
1. INTRODUCTION 

Hydraulic fracturing is currently the only way to produce 

oil and gas from unconventional resources (Janszen, et al., 

2015). Numerous studies have contributed to the 

optimization of hydraulic fracturing, increasing the oil 

and gas it can produce (Soliman, et al., 2014), (Wigwe, et 

al., 2018). Because connecting hydraulic fractures to 

existing networks of natural fractures increases the 

number of paths that oil and gas can take to flow through 

otherwise impermeable rock, doing so increases the 

efficiency of stimulations and thereby production 

(Kolawole & Ispas, 2019). Unlike conventional hydraulic 

fracturing methods, thermal shocking initiates new 

fractures and connects existing fractures in 

unconventional reservoirs due to the difference in 

temperature between the injected gas and the reservoir.  

Recent experimental studies have assessed the 

effectiveness of thermal shocking techniques that use cold 

liquids or cold gases, including liquid nitrogen, cold 

nitrogen gas, and cold carbon dioxide gas. In these 

studies, synthetic rock samples and real core samples 

were used to investigate the effects of thermal shocking 

on mechanical and elastic properties of rocks (Keaney, et 

al., 2004), (Popov, et al., 2016), (Cha, et al., 2018).  

This study investigated the impacts of thermal shocking 

on the mechanical properties of shale core samples. Two 

core samples were used in a series of experiments. One 

sample was obtained from the Eagle Ford outcrop (EF#6), 

and one sample was an actual core sample obtained from 

a shale gas formation in Texas (SG#6). Three thermal 

shocks were applied to these samples, and an ultrasonic 

velocity test was conducted before and after these thermal 

shocks. Computed tomography (CT) scanner was used to 

scan the core samples before and after conducting the 

thermal shock experiment. In addition to the pictures 

taken from the samples before and after performing the 

experiment, CT scan results clearly show propagation of 

the existing crack after implementing thermal shock 

technique. 

1.1. Thermal Shock Technique 

In thermal shocking, a cold fluid is injected into a hot 

formation. The difference in temperature between the 

injected fluid and the surface area of the main fracture 

increases the tensile stress. If this stress change is 

sufficient, a network of secondary fractures will be 

initiated. Thermal shocking the surface of the rock also 

changes its Young’s modulus and Poisson’s ratio-

increasing its brittleness and facilitating the expansion of 

existing networks of fractures. (Enayatpour & Patzek, 
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ABSTRACT: In thermal shocking, a cold fluid is injected into a hot formation to generate thermal shocks. These shocks can create 

fractures in the surface of the formation, which can connect with natural networks of fractures. This study assessed the capacity of 

thermal shocking with cold nitrogen gas to initiate fractures in shale-oil and shale-gas reservoirs. Two core samples were used in a 

series of experiments. These samples were heated at 82 °C (180 °F) for one hour and then rapidly cooled in three thermal shocks. In 

each shock, nitrogen at -18 °C (0 °F) was injected at approximately 1,000 psi for about 5 minutes. Ultrasonic velocity tests were 

performed before and after each shock. Computed tomography (CT) scanner was used to scan the core samples before and after 

performing the experiment. The results of these experiments were very promising: the thermal shocking generated cracks on the 

surfaces of the samples, and altered their Young’s moduli, Poisson’s ratios, and brittleness ratios. These results support the 

conclusions that thermal shocking can be used to create fracture in shale formations and that thermal shocking can thus be considered 

an alternative to conventional hydraulic fracturing, which relies on water-based fluids.  

 

 

 

 

 

 

 

 



2013) stated that a successful thermal shocking in creating 

fractures into a reservoir rock depends on the following 

properties; existing natural fractures in the rock matrix, 

rapid application of thermal shocking, high Young’s 

modulus and low fracture toughness of the rock. 

(Finnie, et al., 1979) used both analytical and 

experimental methods to evaluate the extent to which 

cooling with liquid nitrogen could cause thermal 

cracking. In their experiment, the researchers injected 

liquid nitrogen into cubes of Solnhofen limestone through 

central 1 cm diameter holes. From their results, they 

determined that rapidly reducing the surface temperature 

produces tensile stresses that produce fractures in the 

rock. (Geyer & Nemat-Nasser, 1982) thermally induced 

cracks in the parallel edge of a glass half-plane. This plane 

was heated to uniform temperature and then immersed in 

a bath of liquid cooled with dry ice. Once it was 

immersed, the plane formed a thermal boundary layer that 

contracted and produced tensile cracks that propagated 

perpendicularly to the cooled edge. (Grundmann, et al., 

1998)  successfully used liquid nitrogen to stimulate a 

well in the Devonian shale formation in eastern Kentucky, 

concluding that additional tests are required to ensure that 

thermal shocking maximizes fracture-flow conductivity. 

(Kim & kemeny, 2009) performed experimental work to 

determine whether rapid cooling would damage samples 

of granite and diabase with ore veins. To do so, they 

slowly heated the samples to 100 ºC and then cooled them 

rapidly. The results revealed that thermal shocking caused 

cracks to grow in some of the samples. From these results, 

the researchers concluded that rapidly cooling a rock’s 

surface can produce a non-uniform temperature 

distribution that exposes the surface of the rock to tension 

and the body of the rock to compression, producing 

considerable thermal stresses that can either expand or 

heal cracks in the rock, depending on rock type. (Tran, et 

al., 2012) used a 2D simulation model to study the effect 

of the temperature difference between a cold injected 

fluid and a hot reservoir on crack initiation. The results 

revealed that thermal stresses were the dominant causes 

of secondary fractures and that secondary fractures can 

initiate and propagate even after a short-term injection of 

hydraulic fracturing fluid. (Tarasovs & Ghassemi, 2012) 

developed a numerical model to study the conditions 

necessary for the growth of radial cracks due to thermal 

shock. The influences of the internal pressure, thermal 

stress, and the in-situ stress anisotropy on the cracks’ 

lengths are investigated in this study. The results show 

that a complex pattern of cracks formed near the wellbore 

and a few cracks extended into the formation. (Tarasovs 

& Ghassemi, 2014) also performed extensive two-

dimensional numerical simulations of crack propagation 

under thermal shock using the complex variable 

hypersingular boundary element method. The simulation 

results were used to obtain scaling relations for crack 

length and spacing. It was found that the total length of all 

cracks grows much slower than the strain energy of the 

thermal stress due to cooling. (Hamdi, et al., 2014) 

conducted a non-isothermal compositional simulation to 

examine the effectiveness of low temperature CO2 

injection process in hot reservoir. The results showed that 

the oil recovery increased by 8.73% after 24 years of 

production. 

In the past few years, much research has been conducted 

into cold fracturing technology and its applications. 

(Alqahtani, 2015) conducted cold fracturing experiments 

in which liquid nitrogen was applied to samples of 

concrete, tight sandstone, and Niobrara shale. The results 

revealed not only that cold fracturing improved rock 

permeability, especially the permeability of the shale 

samples, but also that it had almost no potential to damage 

the formation. (Zhao, et al., 2016) subjected rock samples 

to liquid nitrogen and tested their mechanical properties, 

finding that both their shear strengths and their tensile 

strengths decreased significantly. The results showed that 

the thermal shocks caused by cryogenic treatments could 

create new microfractures and extend existing 

microfractures, producing additional flow paths and 

increasing production capacity. (Yao, et al., 2017) also 

performed several experiments, testing the ability of 

cryogenic fracturing to increase the permeability of 

concrete samples. Eight tiny thermocouples were 

embedded in the diagonals of cubic rock samples 8 inches 

on each side to monitor changes in their temperatures. The 

samples were then subjected to triaxial stresses while 

liquid nitrogen was injected into the samples through 

holes 6 inches deep. The results revealed that this process 

increased the permeability of the affected areas. 

Previous studies on thermal shocking, however, have 

generally examined only a few parameters at a time. This 

study examines the effects of thermal shock on Young’s 

modulus, Poisson’s ratio and Rickman’s index of shale 

formation at various confining pressures. In addition, 

application of thermal shock in conjunction with cyclic 

gas injection method was investigated in this study and 

the results revealed an increase in oil recovery from Eagle 

Ford formation by injecting cold nitrogen at low 

temperatures compared with ambient temperature.    

2. EXPERIMENTAL WORK 

2.1. Core Preparation 
Two core samples were used in this experiment: one from 

the Eagle Ford outcrop (EF#6) and one actual core sample 

from a shale gas formation in Texas (SG#6) (Figure 1). 

Table 1 shows the dimensions of the core samples. 

 

 

 

 



2.2. Measurement of Ultrasonic Velocity 

NER’s AutoLab 1500 was used to measure ultrasonic 

velocity (Ramezanian, et al., 2019). The AutoLab 1500 

uses two ultrasonic transducers (a receiver and a 

transmitter) to measure compressional P-waves, shear S1 

and S2 waves. Axial velocity test results are used to assess 

both dynamic Young’s modulus and Poisson’s ratio 

(Kolawole, et al., 2018), both of which are important 

parameters in calculating rock brittleness and fracability 

index. Axial velocity measurements were obtained before 

and after each thermal shocking cycle to determine the 

effects of the thermal shocking on compressional velocity 

(Vp), dynamic Young’s modulus, and Poisson’s ratio. 

The following equation (1) developed by (Rickman, et al., 

2008) was then used to calculate the brittleness of the 

rock. 

𝐵𝑟 =
50

7
(𝐸 −  28𝑣 + 10.2)               (1) 

Where Br is Brittleness Ratio; E is Young’s modulus and 

v is Poisson’s ratio. 

Brittleness index is one of the main important parameters 

for evaluating shale plays. The above equation is the most 

common brittleness indicators based on mechanical 

properties and was used by several previous studies 

related to shale reservoirs (Alzahabi, et al., 2015), (Cao, 

et al., 2018) 

Procedure for testing Axial Velocity: 

First, each core sample was placed into a high-pressure 

rubber jacket with both ultrasonic transmitter and receiver 

in place (Figure 2). 

 

Fig. 2. Axial velocity test setup 

Next, the sample was secured inside a high-pressure 

vessel. Confining pressure was then applied to the sample 

in increments of 1,000 psi, starting at 1,000 psi and 

proceeding to 10,000 psi and vice versa. Vp was measured 

and displayed at each increment. 

2.3. Thermal Shock Experiment 

The apparatus used for thermal shocking included a 

Quizix pump (QX-6000), two high-pressure stainless-

steel accumulators, a high-pressure core holder, a 

nitrogen-gas cylinder, a cooling bath, a heating jacket, 

mineral oil, insulation material, and a water tank. Figure 

3 presents a schematic diagram of the thermal shocking 

setup. 

 

Fig. 3. Thermal shocking experiment setup 

The core samples—EF#6 and SG#6—were each 

thermally shocked via the injection of nitrogen at -18 °C 

(0 °F). First, each sample was heated to 82 °C (180 °F) 

over the course of approximately one hour. Next, each 

core sample was held at a pressure of 1,000 psi for 15 

minutes. The nitrogen was cooled using a mixture with a 

3/1 ratio of ice and sodium-chloride (NaCl) crystals. 

Mineral oil with a minimum working temperature of -55 

°C (-67 °F) was used to ensure that the fluid inside 

accumulator #2 did not freeze during nitrogen injection. 

 

Fig. 1. A) Outcrop Eagle Ford core sample. B)  Real core 

from a shale gas formation. 

Table 1. Core samples dimensions 

 

Core Name 

Length Diameter 

cm in cm in 

EF#6 7.59 2.99 3.81 1.50 

SG#6 7.62 3.00 3.78 1.49 



(Elwegaa & Emadi, 2018) explained the detailed 

procedure of the thermal shock experiment.  

Before and after the thermal shock experiment, CT 

scanner (figure 4) was used to scan the core sample.  

 

 

 

 

 

 

 

 

3. RESULTS AND DISCUSSION 

The results obtained from the thermal shocking 

experiments were very promising, revealing that cracks 

initiated and propagated after thermal shocking. A change 

in P-wave velocity was observed after implementing 

thermal shocking on each core sample. Thermal shocking 

created cracks on the surface of the sample and changed 

the sample’s mechanical properties (i.e. its Young’s 

modulus, Poisson’s ratio, and brittleness ratio). The 

results of CT scanning revealed that the crack propagated 

after implementing the thermal shock using the cold 

nitrogen at 0 °F. Detailed results are presented below. 

3.1. The Ultrasonic Velocity (P-wave) of EF#6 

Figure 5 shows the effects of confining pressure and 

thermal shocking on the P-wave velocity of EF#6. It is 

obvious that as the confining pressure increases, the P-

wave velocity increases too: the rock is increasingly 

compacted at higher confining pressures, so the P-wave 

arrives more quickly. It is also observed that the thermal 

shocking altered the P-wave velocity. The P-wave 

velocity decreased after the first thermal shock and at high 

confining pressures, indicating that the arrival of the P-

wave was delayed by newly formed cracks. In contrast, 

an increase in P-wave velocity was observed after second 

and third thermal shock and it is believed that thermal 

shock can cause crack healing instead of crack growth. 

Overall healing is expected when the amount of crack 

healing in the central parts of a rock sample exceeds the 

crack growth near the surface of the sample (Kim & 

kemeny, 2009). 

 Figure 6B shows the new crack on the core sample 

surface after performing the 3rd thermal shocking. In 

addition to that, CT scan was used to scan the core sample 

EF#6 prior and after thermal shock (Figure 7). Obviously, 

there is an increase in crack length after conducting the 

thermal shock (Figure 8B) compared to the initial crack. 

 

 

 

 

 

Fig. 6. Core sample picture of EF#6. A) Before Thermal 

Shock. B) After 3rd Thermal Shock. 

3.2. Young’s Modulus and Poisson’s Ratio of 

EF#6 

Figure 8 shows the effects of confining pressure and 

thermal shocking on Young’s modulus of EF#6. A direct 

relationship was observed between Young’s modulus and 

confining pressure, and thermal shocking affected 

Young’s modulus. At a confining pressure of 10,000 psi, 

for example, the Young’s modulus of EF#6 was the 

highest (5.49 × 106 psi) after the first thermal shock (it 

was 5.37 × 106 psi before thermal shocking). Thermal 

shocking affected both Young’s modulus and Poisson’s 

ratio - especially after the first thermal shock. As Figure 

9 shows, however, the confining pressure did not greatly 

affect either Poisson’s ratio.   

 

Fig. 4. CT scanner for X-ray core scanning 

 

Fig. 5. The P-wave velocities of EF#6 at various confining 

pressures 

 

 

Fig. 7. CT scanner in slice view of EF#6 A) before thermal 

shock, B) after thermal shock 
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Fig. 8. Young’s modulus of EF#6 at various confining 

pressures 

 

Fig. 9. The Poisson’s ratio of EF#6 at various confining 

pressures 

3.3. The Brittleness Ratio of EF#6 

Figure 10 shows the relationship between Young’s 

modulus and Poisson’s ratio of EF#6 and according to the 

equation offered by Rickman et al., at high Young’s 

moduli and low Poisson’s ratios, the rock becomes more 

brittle. The first thermal shock increased the brittleness of 

the core sample, while both the second and third ones did 

not considerably alter the rock brittleness. 

 

Fig. 10. Young’s modulus vs. Poisson’s ratio of EF#6 

3.4. Ultrasonic Velocity (P-wave) of SG#6 
Figure 11 shows the P-wave velocities obtained for SG#6 

with different confining pressures and thermal shocks. A 

proportional relationship between P-wave velocity and 

confining pressure is obvious: the rock is increasingly 

compacted at higher confining pressures, so the P-wave 

arrives more quickly. In addition, thermal shocking 

impacted P-wave velocity: a decrease in Vp was observed 

after the second and third thermal shocks. These decreases 

in Vp are evidences of creating new cracks. Figure 12 

shows SG#6 before and after thermal shocking, revealing 

the fractures induced by the second thermal and the core 

completely split into two pieces at the end of the 

experiment. 

 

Fig. 11. The P-wave velocities of SG#6 at different confining 

pressures 

3.5. Young’s Modulus and Poisson’s Ratio of 

SG#6 

Figure 13 shows the effects of confining pressure and 

thermal shocking on Young’s modulus of SG#6. A direct 

relationship was observed between Young’s modulus and 

confining pressure. Thermal shocking also affected 

Young’s modulus. Unlike with EF#6, thermal shocking 

reduced the Young’s modulus of SG#6, except after the 

second thermal shock, at which point Young’s modulus 

was the same and higher than before thermal shock at 

some confining pressures. At 1,000 psi, for example, 

Young’s modulus was higher (10.07* 106 psi) after the 

5.1

5.15

5.2

5.25

5.3

5.35

5.4

5.45

5.5

5.55

Confining pressure, psi

Y
o
u

n
g
's

 m
o
d

u
lu

s,
 p

si
*
1

0
6

Pre-thermal shock

First thermal shock

Second thermal shock

Third thermal shock

0.22

0.23

0.24

0.25

0.26

0.27

0.28

Confining pressure, psi

P
o
is

so
n

's
 r

at
io

Pre-thermal shock

First thermal shock

Second thermal shock

Third thermal shock

5.20

5.25

5.30

5.35

5.40

5.45

5.50

5.55

0.23 0.24 0.25 0.26 0.27 0.28

Y
o
u

n
g
's

 m
o
d

u
lu

s,
 p

si
*
1

0
6

Poisson's ratio

Pre-thermal shock

First thermal shock

Second thermal shock

Third thermal shock

18,800

18,900

19,000

19,100

19,200

19,300

19,400

19,500

19,600

19,700

19,800

P
-W

av
e 

v
el

o
ci

ty
, 

ft
/s

ec

Confining pressure, psi

Pre-thermal shock

First thermal shock

Second thermal shock

third thermal shock

 

Fig. 12. Core sample SG#6. A) Before thermal shock.    

B) After the third thermal shock. 



second thermal shock than after the other thermal shocks. 

Thermal shocking also affected Poisson’s ratio.  

As Figure 14 shows, Poisson’s ratio decreased to an 

average of 0.29 after the second thermal shock. In 

contrast, the values of Poisson’s ratio were almost 

identical before and after the first and third thermal 

shocks, ranging from 0.296 to 0.304.   

 

Fig. 14. Poisson’s ratio of SG#6 at different confining 

pressures 

3.6. Brittleness Ratio of SG#6 

Figure 15 shows the relationship between Young’s 

modulus and Poisson’s ratio of SG#6. Unlike EF#6, the 

brittleness of SG#6 can be readily observed after the 

second thermal shock, a good indication that the rock was 

likely fractured. 

 

Fig. 15. Young’s modulus vs. Poisson’s ratio of SG#6 

4. APPLICATION OF THERMAL SHOCK ON 

UNCONVENTIONAL RESERVOIRS 

Production from ultra-low permeability formation (e.g. 

Eagle Ford shale formation) depends on hydraulic 

fracturing of these formations to connect natural fractures 

and open a path between the wellbore and the reservoir 

matrix. Thermal shock can be used to increase 

connectivity of flow pathway by extending thermal cracks 

and connect them to the natural fractures of these 

formations. Although oil production significantly 

increased from shale formation, it declines very quickly 

owning to the low permeability of these reservoirs. 

Consequently, the oil industry is investigating how to 

increase oil recovery from shale-oil and shale-gas 

reservoirs. Recent research suggests that Cyclic Gas 

Injection (Huff -and-Puff) can be used as an Enhanced Oil 

Recovery (EOR) method in unconventional reservoirs. 

Thermal shock can be conducted during Cyclic Gas 

Injection by injecting a very cold nitrogen during a huff 

cycle of this process. It has been experimentally approved 

that cyclic cold gas injection increased oil recovery from 

Eagle Ford formation by injecting cold nitrogen at low 

temperatures compared with ambient temperature due to 

the following: 

• Creating thermal cracks owing to the temperature 

difference between the gas and the formation. 

• Oil viscosity reduction  

• Oil expansion due to dissolution of injected gas in 

oil 

• Vaporization of lighter components of oil  

• Interfacial tension reduction and relative 

permeability alteration 

These changes in oil properties take place during the 

soaking time of cyclic gas injection process. Figure 16 

presents the cumulative oil recovery factor versus 

production time for an Eagle Ford core sample at the 
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Fig. 13. Young’s modulus of SG#6 at various confining 

pressures 
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injection pressure of 2,000 psi for all four different 

temperatures.  

 

Fig. 16. Cumulative oil recovery results of an Eagle Ford 

sample at injection pressure of 2000 psi 

It is clear that the maximum cumulative oil recovery 

factor was observed at the lowest injection temperature -

25 °C (-15 °F). For example, the ultimate oil recovery 

factor at -25 °C (-15 °F) was about 10% higher that than 

ultimate oil recovery factor at 23 °C (74 °F). 

5. CONCLUSIONS 

To test thermal shocking, cold nitrogen was injected into 

two core samples: the first was from the Eagle Ford 

outcrop (EF#6), and the second was an actual core sample 

from the Eagle Ford formation (SG#6). This study 

assessed the effects of thermal shocking on rocks’ 

mechanical properties—i.e. their Young’s moduli, 

Poisson’s ratios, and brittleness ratios—and it assessed 

the feasibility of creating fractures by injecting cold 

nitrogen into hot formations. Ultrasonic velocity tests 

were used to measure the P-wave velocities of the core 

samples and to determine the mechanical properties of the 

samples at different confining pressures. The major 

conclusions of this study are as follows: 

• The experimental results suggest that thermal 

shocking can be used to create new fractures and 

propagate existing cracks. 

• The results demonstrated that Young’s modulus 

and Poisson’s ratio of shale rock samples change 

after implementing thermal shock on the rock 

sample. 

• Three thermal shocks were applied to each of EF#6 

and SG#6 core samples, and each core sample 

responded to them differently. EF#6 became more 

brittle after applying the first thermal shock, while 

SG#6 became brittle after conducting the second 

thermal shock.   

• The results of these experiments demonstrated that 

thermal shocking can be used as an effective 

technique to improve hydraulically fractured shale 

reservoirs performance.  
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