples of Polymethylmeth-
acrylate, used in the literature as an analogue for 
shale, we investigate the potential benefits of apply-
ing cyclical hydraulic pressure pulses to enhance the 
near-well connectivity through hydraulic fracturing 
treatment. Under unconfined and confined stresses, 
equivalent to a depth of up to 530 m, we use dynamic 
high-resolution strain measurements from fibre 
optic cables, complemented by optical recordings 
of fracture development, and investigate the impact 

of cyclical hydraulic pressure pulses on the num-
ber of cycles to failure in Polymethylmethacrylate 
at different temperatures. Our results indicate that a 
significant reduction in breakdown pressure can be 
achieved. This suggests that cyclic pressure pulses 
could require lower power consumption, as well as 
reduced fluid injection volumes and injection rates 
during stimulation, which could minimise the occur-
rence of the largest induced seismic events. Our 
results show that fractures develop in stages under 
repeated pressure cycles. This suggests that Cyclic 
Fluid Pressurization Systems could be effective in 
managing damage build-up and increasing permeabil-
ity. This is achieved by forming numerous small frac-
tures and reducing the size and occurrence of large 
fracturing events that produce large seismic events. 
Our results offer new insight into cyclical hydraulic 
fracturing treatments and provide a unique data set 
for benchmarking numerical models of fracture initia-
tion and propagation.

Article Highlights 

• Cyclical Hydraulic Pressure Pulses (CHPP) can 
reduce the breakdown pressure required to frac-
ture PMMA.

• CHPP have potential to reduce peak power con-
sumption to achieve failure and increase perme-
ability of a rock, with positive implications for 
geothermal applications.
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• CHPP induced multi-staged fracture propagation, 
implying an enhanced ability to control damage 
initiation by hydraulic fracturing.

Keywords Geo-energy · Pulsed pumping · 
Breakdown pressure · Geothermal

1 Introduction

Our investigation is rooted in the need to find more 
efficient ways of accessing or percolating subsurface 
fluids. Many geo-energy technologies are contingent 
on being able to inject and extract fluids from the sub-
surface at minimal costs. This is even more impor-
tant at a time when the cost of energy is increasing, 
which puts technologies required to decarbonise our 
societies at risk of becoming uncompetitive. Fluids 
can be injected or extracted from the subsurface using 
wells. These wells are expensive to drill and therefore 
finding ways to increase their productivity is critical 
to enabling long term geo-energy operations. The 
critical parameters affecting the rate at which fluids 
can be injected or extracted from the rock mass at 
the base of the borehole are the differential pressure 
between the fluid in the well and the fluid in the rock 
mass, and the permeability of the rock mass. Usu-
ally, permeability will reduce through time as fines 
and drilling waste clog up flow pathways in the vicin-
ity of the well. Hence, a greater pressure differential 
is required to move the fluid in and out of the rock, 
this results in increased requirements in terms of the 
pumping equipment at the surface—which comes at a 
cost. Hence, finding ways to increase the permeability 
of the rock mass surrounding the well is critical.

A number of recent studies have proposed that 
Cyclical Hydraulic Pressure Pulse (CHPP) treatment 
can be used to enhance the permeability of the sub-
surface (Hofmann et  al. 2018a; b; Zang et  al. 2019; 
Zimmermann et  al. 2019).The permeability of the 
near well field (within ~ 1 m), is dominant in control-
ling the fluid connectivity of the well to the wider 
rock mass. Through improved control of the hydrau-
lic fracturing process and creation of new fractures in 
the near well field, experimental results indicate that 
the connectivity to the surrounding rock mass can be 
increased, and the occurrence of microseismic events 
can be significantly reduced (Hofmann et  al. 2018a, 

b; Zhuang et  al. 2018). In detail, in such scenarios 
the seismic b-value may be reduced even if the stress 
released by fracturing remains the same; resulting 
from a reduction in the proportion of large events and 
more frequent small events, which can produce more 
complex fracture networks (Zang et  al. 2021). This 
technology is highly relevant to the development of 
geo-energy industries such as the use of aquifers and 
near surface geothermal energy extraction, storage of 
recycled heat, compressed air storage, hydrogen stor-
age and geological carbon dioxide storage, all vital 
aspects of a diverse geo-energy portfolio to reduce 
societies’ energy carbon footprint. Furthermore, it can 
also improve access to water resources, particularly in 
granitic regions (Cobbing and O Dochartaigh 2007).

Attention must be given to means of controlling 
fracture propagation behaviour, since it is important 
to ensure both that the target rock has an increased 
permeability and that the fracture does not propa-
gate too far, so as to lead to a safety risk. Hydraulic 
fracture propagation work using a laboratory simula-
tion approach has been carried out (Wu et  al. 2007; 
Guruprasad et al. 2012; Frash 2014; Guo et al. 2018; 
Mohammad et  al. 2018; Wanniarachchi et  al. 2018; 
Xing 2018; Liu et  al. 2019). Simulation investiga-
tions were performed on limestone, granite, concrete 
and PMMA, showing that re-stimulation of existing 
fractures increased injectivity (Frash 2014). Wanniar-
achchi (2018) studied the influence of fracturing fluid 
on the fracture pattern and permeability of fractured 
rock, finding that when using foam, induced fractures 
had greater surface area and complexity. By means of 
the phase field numerical method, Liu et  al. (2019) 
investigated how natural cavities affect the propaga-
tion of hydraulic fractures, finding that when reduc-
ing the Young’s modulus ratio between the cavity 
and rock mass the deviation of the fracture became 
significant.

Building on this work, we investigate how the 
peak pressure and minimum pressure induced by 
CHPP within a borehole affect the number of cycles 
to failure and the development of the fracture in large 
scale thermoplastic polymer Polymethylmethacrylate 
(PMMA) samples (Ø 200 mm, and length 200 mm) 
using a novel experimental setup. Fluid pressure, opti-
cal footage, and high-resolution strain measurements 
are combined to present a multi-faceted interpreta-
tion of multi-stage hydraulic fracture growth resulting 
from pressure pulses. The PMMA used here is often 
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cited as a shale analogue material, and is regularly 
used in experiments to investigate natural fracture 
processes in rocks (Lee and Jeon 2011; Gomez Rodri-
guez et al. 2016; Khadraoui et al. 2020). It is consid-
ered an analogue to shale in terms of its mechanical 
properties, low matrix permeability, elasticity, and 
fracture toughness (Senseny and Pfeifle 1984; Khad-
raoui et al. 2020). While PMMA does not contain the 
same internal variability as shale, its homogeneity 
and lack of pre-existing fracture networks provides 
a useful benchmark for investigating the effects of 
those fracture networks in real rocks (Roshankhah 
et al. 2018), and here provides us with the structural 
homogeneity to explore the impact of cyclic hydrau-
lic pressure pulses within a repeatable material. Shale 
is highly heterogeneous and mechanically anisotropic 
(Ibanez and Kronenberg 1993), it is also friable and 
deteriorates rapidly under laboratory conditions, and 
as such it is very challenging to recover and prepare 
intact shale samples at our sample size.

PMMA has been extensively studied in the lit-
erature due to its viability as a rock analogue and 
its medical and military applications. PMMA stud-
ies that report a stress–strain curve indicate consist-
ent observations, with the elastic limit of the material 
extending up to around 80  MPa in uniaxial com-
pression (Swallowe and Lee 2006). Fatigue proper-
ties of PMMA have been determined using a stand-
ardised dog-bone tensile test where the sample is 
pulled in one direction until failure occurs (Carnelli 
et  al. 2011). Other investigations assessed the creep 
of PMMA under cyclic loading at different tempera-
tures, concluding that both temperature and loading 
path impact the strain evolution (Liu et  al. 2008). 
However, the minimum stress applied in those cyclic 
assessments was close to 0 MPa which is not repre-
sentative of borehole conditions used for geo-energy 
applications. Gurusprasad et  al. (2012) determined 
that injection hole diameter, pressure and temperature 
can all lead to an increase in induced fracture length. 
Xing et al. (2018) emphasised the role of net pressure 
and stress on fracture growth, using a transparent pol-
yurethane material that enables the fracture geometry 
to be clearly observed in all directions.

This optical transparency property of PMMA 
offers the opportunity to image the growth of frac-
tures, and Khadraoui et  al. (2020) demonstrated the 
use of PMMA for visual inspection of hydraulic 
fracture propagation inside 50 mm diameter samples 

during experimental investigation. Previous work 
used PMMA as a benchmark material against which 
to compare shales through the investigation of mono-
tonic hydraulic fracturing. It imaged a complex inter-
action between the injected fluid, the pre-existing nat-
ural fractures, and the hydraulically induced fractures 
(Roshankhah et  al. 2018).This work by Roshankhah 
(2018) highlighting the interaction with pre-exiting 
natural fractures is echoed by the work by Mighani 
(2018) investigating the interaction between hydrau-
lic fractures and pre-existing fractures undertaken 
using PMMA. Multiple examples of material fatigue 
characterisation using PMMA plates and dog-bone 
shaped samples have also been conducted (Huang 
et al. 2014). Gan et al. (2015) investigated the break-
down pressures during hydraulic fracturing using 
PMMA, drawing particular attention to the influence 
of the fluid’s interfacial tension (IFT) on breakdown 
pressure; the IFT of a fluid controls the permeation 
of the fluid into the matrix and they observed that 
breakdown pressure of impervious cases is approxi-
mately twice as large as that of the permeable case. 
This highlights the importance of the materials’ per-
meability when attempting to initiate a fracture.

PMMA is therefore a well characterised potential 
shale analogue in which to investigate CHPP effects 
on breakdown pressure and fracture. Our work pro-
vides experimental data characterising the sample 
behaviour under CHPP for validation of numerical 
models used to investigate the benefits of soft cyclic 
treatment on hydraulic fractures. This work builds 
upon the significant characterisation of PMMA in 
response to various stress–strain conditions presented 
above, and adds to the literature on the application 
of CHPP by investigating PMMA under conditions 
analogous to those that are encountered by a bore-
hole at depth. Furthermore, this material being very 
repeatable improves the reliability of defined trends. 
The experiments use 200 × 200  mm cylindrical 
PMMA samples and apply an axial stress of 8 MPa 
(equivalent to the effective axial load of a 530 m deep 
borehole), with fluid pressure cycled inside a central 
6 mm diameter, 120 mm long borehole. The borehole 
internal surface is not totally regular due to being 
drilled, and to some extent can be considered repre-
sentative of the rough uneven surface that would be 
present in an uncased borehole or a crack.

We developed a pressure-controlled delivery sys-
tem to investigate the effect of square waves on the 
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fatigue life of PMMA. This furthers the literature, 
which mostly focusses on monotonic, or sinusoidal, 
variation in pressure due to the predominance of flow 
rate control. We can therefore induce a square wave 
pressure cycle with the pump operating at a constant 
flow rate. This is important when considering that 
pressure pulse targeting induced by valve shifting of 
a high and low pressure line to allow the pump to per-
form at a constant flow rate would result in the bore-
hole zone targeted for fracturing experiencing high 
pressure changes over short time periods, akin to a 
square wave pattern. We control both mean pressure 
and cycle amplitude. This affords a new insight by 
studying a new type of cycle. Uniquely, our experi-
mental observations include fibre optic strain meas-
urement around the circumference of the sample, 
providing high density strain measurements (every 
2.6 mm) around the sample’s exterior, at 25 Hz fre-
quency, allowing the temporal constraint of fracture 
development to be made for the first time. We define 
the initiation of a fracture as the onset of a significant 
fluid pressure drop in the borehole. The test con-
cludes once the sample has been fractured all the way 
to the margin.

2  Materials and methods

2.1  Sample characterisation

The samples are made from a cast PMMA bar pur-
chased from Clear Plastic Supplies1. Our use of cast 
PMMA bars, which lack inherent pore structures, was 
a deliberate choice to isolate and study particular var-
iables of the hydraulic fracturing process under con-
trolled conditions with a homogeneous and repeat-
able material. While we recognise that pore structure 
and rock mass composition are critical to the frack-
ing process, our research aims to first understand the 
fundamental mechanics of fracture propagation and 
fluid flow in a simplified system. The transparency 
of PMMA allows for real-time, in-situ visualisation 
of these phenomena, which is often obscured in natu-
ral shale samples. The bar was cut to 200 mm lengths 
and in each sample a 6  mm diameter borehole was 
drilled from the centre of its top face down to 80 mm 

from the base (Fig. 1). This borehole depth (120 mm) 
was selected to allow for a larger volume for fracture 
propagation because the fracture usually propagates 
upwards from the base of the borehole (Zhuang et al. 
2020). The following material properties are provided 
by the manufacturer: a Poisson’s ratio of 0.37 com-
parable to shale (Molina et al. 2017), a temperature-
dependent tensile strength (see Fig.  2), which we 

Fig. 1  Sample dimensions. In the confined test the sample 
diameter was reduced to 193.75 mm to accommodate a rubber 
jacket within the GREAT cell

Fig. 2  Tensile strength of PMMA as a function of temperature 
from manufacturer’s data in black. Dashed line represents pol-
ynomial interpolation from manufacturer’s data. Blue shaded 
band indicates the ambient temperature experimental condi-
tions, and the orange shaded area the heated experimental con-
ditions chosen for our study

1 (http:// www. clear plast icsup plies. co. uk)

http://www.clearplasticsupplies.co.uk
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used to define the tensile strength at our experimen-
tal temperatures of 21 and 40 °C, giving 77–81 MPa 
and 66–71 MPa, respectively (Fig.  2). We use these 
two temperature conditions to simulate the effect of 
pulsed pumping for different host rock conditions, in 
which the strength and elastic parameters differ, to 
explore the viability of the approach under different 
scenarios. 

We further tested the elastic mechanical properties 
by defining the Young’s modulus of the PMMA. The 
PMMA was taken from the same rod used to create 
the large samples. Using an ‘Instron model 5969′ 50 
KN uniaxial press in the Volcanology and Geother-
mal Research Laboratory at the University of Liv-
erpool, we non-destructively loaded and unloaded 
a core of PMMA of 40 mm in diameter by 105 mm 
in length under the following strain rates:  10–2,  10–3, 
 10–4,  10–5   s−1 to 25  MPa. Position and load (cf. 
stress given the constant contact area) were moni-
tored at a frequency of 100 Hz, and the compliance 
of the machine was corrected for in real-time by the 
 Bluehill® software (Instron) using a series of calibra-
tions run with no sample at the same displacement 
rates and target load.

2.2  Hydraulic fracture testing equipment

To investigate the impact of CHPP on materials from 
a central borehole, we designed, further developed, 
and utilised three key experimental devices:

(1) Cyclic fluid pressurisation system
(2) An unconfined uniaxial rig
(3) The Geo Reservoir Experimental Analogue Tech-

nology (GREAT) Cell (McDermott et  al. 2018; 
Fraser Harris et al. 2020)

2.2.1  Cyclic fluid pressurisation system

A pump was developed to create the cyclical pres-
sure pulses that were applied to the sample. A Lab-
VIEW program was develop to control the pump and 
switched from high to low pressure every 3.57  s, a 
cycle frequency of 0.14 Hz. This frequency ensured 
that the sample did not heat up via internal friction 
(i.e. hysteretic heating). This heating is insignificant 
at frequencies below 0.5 Hz (Editorial Committee of 
Fatigue and Fracture Atlas of PMMA 1987). Water 

was used as the working fluid, with an estimated 
viscosity of around 1.0  mPa.s at ambient tempera-
ture (about 21 °C) and 0.7 mPa.s at 40 °C. The tem-
perature was recorded at 1  Hz sampling frequency. 
The LabVIEW controller allowed the fluid pressure 
to be monitored at 500  Hz, which is several orders 
of magnitude greater than the cycle frequency. This 
enabled the pressure drop after failure initiation to be 
recorded.

2.2.2  Unconfined uniaxial rig

Experimental equipment was designed to recreate 
the axial stress experienced by a near borehole envi-
ronment using CHPP. The equipment consisted of 
a 200  mm wide cylindrical stainless-steel platen to 
apply load to a sample. The load, which we converted 
to an axial stress, was manually controlled with a 
hand pump delivering oil pressure to a piston in con-
tact with the top of the platen. A LabVIEW control-
ler calculates the axial stress delivered with a visual 
graphical feedback for the user to control it during the 
experiment. The axial stress, held constant through-
out the experiments, was recorded at a rate of 1 Hz to 
monitor its consistency.

The platen allowed for fluid injection through a 
borehole located at the centre of the sample, with a 
BS113 nitrile o-ring providing a face seal between 
the platen and the sample around the borehole. Opti-
cal fibre strain gauges, bonded to the sample using 
 Loctite® Super Glue to ensure optimal coupling, 
measured the circumferential strain during the experi-
ment. Fibre-optic measurements were made using a 
fibre optic strain gauge coupled with a LUNA mod-
ule and the ODISI-B acquisition software sampling 
at 25  Hz, the maximum allowable by the hardware 
(Gifford et al. 2007). The rig was radially unconfined 
to allow the use of Go-Pro optical cameras with 240 
frames per seconds to capture the development of the 
fracture.

2.2.3  GREAT cell

The Geo-Reservoir Experimental Analogue Technol-
ogy (GREAT) cell (McDermott et  al. 2018; Fraser-
Harris et  al. 2020) was used to conduct the triaxial 
test. It is designed to recreate subsurface conditions in 
the laboratory up to a depth of ~ 3000 m on ~ 200 mm 
diameter cylindrical samples. The equipment has the 
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ability to induce polyaxial stresses experienced in 
the subsurface (σ1 ≠ σ2 ≠ σ3). To retain a differential 
between the radial and axial stresses of 8 MPa as in 
the unconfined tests, the confined test was conducted 
with a uniform radial stress (σ2 = σ3) of 4 MPa and 
an axial stress of 12 Mpa. This allowed us to evalu-
ate its effect and develop the experimental protocol 
and control systems to combine the Cyclic Fluid Pres-
surisation System described above with the GREAT 
Cell. In the GREAT cell, radial pressure was applied 
via 8 opposing pairs of hydraulic bladders supplied 
by 8 pumps. The pressure in the bladders was auto-
matically controlled by a PLC control system at a fre-
quency of 1 Hz with an accuracy of 0.05 MPa. Axial 
stress was applied through a linear actuator under 
stroke control. Using the same configuration as in 
the unconfined set-up, strain was measured with an 
acquisition rate of 25 Hz.

2.3  Hydraulic fracture procedure

Before the sample was placed into the sample assem-
bly, the central borehole was primed with a syringe 
and any bubbles in the water were removed by gently 
stirring. The top platen was lowered onto the sam-
ple until a load of about 0.1  MPa was applied. The 
swage lock fitting connecting the fluid line to the 
platen was then loosened slightly to monitor extrac-
tion of any remaining trapped air. Then the fluid line 
to the sample was opened and the pump and valves 
set to flow water into the sample. The control system 
was used to ensure that the pressure remained close 
to atmospheric. When the bubbles from the loosened 
fitting had stopped and a steady stream of water drops 
developed, indicating all air had been purged from the 
system, the pump was stopped, the fitting tightened, 
and then the isolation valve to the sample shut before 
proceeding.

2.3.1  Unheated unconfined monotonic tests

An initial radially unconfined monotonic hydraulic 
fracturing test was conducted under an axial stress 
of 8 MPa to determine the breakdown pressure with 
a non-pulsed fluid. This value was needed to define 
the conditions used in all subsequent cyclic tests. 
The sample was loaded into the unconfined rig, the 
borehole was primed with water and ambient tem-
perature and the monitoring and logging equipment 

was started. The sample was loaded to 8 MPa using 
an axial piston operated by an oil hand pump. The 
water was injected at a rate of 1 ml/min under ambi-
ent temperature conditions of 21  °C. Fluid pressure 
in the borehole rose until failure occurred at a fluid 
pressure of 37.85 MPa. The internal fluid pressure in 
the borehole results in a radial stress of − 37.8 MPa 
and a hoop stress of 37.7 MPa. This results in a maxi-
mum differential stress of approximately 76  MPa. 
This differential stress matches the tensile strength 
of the PMMA material in this study, hence indicating 
a good match between the experimental data and the 
manufacturer’s.

2.3.2  Unheated unconfined cyclic tests

First the logging equipment was set to record. The 
sample was loaded axially in the unconfined rig 
described in Sect. 2.2.2, until a constant axial stress 
of 8  MPa was achieved. This load was maintained 
throughout the cycling of the fluid pressure using 
the manual oil pump. The fluid injection pump was 
turned on and the back pressure regulators adjusted to 
the desired maximum and minimum pressures. Maxi-
mum and minimum pressures were chosen as a frac-
tion of the monotonic breakdown pressure according 
to our experimental programme shown in Table  1. 
The experiment started when the valve between the 
fluid pressure transducer and the platen was opened, 
exposing the sample to the cyclic fluid pressure. At 
this stage the back pressure regulators could require 
minor adjustments to account for any small changes 
to the maximum and minimum pressures caused by 
the friction in the portion of the fluid line between 
the valve and the sample. The sample was exposed to 
cycles consisting of 3.57 s of high fluid pressure, fol-
lowed by 3.57 s of low fluid pressure.

2.3.3  Heated unconfined cyclic tests

First the platens and samples were heated to 40 °C in 
an oven and once they had reached the target temper-
ature the logging equipment was set to monitor. The 
bottom platen was taken from the oven and placed 
onto the rig. The sample was then placed onto the 
bottom platen. The borehole was primed as described 
previously. A heating band with thermocouple PID 
temperature control was attached around the sample 
using thermal-resistant tape. The sample, with fibre 
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optic cable, was loaded as described previously, and 
the remaining heating bands were attached to the 
top and bottom platens. The thermocouples from the 
National Instrument module (NI 9213) were taped to 
the top and bottom platen, and at three equidistant 
points along the height of the sample, and an insulat-
ing jacket was placed around the sample and platens 
to ensure the temperature remained stable and at the 
required 40  °C set point. It was important to ensure 
the fluid temperature was the same as the sample tem-
perature and this was achieved by using a heated plate 
with a magnetic stirrer to heat the water. The water 
was circulated in the pipe work, which was heated 
with temperature-controlled heating bands until it 
reached a steady temperature within error of the tar-
get temperature (± 3 °C). The same test procedure as 
in the unheated test was then applied.

2.3.4  Confined cyclic test

The GREAT cell was loaded with a PMMA sample 
193.75  mm in diameter by 200  mm height, with an 
optic fibre attached around the circumference of the 
sample (McDermott et  al. 2018). Sixteen hydraulic 
cushions then exerted a controlled radial force on the 
GREAT cell to create the radial isotropic stress field 
required. The cyclic pressurisation system equipment 
was connected to the top platen inlet which had the 
same design as described in the unconfined system.

The experiment was started by applying an axial 
stress of 8 MPa, exposing the sample to the same con-
ditions as in the unconfined experiments. The sample 
was given 10 min to stabilise, indicated by both stable 
axial stress and absence of strain change or creep on 
the fibre optic strain gauge. The radial stress was then 
applied at 4 MPa. Again, after monitored stabilisation 
the axial stress was increased to 12 MPa, to retain a 
differential stress of 8 MPa, comparable to the uncon-
fined experiments. Due to the importance in the dif-
ferential between the fluid pressure and the confine-
ment, the borehole pressures in this experiment 
were also increased by 4  MPa, to retain the same 
differential pressure as in the unconfined test 3, also 
conducted at ambient temperature. The Cyclic Fluid 
Pressurisation System developed was used, apply-
ing the same procedure as described in Sect. 2.3.2 to 
deliver pressure pulses to the sample.

2.4  Modelling methodology

To determine the likely stress state at the borehole 
wall during the high and low pressure parts of the 
cycles in each experiment, the OpenGeoSys coupled 
process simulator was used (Kolditz et al. 2012). We 
used the benchmark validated elastic solution since, 
according to the Lamé Solution theory for thick-
walled cylinders, the differential stress state at the 
borehole wall was lower than the tensile strength of 

Table 1  Experimental matrix

a Indicates the monotonic test which was conducted prior to the main suite of experiments to characterise the tensile strength of the 
material

ID Maximum 
pressure

Minimum 
pressure

Mean pressure Cycle pressure 
amplitude

Confining 
pressure

Temperature Rig Type

NA MPa MPa MPa MPa MPa °C NA NA

0a 38 N/A N/A N/A N/A Ambient Unconfined Monotonic
1 29 15 22 14 N/A Ambient Unconfined Cyclic
2 28 16 22 12 N/A Ambient Unconfined Cyclic
3 27 17 22 10 N/A Ambient Unconfined Cyclic
4 26 18 22 8 N/A Ambient Unconfined Cyclic
5 26 18 22 8 N/A Ambient Unconfined Cyclic
6 24 14 19 10 N/A Ambient Unconfined Cyclic
7 30 20 25 10 N/A Ambient Unconfined Cyclic
8 26 18 22 8 N/A 40 °C Unconfined Cyclic
9 27 17 22 10 N/A 40 °C Unconfined Cyclic
10 29 15 22 14 N/A 40 °C Unconfined Cyclic
11 31 21 26 10 4 Ambient GREAT Cell Cyclic
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the material. Here the differential stress is defined 
as the difference between the radial and tangen-
tial stresses at any given point on the borehole wall. 
The Poisson’s ratio obtained from the manufacturer 
was 0.37. A 2D-axisymmetric model was used to 
reduce computing time. The spatial discretisation of 
the model was achieved by generating a mesh of tri-
angles using GMSH (Geuzaine and Remacle 2009), 
with an element side length of 0.5 mm at the borehole 
and 8 mm at the sample edge (see Additional file 1: 
Fig. 1). This was suitable due to the high homogene-
ity of the PMMA. The borehole tip was approximated 
to a quadrant of 3 mm radius.

2.5  Optical monitoring and image segmentation

We monitored the experiments using a GoPro Hero 
8 Black 2 at 240 fps. Where a fracture propagated at 
a favourable angle to the camera position, the frac-
ture growth could be monitored. The video frames 
were extracted using OpenCV (Bradski 2000) Python 
Library (Fig. 3, step 1). The real colour images were 
then processed by computing the difference between 
an image and the one from the previous frame (Fig. 3, 
step 2). The ‘difference image’ was converted to 
greyscale and a threshold was applied to it using the 

inbuilt THRESH_BINARY_INV and THRESH_
OTSU functions. The threshold mask was coloured 
red to help distinguish the fracture growth. The mask 
was then applied back onto the image in real colour 
(Fig. 3, step 3). Further to these automatic steps, the 
frames in which fracture growth was identified by the 
user were selected and the operation described above 
was repeated with different coloured filters (Fig.  3, 
step 4). The output was opened in a photo processing 
tool and the areas of growth manually infilled, based 
on the thresholding information extracted automati-
cally (Fig. 3, step 5). The pixels from each coloured 
area were then counted by using the colour select 
toolset to have a zero tolerance.

3  Results

3.1  Young’s modulus

We defined the Young’s modulus from the linear 
elastic portion of the stress–strain curves during com-
pressive loading of cylinders of PMMA to 25  MPa 
at strain rates of  10–5–10–2   s−1. We found that the 
Young’s Modulus shows an apparent increase with 
increasing strain rate (Fig. 4).

Fig. 3  Image processing methodology. Imaged sample was 
200 mm in diameter and 200 mm in height. Colours represent 
the various segmentation steps performed between successive 
images taken at 240 fps. Step 1 presents two examples of raw 
images extracted from the GoPro video. Step 2 represents the 
threshold difference mask applied to the image to highlight 
pixels of different colour in red and similar pixels in black. 

Step 3 shows how the coloured different pixel mask is applied 
to the original image. Step 4 replicates the previous steps (with 
different colours for legibility) to show the propagation of the 
fracture. Step 5 indicates how the user manually infills gaps in 
the fracture propagation extracted automatically by using the 
background image as a reference



Geomech. Geophys. Geo-energ. Geo-resour.           (2024) 10:65  

1 3

Page 9 of 20    65 

Vol.: (0123456789)

3.2  Borehole simulations

In order to understand better the stress state in the 
borehole during the hydraulic fracture tests, we per-
formed numerical simulations using OpenGeoSys. 
The borehole simulation results for the confined, 
unconfined, heated, and un-heated experiments yield-
ing the same differential borehole stress state, along 
with the reference monotonic test, are presented in 
Fig. 5. We define the differential stress as the differ-
ence between the radial and tangential stresses at any 
given point on the borehole wall. Experiment  0a is a 

monotonic test, hence the minimum differential stress 
at the start of the experiment is not of interest for the 
purpose of determining fracture stress conditions: it 
fractured when the fluid pressure reached 38  MPa. 
In Test 3, we carried out an unheated and unconfined 
procedure, resulting in a differential borehole stress 
state equivalent to what was seen in Test 11. The fluid 
pressure ranged between 17 and 27  MPa, resulting 
in an amplitude of 10 MPa. This test did not involve 
any confining stress (i.e. atmospheric pressure) and 
was performed at normal room temperature using 
the unconfined rig. For Test 9, we applied the same 
conditions as Test 3, except for the temperature which 
was raised to 40 °C in the unconfined setup. Test 11, 
on the other hand, was a confined experiment. Here, 
the fluid pressure varied from 21 to 31  MPa, also 
with a 10 MPa amplitude, but the sample experienced 
a confining stress of 4 MPa. This was carried out at 
normal room temperature in the GREAT Cell. Addi-
tional details on these and other experiments can be 
found in the Additional file 1: Fig. 2.

The differential stress at the wellbore wall (Fig. 5) 
is approximately twice as large as the wellbore pres-
sure. The results show that the highest differential 
stress state is achieved during the high-pressure parts 
of the cycles as expected from the Lamé Equations. 
The shear stresses we see developing at the base of 

2.5

3

3.5

4

1E-5 1E-4 1E-3 1E-2Yo
un

g'
s M

od
ul

us
 (G

Pa
)

strain rate (s-1 )

Measurement 1 Measurement 2

Fig. 4  PMMA Young’s Modulus against deformation rate 
highlighting the rate dependence of the material

Fig. 5  Simulations using OpenGeoSys. A Experiment  0a 
is a monotonic test. B Experiment 3 is the unconfined and 
unheated test. Experiment 9 is the heated experiment with the 
same cycles as Experiment 3. C Experiment 11 is the confined 
test in the GREAT Cell. The solid lines indicate the differen-

tial stress (σ1–σ3) at the borehole wall  during the high-pres-
sure part of the cycle. The dashed lines indicate the differential 
stress at the borehole wall during the low-pressure part of the 
cycle. The median value of the maximum pressure rounded to 
the closest MPa is indicated as labelled vertical dotted line
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the borehole are because of the coordinate rotation, 
where the normal stress of the borehole is no longer 
being applied in a radial direction, but rather being 
applied normal to the wall of the borehole, which at 
the base was assumed to be a half-sphere in the mod-
elling to account for the shape of the drill bit and to 
avoid numerical stress concentration which would 
result from a flat base. This change in the direction 
in which the stress is applied leads to a rotation of the 
stress field, which in the x_y coordinate system leads 
to shear stress being developed. The modelled values 
are close to 3.5% lower than Lamé’s analytical solu-
tion in the axial portion of the borehole wall. In the 
Lamé solutions for thick-walled cylinders, the stress 
distribution is independent of material’s rheology and 
is purely a function of the cylinder’s geometry and the 
pressure boundaries. We have also conducted a few 
simulations with a much lower Poisson’s Ratio. As 
expected, this only affected the response in the base 
of the borehole and reduced the maximum differential 
stress.

3.3  Hydraulic cyclic pressure pulsing

3.3.1  Timing of fracture development

Throughout all tests the first indication of sample fail-
ure was indicated by a drop in fluid pressure below 
the low pressure line’s set point. We can observe from 
Fig.  6, which displays the fluid pressure data from 
the penultimate cycle prior to failure initiation, that 
all experiments fail during the ‘high-pressure’ part of 
the cycle. This is true for the 0.14 Hz frequency we 
tested. Lower frequencies might allow more time for 
the sample to fail during the low pressure portion of 
the cycle.

Table  2 presents the number of cycles to failure 
for each experiment. The results indicate that increas-
ing the amplitude of the cycle reduces the number 
of cycles to failure. However, increasing the mean 
pressure (and therefore maximum pressure, given 
the same amplitude) has a much greater impact on 
the reduction of number of cycles to failure. This is 
consistent with the fact that increasing the mean pres-
sure raises both the minimum and maximum differen-
tial stress at the wellbore wall, whilst increasing the 
amplitude increases the maximum differential stress, 
but reduces the minimum one. Hence, we see a strong 
correlation between pressure amplitude and cycles to 

failure, as well as between maximum pressure and 
cycles to failure, which we explore further in the fol-
lowing sections.

3.3.2  S–N curves

As all experiments failed during the high-pressure 
portion of the cycle, we can cast this breakdown 
pressure (Pmax) in terms of a fraction of the mono-
tonic breakdown pressure (Pmon) measured for the 
room temperature samples. The data is plotted rela-
tive to the number of cycles to failure in Fig. 7. Our 
results show that the higher the maximum pressure 
of our cycles, the lower the number of cycles to 
failure. Increasing the mean pressure from 19  MPa 
(orange triangle) to 22  MPa (black triangles) and 
25 MPa (blue triangle) at ambient temperature results 
in an decreasing number of cycles to failure. This is 
explored further in Sect. 3.3.3.

The results also indicate weakening of the mate-
rial as a result of temperature increase, suggested 
by the shift to failure at lower numbers of cycles for 
the same pressure conditions (Fig. 7; compare black 
triangles at ambient temperature to green squares at 
40  °C). That reduction is in the order of one order 

Fig. 6  Plot of the fluid line pressure from the penultimate 
cycle before failure and final cycle, showing the fracture time 
of each experiment (rapid pressure drop). Experiment 10 failed 
during the first cycle, before it could reach its set cycling pres-
sure. This explains the lower failure value for that experiment. 
Therefore, for Experiment 10 we see the first, rather than 
penultimate cycle. In addition, we can see the gradual pres-
surisation happening during the high-pressure portions of the 
cycle, up until its failure before it reaches the set point pres-
sure. The figure shows that failure occurs during the high-pres-
sure part of the cycle in all experiments. The time axis is rela-
tive to the start of the penultimate cycle before failure initiation
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of magnitude of cycles (for samples who have expe-
rienced at least 10 cycles). This result is supported 
by the manufacturer data (Fig.  2), which shows a 
strength reduction with increasing temperature, not-
ing that the temperature contrast here is chosen to 
shift the mechanical properties of the analogue mate-
rial. Here we plot these results with maximum pres-
sure as a fraction of the monotonic breakdown pres-
sure at ambient temperature, to highlight the impact 
of shifting the material properties.

Finally, the test performed with the addition of 
confining pressure fractured after a number of cycles 
consistent with the trend obtained from uncon-
fined tests 1–4 (black triangles), which all had the 
same mean pressures with varying amplitudes (see 
Table 2). Indeed, by experimental design, the samples 
from the confined experiment 11 and the unconfined 
experiment 3 were exposed to the same differential 
stress state (effective stress) at the borehole wall. 
Hence, the differential stress state at the borehole is 

Table 2  Cycles to failure for each experiment

ID Maxi-
mum 
pressure

Mini-
mum 
pressure

Mean pressure Pressure 
ampli-
tude

Confining stress Temperature Rig Type Cycles to Failure

NA MPa MPa MPa MPa MPa °C NA NA Cycle

0 38 0.1 19.05 37.9 0.1 Ambient Unconfined Monotonic N/A
1 29 15 22 14 0.1 Ambient Unconfined Cyclic 60
2 28 16 22 12 0.1 Ambient Unconfined Cyclic 129
3 27 17 22 10 0.1 Ambient Unconfined Cyclic 300
4 26 18 22 8 0.1 Ambient Unconfined Cyclic 421
5 26 18 22 8 0.1 Ambient Unconfined Cyclic 212
6 24 14 19 10 0.1 Ambient Unconfined Cyclic 992
7 30 20 25 10 0.1 Ambient Unconfined Cyclic 4.5
8 26 18 22 8 0.1 40 °C Unconfined Cyclic 79
9 27 17 22 10 0.1 40 °C Unconfined Cyclic 16.5
10 29 15 22 14 0.1 40 °C Unconfined Cyclic  < 1
11 31 21 26 10 4 Ambient GREAT Cell Cyclic 226

Fig. 7  S–N curves from 
our study as a fraction of 
the monotonic breakdown 
pressure measured under 
unconfined, room tem-
perature conditions, against 
cycles to failure. Our results 
include two experimental 
temperatures (ambient 
and 40 °C), confined and 
unconfined results, all at a 
frequency of 0.14 Hz
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a key parameter to extrapolate experimental results 
from unconfined to confined situations. Note that the 
confined experiment is offset from the unconfined 
experiments in Fig. 7, but that is due to the normali-
sation of the its maximum pressure by the monotonic 
breakdown pressure under unconfined conditions, as 
we did not perform a monotonic test in confinement. 
Given the comparability of the stress states demon-
strated, we would expect the monotonic breakdown 
pressure under confinement to shift higher accord-
ingly, and the confined condition to then fall into line 
with the S–N curve of the unconfined case (Fig. 8).

3.3.3  Mean pressure

The effects of mean pressure were investigated by 
retaining the same pressure amplitude and by varying 
both minimum and maximum fluid pressure by the 
same increment.

Three different mean pressures were investigated: 
19, 22 and 25 MPa, corresponding to 50%, 58% and 
66% of the monotonic breakdown pressure. The 
majority of our tests were conducted at 22 MPa mean 
pressure. The results indicate that increasing mean 
stresses causes a reduction in cycles to failure (though 
we note that maximum and minimum pressures also 
shifted due to retaining constant amplitude). In detail, 
it took 5 cycles to initiate fracture at a mean pressure 
of 25 MPa compared to 300 cycles at a mean pressure 

of 22  MPa, and 992 cycles to fail at a mean pres-
sure of 19  MPa. Interestingly, the experiment under 
confined conditions with a mean pressure of 26 MPa 
plots adjacent to the unconfined test at 22 MPa. This 
would be expected if a linear superposition of the 
stress states was undertaken as the effective stress 
would also be 22 MPa in the confined test.

Attention should also be drawn to the minimum 
stress component of the mean stress. Indeed, experi-
ments 1 and 7 have equivalent maximum pressures 
of 29 and 30 MPa respectively, but the difference in 
minimum pressures of 15 and 20  MPa respectively 
is much greater. The number of cycles to failures in 
experiment 1 is 60 and that of experiment 7 is 4.5. 
This highlights that by including variable minimum 
pressures for equivalent maximum pressure (i.e. 
increasing the mean pressure when  Pmax is fixed) 
lower numbers of cycles to failure can be achieved.

The effects of temperature on the number of cycles 
to failure is also significant. Tests at 40  °C were 
conducted with the same primary mean pressure of 
22  MPa as was at ambient temperature (~ 21  °C). 
Three cyclic pressure amplitudes were tested, and 
also showed a reduction in cycles to failure at higher 
amplitude (Fig. 7). Relative to the ambient tempera-
ture tests, failure occurred earlier at 40 °C due to the 
reduced strength of the PMMA at this temperature 
(Fig. 7).

Fig. 8  Cyclic pressure 
amplitude versus cycles to 
failure, for various mean 
borehole fluid pressures 
(indicated in the key). The 
number by each point is the 
number of cycles to failure. 
The results show the inverse 
relationship between 
increasing mean stress and 
decreasing cycles to failure. 
Note that for the test with 
confining pressure (pink 
triangle) the fluid pressure 
is higher by 4 MPa, but 
the effective stress at the 
wellbore wall is equivalent 
to the unconfined test series 
with a wellbore fluid pres-
sure of 22 MPa
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3.4  Pressure–strain: monitoring fracture growth

Here we present the pressure and strain results relat-
ing to the best optical dataset showing the growth 
of the fracture. As it was not possible to predict the 
direction of the fracture due to the fact the sample 
was radially unconfined, most of the tests yielded 
footage unsuitable for the optical analysis, except for 
Experiment 1, which forms the basis for the following 
discussions.

The fluid pressure data demonstrate a sharp pres-
sure drop from 29 MPa to 3.5 MPa immediately after 
the initial fracture stage develops (Fig. 9, step 1). The 
fluid pressure steadily increases again at a slower 
rate once the initial fracture has developed. This is 
due to the high-pressure line still delivering pressur-
ised fluid. It then reaches another threshold at 5 MPa, 
characterised by a further fracture growth event and 
fluid pressure drop (Fig. 9, step 2). At this stage the 
fluid pressure starts to increase again but at an even 
slower rate, before stabilising at 4 MPa as a result of 
the solenoid valve switching to the low pressure line 
(Fig. 9, step 3). It is important to note that the fluid 
pressure does not increase back to the minimum fluid 

pressure set in the experiment. This is due to the low 
pressure line being disconnected from the pump and 
only containing a backpressure regulator set to not 
exceed the minimum pressure for the test. As soon 
as the solenoid valve switches back to the high pres-
sure line, the pressure increases to 5.6 MPa as fast as 
in the previous cycles and finally fractures the sam-
ple all the way to the sample exterior (Fig.  9, step 
4). The fast increase in pressure can be explained by 
the re-pressurisation of the high pressure line whilst 
the solenoid valve was switched to the low-pressure 
part of the cycle. Notably, in both cases the fracture 
growth pressure is 5–6 MPa, significantly lower than 
the 29  MPa which caused the initial fracture. The 
pressure then drops down to about 1 MPa regardless 
of whether the high or low-pressure lines are con-
nected (Fig. 9, step 5).

The strain data, obtained by the strain gauge sur-
rounding the sample, can be closely correlated to 
the pressure signal from the fluid line. Strain data 
are presented as a strain integral in Fig. 9. This was 
calculated as the sum of the strain data multiplied 
by the length between each sample point (2.6  mm) 
on the fibre, to give an indication of the total strain 

Fig. 9  Correlation between fluid pressure (blue line) and 
strain on the outside of the sample (variable coloured line). 
The NaN fraction indicates the fraction of values recorded as 
NaN by the ODISI-B system. The NaN values come from the 
measurement accuracy being lower than the quality factor of 
the ODISI-B module. Grey lines indicate points of interest 
explained in the main text. Step 1 indicates the first fracture. 
Step 2 the propagation of the fracture after the new pressure 

build up. Step 3 marks the start of the low pressure cycle, 
where the sample becomes disconnected from the pump and 
the high-pressure line is able to repressurise to its set point. 
Step 4, marks the re-exposure of the fractured sample to the 
repressurised line and the fracture reaching the edge of the 
sample. Step 5 marks the change to the low-pressure part of 
the cycle. Shaded areas indicate the high-pressure portions of 
the cycles
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around the circumference of the sample through time, 
for direct comparison to the fluid pressure data. In 
Fig.  10 the strain data are presented as strain maps 
that can be considered as exaggerated plan view 
images of the sample circumference. These show the 
localisation of the deformation around the location of 
the propagating fracture. In Fig. 9 the sample reacts 
to the initial increase in pressure from the low to high 

part of the cycle with a slight increase in strain. As 
soon as the fracture starts to develop (Fig. 9, step 1) a 
net increase in strain at the outside of the sample can 
be observed from 500 to 1000 µε (from Fig. 10A, B). 
Figure 10 B shows the initial growth of the fracture. 
Then, as the pressure increases, the strain at the out-
side of the sample also increases. This increase is not 
large enough to lead to a visually detectable growth 

Fig. 10  Fracture stages from Fig. 9. A prior to failure, B the initial fracture stage, C the second fracture stage, during the high-pres-
sure portion of the cycle, the D final fracture stage reaching the outside of the sample
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of the fracture. As the second fracture stage develops 
(Fig. 9, step 2), and nears the edge, the strain signal 
becomes noisy as it starts to drop below the quality 
factor of the instrumentation in the orientation where 
the fracture is growing. The NaN values come from 
the measurement accuracy being lower than the qual-
ity factor of the ODISI-B module (i.e. this occurs 
when a measurement is multiple orders of magnitude 
greater than the average). These NaN values have 
been linearly interpolated and are indicated in red in 
Fig.  10. This increase in NaN values is indicated in 
the figure by warmer colours. During this secondary 
fracture growth stage, the strain gauge records greater 
strain, in excess of 1750 µε (Fig. 10C). As the cycle 
reverts back to the low-pressure line (Fig. 9, step 3), 
which is not supported by the pump, the strain seems 
to be increasing at a lower rate, comparable to pre-
fracture levels. The data at this stage is of lower qual-
ity with 12% of the strain data missing around the 
fracture area. As the line switches back to the high-
pressure and the fracture finally reaches the edge of 
the sample, the accumulated strain is released (Fig. 9, 
step 4) which results in the gauge signal recovering its 
pre-fracture accuracy. This provides confidence that 
the fracture process does not damage the gauge. The 
final grey line (Fig.  9, step 5) indicates the change 
back to the low pressure line, showing a release in 
strain, to a level slightly below that of the strain after 
the fracture reached the outside of the sample during 
the high pressure part of the cycle.

3.5  Pressure–optical: fracture growth

Figure 11 shows that the fracture growth rate, quanti-
fied from the pixel count from the image segmenta-
tion process, decreases exponentially as the fracture 
grows during the first stage of fracture propagation 
(step 1 in Fig. 9). This is also the case for the pressure 
data. As the fluid pressure drops, the pixel count also 
drops (Fig.  11B) indicating that the rate of increase 
of fracture area diminishes as the pressure drops. It 
should be noted that the strain data cannot be corre-
lated in the same way as the pressure data, because 
the resolution of the strain data is 40 ms and there-
fore longer than the analysis time frame of the fluid 
pressure drop (Fig. 11A). The initial fracture propa-
gation stage progresses through most of the sample 
and results in a very rapid decrease in the fluid pres-
sure inside the wellbore. The pressure decreases from 
29 MPa down to 3.5 MPa during this initial fracture 
event.

4  Discussion

In this section we will discuss our findings in the con-
text of applying the findings to geo-energy applica-
tions. The reported tensile strength of the PMMA is 
between 77 and 81 MPa at ambient temperature. The 
breakdown pressure in the monotonic hydraulic frac-
turing tests is ~ 38 MPa, yielding a differential stress 

Fig. 11  A The reduction in pressure (red), and the reduction 
in area growth represented by the change in pixels from one 
frame to the next (black). B Correlation between pressure in 

the borehole and the growth of the fracture in pixels. This indi-
cates how well the pressure drop can be related to the visual 
growth of the fracture
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in the borehole of ~ 73 MPa according to our model-
ling. This discrepancy can be attributed in part to the 
strong dependency of tensile strength on the strain 
rate (Wu et al. 2004). Indeed, Wu et al. (2004) report 
a tensile strength of PMMA of about 70  MPa at a 
strain rate of ~  1–2  s−1 and 41 MPa at ~  1–5  s−1.

In the axial region of the borehole wall, the mod-
elled values in Fig.  5 are around 3.5% lower than 
Lamés analytical answer. The stress distribution in 
the Lamé solutions for thick-walled cylinders is a 
function of the cylinder’s shape and the pressure 
boundaries, and is independent of the material prop-
erties. Several simulations were made with a lower 
Poisson’s Ratio which had no effect on the response at 
the bottom of the borehole but reduced the maximum 
differential stress in the vertical portion of the bore-
hole wall. Hence, the fatigue response of the speci-
men results from the stress state at the borehole wall. 
This is consistent with the observations presented in 
the S–N curves (Fig. 7). We note that in natural geo-
materials it is common to have some degree of pre-
existing permeability, in that case Gan et  al. (2015) 
invoke other parameters like the interfacial tension of 
the fluid, which controls the percolation of the fluid 
into the matrix and affects the breakdown pressure.

Our results show that mean, maximum and mini-
mum pressures, and amplitude of the pressure pulses 
in the wellbore all impact the fatigue life of the 
PMMA samples tested. The standardised approaches 
(usually using dog-bone or notched specimens) used 
in the literature describe cyclic regimes where the 
minimum stress is set to 0 MPa (or very close to avoid 
buckling in case of overshoot). Since this minimum 
stress parameter is rarely studied in conventional 
dog-bone testing the effect of the minimum wellbore 
pressure has, to date, been difficult to quantify. This 
is particularly relevant to subsurface geoenergy appli-
cations where hydraulic cyclic pressure pulses might 
be applied, in which the existing formation pressure 
will define the minimum pressure that can be safely 
achieved.

Our geometry also displays results consistent with 
existing studies conducted on dog bone and notched 
samples (Huang et  al. 2014; Okeke et  al. 2018). In 
particular, we observe a reduction in the number of 
cycles to failure with an increase in maximum stress 
(Fig. 7). We observe that the slope obtained from our 
experiments is steeper than what has been reported 
for geomaterials (Cerfontaine and Collin 2018). This 

can be explained by the fact we are using PMMA 
rather than a geomaterial; in PMMA we demonstrated 
that the Young’s Modulus exhibits a time depend-
ence, through the strain rate (Fig. 4), and others have 
shown the rate dependence of the strength (Wu et al. 
2004), as such, our longer duration experiments likely 
needed to exceed a lower strength, as well as demon-
strating the cyclic fatigue. In this study we demon-
strate that the effect of the minimum stress during the 
low pressure part of the cycles also has an impact on 
the fatigue life of the sample in addition to the maxi-
mum stress induced during the high pressure parts of 
the cycles. Indeed, experiments 1 and 7 have maxi-
mum pressures of 29 and 30  MPa respectively, but 
a much greater difference in minimum pressures of 
15 and 20  MPa respectively. The number of cycles 
to failure in experiment 7 is 4.5 and that of experi-
ment 1 is 60. We attribute this difference to the higher 
minimum pressure in experiment 7. This has not 
been demonstrated before in PMMA samples under 
the studied geometry. This finding has implications 
for operational practices in geoenergy practices as, if 
the results up-scale, the operator would reduce both 
breakdown pressure and number of cycles to failure 
by increasing  Pmin, and hence  Pmean, rather than the 
amplitude, for a constant  Pmax. This is also important 
where  Pmax might be fixed by regulations, or by the 
pump’s capital cost.

Our results also demonstrate that multi-stage frac-
ture growth can result from cyclic pressurisation. 
The fluid pressure data from Fig.  9 for experiment 
1 showed a gradual increase following the initial 
fracture stage. This can be attributed to the ‘high-
pressure’ part of the cycle still being active. The rate 
of pressure increase is lower than at the onset of a 
cycle prior to a fracture being present. This can be 
explained by (1) the pump capabilities and (2) the 
additional volume of the fracture the fluid now has to 
fill. It takes approximately 1 s for the fluid pressure to 
reach 5 MPa, at which point the second stage of the 
fracture propagates again, which can be correlated to 
the optical data (Fig. 11). Again the re-pressurisation 
rate decreases slightly, as the pump has to fill a larger 
volume. It can also be observed that the fracture ini-
tiation pressure (29  MPa) is therefore much higher 
than the fracture growth pressure (5  MPa) this is in 
accordance with the literature on hydraulic fractur-
ing (Cheng and Zhang 2020). During this secondary 
fracture growth stage, the strain gauge records greater 
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strain, in excess of 1750 µε. This could be due to 
the initial fracture stage reaching closer to the edge 
and hence the strain accommodation during the sec-
ond stage of the fracture growth happens in a much 
smaller portion of the material that is closer to the 
strain gauge. This secondary fracture stage does not 
extend the initial fracture area significantly. In effect, 
the strain is more widely distributed during the first 
fracture propagation because the sample is an intact 
elastic medium, but once the fracture is present the 
strain is more localised around the fracture tip, and 
importantly, the stress that is able to build is lower 
due to the lower strength that can be sustained in an 
already fractured medium.

These experiments demonstrate that cyclic pres-
surisation may be an effective way to implement 
multi-staged fracturing. This is in contrast to our 
monotonic tests, which mimic the usual method of 
creating hydraulic fractures, where a single perva-
sive fracture extended from the central borehole to 
the sample margin. Such developments may aid in 
reducing the largest induced seismic events (caused 
by large fractures) by facilitating more small frac-
turing events, as has been proposed by Zang et  al. 
(2021). The ability to control the fracture develop-
ment in stages using CHPP is beneficial to geoen-
ergy applications where carefully controlling the 
permeability of the near-borehole area is critical 
to fluid injection and recovery operations. This 
approach could be used to sequentially increase per-
meability up to the desired level. It must be noted 
that further research and development of the pump-
ing equipment would be required to deliver these 
pressure pulses accurately at depth.

During experiment 10, the heated sample failed 
during the initial pressure ramp up of the first cycle. 
This implies that the failure criterion was reached, 
and the fracture developed in a similar fashion to a 
monotonic pressure test 12. This is consistent with 
the strong temperature dependency of the ultimate 
tensile strength of PMMA (Fig.  2), which reduces 
as temperature increases (Abdel-Wahab et al. 2017; 
Gao 2018). This indicates a consistent effect of tem-
perature measured in standardised tensile tests and 
in our geometry applicable to hydraulic fractur-
ing. It should be noted that although the observa-
tion is consistent with the theory, the borehole from 
the sample test 12 had been partially miss-aligned, 
leading to more asperities inside the borehole. This 

damage could have contributed to stress concen-
tration points. Hence, we do not consider this data 
point to be quantitatively representative. None-
theless, tests 8 and 9 provide us with consistent 
results, clearly indicating that the weakening effect 
of PMMA by temperature observed in tensile tests 
translates well to our test geometry. Overall, our 
results are comparable with existing literature show-
ing that the heating of the PMMA contributes to it 
failing earlier as temperature increases (Liu et  al. 
2008). This has implications for the planning of 
geoenergy applications, as here we use the increas-
ing temperature to alter the mechanical properties 
of the analogue rock, demonstrating the viability of 
the method in different elastic–plastic regimes.

5  Conclusion

This study has demonstrated the square wave pulsed 
hydraulic capabilities of a uniaxial and triaxial rig 
to reduce breakdown pressure using PMMA sam-
ples of large size. The results obtained agree with 
previous work on PMMA fatigue and hydraulic 
fracturing. Using PMMA, which is homogeneous, 
allowed us to demonstrate that the proposed stress 
states developing inside the borehole can be recon-
ciled with the Lame’s solution to within 3.5%. This 
deviation is to be expected due to the partially pen-
etrating nature of the borehole, and some roughness 
in the borehole from the drilling process.

In addition to showing that the peak pressure 
in the borehole is the primary control on reducing 
the number of cycles to failure, we also show that 
increasing minimum and mean pressure reduce time 
to failure. The effect of minimum stress is usually 
not accounted for in the wider PMMA fatigue test-
ing literature as it is commonly set to near 0 MPa. 
These results indicate that Cyclic Fluid Pressurisa-
tion Systems reduce breakdown pressure, which can 
reduce the peak power needed to induce fractures in 
geoenergy settings.

Moreover, in our optically clear PMMA sam-
ples we could reconcile visual observations with the 
fluid pressure data and circumferential strain data to 
dynamically characterise multi-stage fracture growth. 
This is particularly novel in the hydraulic fracturing 
literature on rocks, as it is normally harder to char-
acterise the growth of the fracture from anything 
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other than the pressure drop signal, or post-mortem 
analysis. The observed staged fracture growth during 
cyclic pressurisation indicates the potential for using 
Cyclic Fluid Pressurisation Systems to control dam-
age accumulation and permeability enhancement by 
the creation of numerous small fractures, and reduc-
ing the size and occurrence of large fracturing events 
that produce large seismic events.
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