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ABSTRACT 

This report presents the results of our research investigating cryogenic fracturing 

technology. While hydraulic fracturing technology has revolutionized the development of 

unconventional oil and gas reservoirs, waterless fracturing technologies are being 

continuously sought due to the concerns over formation damage, water consumption, and 

contamination risks. Liquid nitrogen fracturing has been attempted in field, but its 

processes, mechanisms, and effectiveness are not well understood due to very limited 

investigation. This study systematically investigated the feasibility of wellbore liquid 

nitrogen fracturing by creating a sharp thermal gradient which generated destructive tensile 

stresses in the near-field rock. 

 

Over the duration of the project, we designed and built an integrated experimental system 

that consists of liquid nitrogen delivery, triaxial stress loading, parameter monitoring, and 

data acquisition systems to conduct cryogenic fracturing tests with and without triaxial 

stresses. With this equipment, experiments on different rocks, borehole injection pressure, 

different initial temperature, and varying triaxial stress conditions were conducted and 

monitored in real-time. With the system, the triaxial stresses can be applied up to 6500 psi 

vertically and 4500 psi horizontally on 8ò × 8ò × 8ò rock blocks. In addition, a second 

smaller triaxial stress setup was used that allowed visualization of fracturing of blocks up 

to 4ò × 4ò × 4ò in size with concurrent condition monitoring. CT scans, acoustic signals, 

pressure decay tests, and breakdown pressure measurements were used to characterize 

fractures before and after the experiments. 

 

Different types of cryogenic stimulation tests were conducted on both artificial and natural 

rock samples, including acrylic, glass, concrete, sandstone, and shale. Transparent acrylic 

and glass samples enable us to directly observe cryogenic fracture initiation, propagation, 

and patterns under different conditions. Submersion tests performed on concrete samples 

have demonstrated the concept of cryogenic fracturing by sharp thermal gradient and 

allowed refined observation of fractured surfaces. Borehole thermal shock created by 

circulating liquid nitrogen into the borehole demonstrated that cryogenic stimulation is 
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capable of generating fractures emanating throughout the acrylic cylinders and concrete 

blocks from borehole wall. Borehole pressurization improves the penetration of liquid 

nitrogen into the cryogenically generated fractures and enlarges the cryogenic contact with 

rock, in turn boosting the evolution of the fracture network, indicated by the drop of 

breakdown pressure during or after the cryogenic stimulation. Stimulations with glass 

samples under triaxial stress loading revealed that cryogenic fractures partially close as 

temperature rises back to normal. This same phenomenon was observed for shale samples 

by pressure decay tests with and without triaxial stress loading. 

 

Cryogenic fracturing processes depend on rock properties, water saturation, injection 

pressure, treatment time and cycles, and triaxial stress conditions. For concrete samples, 

longer curing time improves the rock strength, thus increasing the breakdown pressure, 

while liquid nitrogen injection pressure and number of cycles, and water saturation are 

negatively correlated with the breakdown pressure. On glass samples we determined that 

the cryogenic stresses must overcome the applied stresses to cause fractures in the medium. 

Combining tests on sandstone and shale samples, it is confirmed that liquid nitrogen 

stimulation reduces the breakdown pressures by generating fractures inside the rock blocks, 

and as temperature warms up, the fractures narrow. Multiple cycles of stimulation in shale 

samples indicate that greater permeability enhancement can be achieved after each cycle 

by creating new fractures and widening the existing ones. Optimized and improved CT 

scanning techniques empower visualization of micrometer fractures with high accuracy 

inside opaque shale samples. In addition, triaxial stress anisotropy has been demonstrated 

to be favorable for cryogenic fracture generation. 

 

Finite element and finite difference modeling approaches successfully reproduced the 

observations and measurements from our laboratory experiments, confirming the great 

potential of liquid nitrogen in fracturing unconventional oil and gas reservoirs. On basis of 

the results from laboratory experiments and numerical simulation, we recommend testing 

cryogenic stimulation in shallow well groups or in real field wells. 
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1. Introduction  

Cryogenic fracturing is a new concept that looks to expand and improve upon traditional 

hydraulic fracturing technology. The concept rests on the idea that cryogenic fluids, or 

cryogens can induce fractures when brought into contact with a much warmer rock under 

downhole conditions. When liquid nitrogen (LN2), which normally boils at -195.8°C  is 

injected into a rock with much higher temperature, heat from the rock will quickly transfer 

to the LN2. This rapid heat transfer creates a drastic thermal shock that causes the surface 

of the rock to contract. Temperature gradients from the near-surface cooled rock to the 

inner and warmer part of the rock, may cause the rock surface to eventually fail due to 

sufficient tension, inducing fractures orthogonal to the contact plane of the cryogen and the 

rock. Furthermore, since liquid nitrogen has a liquid-gas expansion ratio of 1:694 under 

the ambient condition (1 atm, 20ęC), the vaporized gas should, in a confined space, create 

a high pressure environment helping to propagate the fractures. 

 

As hydraulic fracturing has changed the development landscape of unconventional oil and 

gas resources, waterless fracturing technologies have been actively sought due to concerns 

arising from both heavy water usage and intractable formation damage. Cryogenic 

fracturing offers a solution to these issues, as well as supporting the oil and gas industryôs 

quest to improve both the pace and efficiency of hydrocarbon recovery. This new 

technology could potentially increase the effectiveness of fracturing while decreasing cost, 

enabling more formations becoming economically viable. Cryogenic fracturing therefore 

has the potential to drastically increase recoverable oil and gas reserves. 

 

This report consists of eight chapters. In this chapter (Chapter 1), we present the 

background, motivations, and objectives of this project, and summarize the major research 

activities during the past three+ yearsô period. In Chaper 2, we review the literature on 

waterless fracturing technologies with focus on the fundamentals of cyogenic fracturing 

and a few previous field tests in oil and gas industry. In Chapter 3, equipment setups 

established for these investigations are presented, along with the experimental procedures 

of a series of tests designed and carried out for quantitative assessment of cryogenic 
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treatments. In Chapter 4, we present the results and analyses of cryogenic fracturing 

treatments on artificial and natural rock samples, demonstrating the effectiveness of 

cryogenic fracturing. Then, in Chapter 5, we present the CT scan techniques we optimized 

and improved for fracture detection and imaging inside rock samples, which enable us to 

visualize the internal fractures created by cryogenic treatments. In Chapter 6, we present 

the finite element and finite difference schemes specifically modified for modeling the 

cryogenic fracturing processes and corresponding simulation results, achieving very good 

agreement with the experimental results. In Chapter 7, we present the design of small scale 

field pilot tests, located on a Niobrara shale outcrop. In Chapter 8, we conclude our findings 

from this project and recommend future research directions. 

 

1.1 Objectives 

The objective of the project is to study, test and develop an innovative cryogenic fracturing 

technology for enhanced gas recovery (EGR) from low-permeability shale gas and tight 

gas reservoirs. Specifically, our objective is to develop well stimulation techniques using 

cryogenic fluids, e.g. liquid nitrogen or liquid CO2, to significantly increase permeability 

in a large reservoir volume by initiating and propagating fractures surrounding vertical and 

horizontal wells. The new waterless technology has the potential to reduce formation 

damage created by current water-based stimulation methods, as well as minimize or 

eliminate water usage and the potential for groundwater contamination by fracturing fluid 

additives. 

 

The research project mainly consists of the following tasks: 

 

1. Review and synthesize literature on waterless fracturing technologies across academia 

and industry to assess the state of the technology and understand the fundamentals of 

generating fractures using a cryogenic fluid;  

 

2. Design and develop a triaxial stress loading system capable of testing LN2 fracturing on 

artificial and natural rock block samples in the laboratory; 
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3. Conduct cryogenic fracturing tests on acrylic, glass, concrete, sandstone, and shale block 

samples under triaxial stress conditions to investigate and evaluate the effectiveness and 

feasibility of cryogenic fluid on rock samples and determine how cryogenically induced 

fractures initiate and propagate in unconventional reservoirs; 

 

4. Build mathematical models to simulate the process of cryogenic fracturing,  including 

finite element and finite difference schemes; and measure rock properties of block samples 

to provide input parameters for the mathematical models; and 

 

5. After proof of concept and demonstration of the potential effectiveness of cryogenic 

fracturing technology at the lab-scale, demonstrate field implementation and assess 

permeability improvement. 

 

1.2 Major A chievements 

We designed and built an integrated laboratory system incorporating liquid nitrogen 

delivery, triaxial stress loading, and data acquisition systems for unstressed and stressed 

cryogenic stimulation tests on cubic rock samples as large as 8 inches. With this system 

and another smaller one, we carried out cryogenic stimulation tests with acrylic cylinders, 

glass cubes, concrete cubes, sandstone, and shale rock samples while varying operational 

parameters. It was found that a minimum threshold flow rate of cryogen is needed to create 

the necessary sharp temperature gradient in the borehole. With direct observations, bubble 

leakage tests, temperature and pressure monitoring, CT scans, acoustic measurements, and 

gas breakdown pressure tests, cryogenic fracture growth, morphology and stimulation 

efficacy inside the samples were analyzed and compared. 

 

The results demonstrate that cryogenic stimulation can create fractures in all types of rock 

cubes and deteriorate rock properties. Also, it was found that the generation of fractures is 

dependent on rock material properties. In weak concrete samples after submersion tests, 

more cracks were created near the surface than internally. Borehole stimulation on concrete 

samples indicated that longer curing time increases breakdown pressure, higher LN2 
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injection pressure and rate, and water saturation are favorable for cryogenic fracturing. 

Tests on sandstone and shale samples confirm that LN2 stimulation reduces the breakdown 

pressure of gas nitrogen fracturing, and as temperature warms up, the fractures narrow. 

Multiple cycles of treatments in shale samples achieve greater permeability enhancement 

after each cycle by both widening the existing fractures and creating new ones. Optimized 

and improved CT scanning techniques empowered us to visualize 50 ɛm-scale fractures 

with reasonable accuracy inside opaque shale samples. The cryogenic tests in transparent 

glass cubes as well as CT scans of post-stimulated shale cubes demonstrated different 

fracture patterns under different stress conditions. Particularly, under isotropic stress 

condition, visual examination and permeation tests indicated that fractures were difficult 

to initiate. 

 

We developed finite element and finite difference mathematical models to account for heat 

conduction, thermal expansion or contraction, fluid pressure change, external stress 

change, and cryogenic fractures during the stimulation process. Simulation results from 

finite difference and finite element modeling agree very well with cryogenic fracturing in 

rock cubes, in terms of temperature distribution, fracture generation, and permeability 

enhancements.  

 

On the basis of observations and measurements from our laboratory experiments, results 

from numerical simulation, and geological analysis of the Niobrara shale outcrop, we 

pinpointed a site on Niobrara shale outcrop in Lyons, Colorado and designed a double 8-

spot well pattern for cryogenic stimulation tests. Borehole characterization and target 

interval evaluation were to be carried out before and after cryogenic stimulation to evaluate 

its effectiveness in fracturing the shale gas formation. This small-scale field test was not 

implemented at the request of the funding agency. 
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2. Literature Review 

Without a doubt hydraulic fracturing has revolutionized the exploitation of unconventional 

oil and gas resources in the United States and around the world. Hydraulic fracturing 

technology for developing reservoirs of micro- and nano-Darcy permeability pumps highly 

pressurized fracturing fluids at high flow rate to create fractures in reservoir rocks, as 

pumping stops, the proppants suspended in the fracturing fluid prop open the complex 

network of fractures. These popped fractures increase the contact area between the 

reservoir and the wellbore, serving as highly conductive pathways for reservoir fluids to 

flow into the wellbore and be produced. Hydraulic fracturing and its associating 

technologies have drastically increased the United Statesô oil and gas production (Steward, 

2013).  

 

2.1 Concerns with Hydraulic Fracturing  

Modern hydraulic fracturing technology is being applied world-wide in field, more than 

90% of gas wells and 70% of oil wells drilled have been hydraulically fractured in recent 

years (Brannon, 2010). Hydraulic fracturing relies on water-based fracturing fluids, e.g. 

nowadays the most popular slick water, due to the general availability and low cost of water 

as well as its compatibility for proppants transport; however, a dependence upon water 

presents several major shortcomings. First, water can cause significant formation damage, 

which can occur as capillary end effects/relative permeability decrease and clay swelling 

stemming from imbibition and hydration, respectively. Formation damage mechanisms 

inhibit hydrocarbon flow from rock matrix into fracture network and thus impair 

production rates and recovery efficiency. Second, water use in large quantities may place 

significant stresses upon local water resources, especially for areas experiencing serious 

drought, as well as the local environments. For example, hydraulic fracturing of a 

horizontal well generally requires at least 2 million gallons of water (DOE, 2009), diverting 

water supply away from other purposes. Transportation of such huge amount of water to 

well sites on road infrastructure that was not designed for high traffic volumes, or 

construction activities associated with pipeline development can all have great impacts on 
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the surrounding community. Third, the high pressure downhole injection along with the 

chemical additives in water-based fracturing formulas (Sun, 2014), including slickwater 

and gel-based fracturing treatments, leads to contentious public concerns and political 

climate over induced seismicity and groundwater contamination. Finally, after fracturing 

treatment, large amount of flow back of fracturing fluids containing high concentration of 

suspended solids, salts, and hydrocarbons, etc. needs to be properly treated in order to avoid 

environmental pollution, which again lifts the cost of implementing hydraulic fracturing 

treatments (Hayes et al. 2014). All of these water related issues necessitate the research 

and development of waterless fracturing technologies. 

 

2.2 Waterless Fracturing Technologies 

A few waterless fracturing technologies have been developed and tested during the past 

several decades. Oil based/emulsion fracturing fluids are expensive and hard to be 

disposed, thus nowadays it is rarely used. Foams, by stabilizing CO2, N2 or their 

combination in liquid with the aid of surfactants, have been used since late 1960s for 

fracturing to reduce water usage and formation damage. The volume of gas in the foam 

system varies in the range of 53-95%, and its subsequent expansion during flow back would 

assist and accelerate the cleaning up of the liquid phase from rock matrix (Gupta, 2005). 

Generally, the higher the density and viscosity of foam, the better it carries proppants and 

the deeper it can be applied. However, foam is sensitive and fragile to high temperature, 

high salinity, and oil/condensate presence, therefore its efficacy is restrained by the 

reservoir conditions. Besides, foam fracturing is not completely waterless, it mitigates 

instead of eliminates the water related issues. 

 

2.2.1 Explosive and Propellant Fracturing  

One of those earliest explosive fracturing technologies focusing on stimulating low 

permeability gas reservoirs is the nuclear fracturing detonated in New Mexico and 

Colorado from 1967 to 1974 (Stosur, 1977). Tens of nuclear explosions for stimulating oil 

and gas wells were also carried out by USSR during that period. These peaceful nuclear 

attempts, though proved to be very successful in increasing natural gas production, were 
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abandoned due to prohibitive radioactivity accompanying the gas production. Starting in 

1964 (Miller and Johansen, 1976), a series of explosive fracturing using nitroglycerin and 

TNT had been tested in small and shallow 5-spot well patterns to fragment oil shale 

formations for following in-situ retorting in Wyoming. Extensive fractures to a radius of 

90 feet and significant airflow enhancement up to 800% were measured for different field 

tests by various evaluation techniques. Afterwards, Sandia National Laboratory carried out 

a series of high energy gas fracturing experiments by burning or deflagrating propellant in 

boreholes, aiming to fracture oil, gas, and geothermal wells. Multiple fractures have been 

obtained in wellbores with perforations (Warpinski et al. 1980; Cuderman et al. 1982; 

1986). Rather than generating compressive shock wave, propellant deflagration rives rock 

matrix by producing slower propagating pressure peaks. Propellant fracturing is not 

capable of carrying proppants into fractures, instead, shear slippage or spalling of the 

fracture planes might provide support for fracture openings (Page and Miskimins, 2009). 

 

2.2.2 Gelled Liquid  Systems 

Non-aqueous liquids, such as alcohol and liquefied petroleum gas (LPG), have long been 

recognized as promising fluids for fracturing unconventional reservoirs. Laboratory studies 

and field application of crosslinked gelled methanol-based fracturing fluid demonstrated 

higher regained permeability than crosslinked water-based gel and gelled oil (Thompson 

et al. 1992). Infinite solubility in water and favorable interfacial tension help achieve more 

efficient cleaning up and recovery of the flow back, thus increasing the permeability of the 

gas phase. In spite of these advantages, high safety risks are associated with methanol-

based fracturing fluid operations due to its unfavorable properties, including low flash point 

of 11ęC, wide explosive limits ranging from 6.7% to 35%, and higher specific gravity of 

the vapor phase (Hernandez et al. 1994). More recently, gelled liquefied petroleum gas has 

been gelled for efficient fracturing treatment and proppants transport, consistently 

demonstrating complete recovery of the fluid from the invaded zone after gel breaking. 

Also, superior to gas fracturing, gelled LPG has been applied to stimulate formations of a 

larger depth range from 750 feet to 11,500 feet (Tudor et al. 2009).  Compared with water-

based fluid, gelled LPG fracturing generated longer effective fracture half lengths and 

higher gas production rate due to much better clean up performance and much shorter flow 



8 

 

 

back period of less than 20 days (LeBlanc et al. 2011). Similar to methanol, LPG has 

potential safety risks with much lower flash point of -104 ęC, explosive limits of 2.37-

9.5%, and larger specific gravity. 

 

2.2.3 Gas Fracturing  

Formation can be fractured by injecting a gas at pressures high enough to split the rock 

matrix, the most widely available and economical gas species is gaseous nitrogen (Freeman 

et al. 1983). In field application, nitrogen is first delivered as liquid, after heating up, 

gaseous is pumped into the wellbore. Shallow well stimulations using gaseous nitrogen had 

been conducted in Devonian shale formation in Ohio (Gottschling et al. 1985), about 60% 

of the injection was pure nitrogen for fracture propagation, then the latter 40% was mixing 

with sands to pop up the fractures generated. Since gas is of low density and high 

compressibility, gaseous nitrogen fracturing is primarily used in shallow unconventional 

oil and gas reservoirs less than 5,000 feet deep (Rogala et al. 2013). Besides, low density 

and viscosity limit the capability of nitrogen fracturing to transport proppants. Although 

self-propping by rubblizing fracture surfaces is considered as a contribution for fracture 

opening at shallow depths, this possibility is wiped off for deep formations of tight 

cementation. Recently, in pace with the development of ultralight weight proppants, 

hundreds of gas fracturing jobs have been successfully performed in the Montney and 

Cardium plays in Canada (Canyon Technical Service, 2016). Without issues related to 

water usage and chemical additives, the economics and applicability of gaseous nitrogen 

fracturing has been well justified, as compared to foam and hydraulic fracturing (Kothare, 

2013). 

 

2.2.4 Supercritical CO2 Fracturing  

Reservoir temperature and pressure are normally higher than the critical temperature 31ęC 

and pressure 7.38 MPa of CO2 (Suehiro et al, 1996), hence CO2 is supercritical while being 

used for fracturing oil and gas reservoirs. As compared to hydraulic fracturing, CO2 is 

believed to be capable of creating more complex and extensive fracture networks due to its 

low viscosity, also CO2 can hardly be trapped and poses no damage threat to formations, 

attributing to its miscibility with hydrocarbons (Middleton et al. 2015). In addition, 
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attraction between CO2 molecules and the organic matter is stronger than that between 

methane molecules and the organic matter, which could result in enhanced desorption of 

methane during CO2 injection into the shale formation (Cracknell et al. 1996). This 

preferential adsorption behavior and large adsorption capacity offers additional potential 

for CO2 sequestration in fractured shale reservoirs during enhanced gas recovery or after 

the depletion of the reservoirs. To efficiently transport proppants into the fracture network, 

attempts of adding CO2-philic solvents or creating gelled systems were tried and several 

successful formulas have been found (Enick, 1998). Several drawbacks are associated with 

CO2 fracturing, such as searching for proper CO2 sources and transportation, and post-

stimulation separation of CO2 from hydrocarbon stream. 

 

2.3 Cryogenic Fracturing  

Cryogenic fracturing is not a new emerging concept in petroleum industry, although not 

much research has been done in this area. King (1983) used gelled liquid carbon dioxide 

to stimulate tight gas sand formations instead of conventional fracturing fluids, such as 

water or oil. His primary motivation for using liquid carbon dioxide as stimulation fluid is 

to eliminate the effects of residual fluid in the stimulation of low permeability reservoirs, 

especially, for the low fluid return problem. After the liquid carbon dioxide treatment, the 

carbon dioxide would evaporate and return to the surface under controlled rates as a gas, 

resulting in a more rapid cleanup. Since the liquid carbon dioxide is gelled, it has enough 

capability for bringing proppants into the fractures to hold them open. He used this 

technique to treat several wells in field, all of which showed increased production rate after 

treatment. Unfortunately, there is no post fracturing production data over a long period 

available for these wells. Although the field tests showed successful results in Kingôs 

research, the laboratory experiments were absent. The field test results cannot address 

whether the fractures are generated due to hydraulic effect or thermal effect from the gelled 

liquid carbon dioxide. 

 

To further address the fracturing mechanism, McDaniel et al. (1997) conducted several 

laboratory liquid nitrogen submersion tests on coal samples to prove that cryogenic 
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fracturing may have an advantageous effect on gas production from tight, low-rate coal-

bed methane wells. The coal samples experienced significant shrinkage during the 

submersion tests with creation of micro-fractures orthogonal to the surfaces which were 

exposed to cryogen. After further multi-cycle cryogen submersion tests, the coal samples 

were shattered into small pieces. After three cycles of submersion in liquid nitrogen and 

warming up to the ambient temperature, the coal samples were reduced to grain size 

particles. This research shows that cryogenic fracturing can effectively increase the 

production in coal-bed methane formation and may also have a promising effect on other 

rock formations. Besides the laboratory experiments, McDaniel et al. also applied 

cryogenic fracturing to 5 wells for field tests. However, the results from these wells were 

mixed: three of them experienced increased production rate, one experienced equivalent 

production and one experienced decreased production. Among the three wells with 

increased production, two of them had long term increment in production. 

 

Grundmann et al. (1998) later conducted a cryogenic fracturing treatment in a Devonian 

shale well with liquid nitrogen. The well showed an 8% increment in the initial production 

rate when compared to a nearby offset well that underwent a traditional nitrogen gas 

fracturing treatment. However, there was no subsequent production information available 

for this well due to a logistical shut in. Although the result from this well may result from 

various reasons, such as anisotropic stress conditions and heterogeneous reservoir 

conditions over short distances, it showed no drawback with cryogenic fracturing 

technology as opposed to conventional hydraulic fracturing. 

 

Although the reported field tests have shown some promising benefits from cryogenic 

fracturing, they did not identify the fracturing mechanisms at work in downhole conditions. 

In addition, there are also some concerns about the effectiveness of cryogenic fracturing, 

such as equipment used for injection cryogenic fluids and proppant carrying capability. 

Liquid nitrogen and carbon dioxide lack significant viscosity for carrying proppants into 

fractures at downhole conditions (Rudenko et al. 1934; Fenghour et al. 1998), which may 

lead to inadequate proppants in fractures to hold them open. Gupta and Bobier (1998) 

concluded that it is possible for cryogenic carbon dioxide to transport adequate amount of 
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proppants by increasing the velocity of the fluid. The turbulence accompanied by the high 

velocity permitted proppants to be carried efficiently from the wellbore to the perforations 

or even to the fractures. In addition, with the rubblization effect discovered in the research 

from McDaniel et al. (1997), the rock formations treated with cryogenic fluid may undergo 

a self-propping process. The rubblized rock may enable the fractures to stay open against 

in-situ stress after cessation of treatment pressure. Most of the work performed to date on 

cryogenic fracturing was simple laboratory or field work that does not show consistent 

results. Besides, none of the previous work actually reflects the fracture initiation by 

cryogenic fracturing under different states of stress and temperature. Therefore, there is a 

need to define the fracture mechanisms presented during the cryogenic fracturing processes 

under such conditions.  

 

Without the issues associated with use of water-based fracturing fluids, cryogenic 

fracturing offers potentially greater fracturing capabilities. As for formation damage, there 

are completely no concerns for cryogenic fracturing, since nitrogen will not react with 

minerals inside the formation, neither as liquid nor as gas. In addition, there is also no 

liquid flowback after cryogenic fracturing for nitrogen gas is miscible with natural gas and 

has little retention when displaced by liquid hydrocarbons inside the formation. After 

cryogenic treatment, the formation can be regarded as intact from any kind of water or 

drilling fluid. Cryogenic fracturing can also minimize water consumption in stimulation 

process, which will save millions of gallons of water compared to traditional hydraulic 

fracturing operations. Once massively deployed, liquid nitrogen can be obtained by 

separating and compressing nitrogen gas from air by commercial air separation equipment 

at operation sites, which also minimizes the cost for transportation or pipeline 

development. 
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3. Experimental Designs 

For cryogenic stimulation tests, there are multiple types of fracturing mechanisms and a 

few variable parameters to investigate and analyze. Thus, it is vital that all samples tested 

are similar to each other. To ensure this, most of the artificial and natural rock samples to 

be tested are processed into 8ò × 8ò × 8ò blocks, an intermediate scale between cores and 

reservoirs. The types of artificial and natural rock samples tested include concrete, acrylic, 

glass, tight sandstone, and shale. Concrete samples were prepared by mixing Portland 

cement (commercial grade Portland Cement Quikrete Type I/II #1124) with coarse sand ( 

Table 3.1) and water. The sand/cement and water/cement ratios are 2.5 and 0.55, 

respectively. They were frequently used in liquid nitrogen injection tests in view of the 

controllable mechanical properties based on numerous variables, such as material ratios, 

curing time, and the curing environment. We carried out different types of cryogenic 

stimulations by varying operational factors and experimental conditions. 

 

Table 3.1 Sieve analysis of sand used for concrete preparation 

Sand Mesh Size Percentage 

4 100.0 

8 99.4 

16 86.8 

30 58.4 

50 27.6 

100 6.9 

200 2.4 
 

3.1 Experimental Setup 

We considered two cryogenic stimulation plans: borehole thermal shock and thermal shock 

combined with borehole pressurization. In both plans, LN2 is injected into 1ò diameter 

boreholes, which are drilled 6 inches deep from the center of a face into the 8ò cubic 

samples. Fracturing by borehole thermal shock only uses tensile stress resulting from sharp 

thermal gradient to initiate fractures. Additional borehole pressurization may keep 

cryogenic fractures open and help propagate fractures further into the rock matrix. We have 

designed and built an integrated heavy-duty experimental system, which empowers us to 

conduct borehole stimulation tests with and without pressurization, and borehole 
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stimulation tests with and without confining stress conditions that uses a triaxial loading 

system. These setups and the integrated equipment are presented below. 

 

3.1.1 Setup for Borehole Thermal Shock 

In this test setup, we are mainly concerned about cooling the borehole as rapidly as possible 

to maximize the thermal gradient across the contact surface. This is done by flowing LN2 

continuously through the borehole without pressurization. The basic scheme is illustrated 

in Figure 3.1.1. In this lab-scale experiment, LN2 is pumped from the Dewar by pressure 

difference using a liquid nitrogen withdrawal device. LN2 is transported by a vacuum-

jacketed hose to the specimen, and injected into the borehole and then directed to an outlet 

at atmospheric pressure. A pressure transducer is attached to monitor the borehole pressure. 

In this thermal shock setup, pressure inside the borehole is approximately the same as the 

release pressure from the Dewar. Because this scheme does not generate much pressure, it 

can be applied to both stressed and unstressed samples. This experimental equipment 

employs specialized cryogenic-rated transport, control, and measurement systems. We 

have set up real-time monitoring and logging of various parameters inside the borehole 

including pressure, LN2 consumption, temperature, and acoustic signals. For moderate 

increases in pressure, a structure that confines a packer in place was built to prevent LN2 

leakage through the packer. 

 

3.1.2 Setup for Pressurized Borehole Stimulation 

This system in Figure 3.1.2 was designed and built for applying an increased injection 

pressure in the borehole to enhance the fractures initiated by thermal shock either during 

or after the LN2 injection. The scheme used to force fluids into a borehole is connecting 

the system with a high pressure nitrogen gas (GN2) cylinder. Also, the high pressure GN2 

cylinder can be switched between LN2 dewar and the wellhead for pressurized LN2 and 

GN2 injection. The pressure release valve installed over the wellhead was set to help 

maintain a constant pressure inside the borehole. The LN2 dewar was chosen for high 

pressure purpose as well. This system is applicable for both unconfined rock samples and 

confined ones with triaxial stress loading. In addition, the real-time monitoring and data 

acquisition system is completely compatible with this setup. 
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Figure 3.1.1 Overall schematic drawing for cryogenic thermal shock experiments without borehole pressurization. Low pressure GN2 

is used to force LN2 from the dewar. 
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Figure 3.1.2 Overall schematic drawing for cryogenic stimulation experiments with borehole pressurization. Low pressure GN2 is used 

to force LN2 from the dewar, high pressure GN2 is used for pressurization and fracturing.
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3.1.3 Triaxial Stress Loading System 

We built a triaxial stress loading system to simulate in situ reservoir confining stress 

conditions. The system operates a press and two hydraulic cylinders to load up to 6500 psi 

vertically and 4500 psi horizontally on 8ò × 8ò × 8ò blocks (Figure 3.1.3). By controling 

the hydraulic air pumps for vertical and horizontal loading (Figure 3.1.4), quasi-constant 

stresses can be kept during the cryogenic stimulation tests. The triaxial stress loading 

system at LBNL applies constant stress to smaller samples, however has custom platens 

even allowing visualization through as many as two faces.  

 

Most other commercially available triaxial loading rigs use membrane packs that are 

connected to the hydraulic power system, and are closed systems where the confining 

structure and loading pad, or piston, encloses the specimen. Our equipment is a 

straightforward open system where all three loading drivers and the specimen blocks are 

exposed and assembled inside the containment ring (Figure 3.1.5 and Figure 3.1.6). In 

addition, three heavy-duty ratchet tie-down straps (5000 lbs. each) surround the 

containment for extra safety. This open system is versatile, because it is easier to observe 

internal processes during the experiment and we can act immediately upon an accidental 

internal problem, e.g. cryogen spill. This also makes the system much less expensive than 

hydraulic power systems contained by flexible membrane bladder. The simple, yet flexible 

design can also easily be converted for hydraulic fracturing experiments. 

 

One expected disadvantage of this system is that it is not ideal for rock specimens with 

uneven surfaces or tilted surfaces, although the pistons can accommodate limited til t. 

Uneven surfaces or significantly tilted surfaces will create uneven stress distribution. At 

high stress, this may fracture the rock. While we are trying to prepare even and untilted 

specimens as much as possible, the effect of uneven and/or tilted surfaces can be alleviated 

by inserting flexible rubber pads to evenly distribute stresses. The other disadvantage that 

both the CSM and LBNL triaxial stress setups have is the inability to apply a pore pressure. 

Few systems exist that allow realistic pore pressures, temperatures, stresses, and the 

application of a cryogen at this moment. 
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Figure 3.1.3 Triaxial stress loading system designed for cryogenic fracturing experiments.
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Figure 3.1.4 Three hydraulic air pumps. 

 

 

Figure 3.1.5 Pistons in horizontal directions within the containment ring. 
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Figure 3.1.6 Vertical piston on rolling frame and the containment ring. 

 

3.1.4 Integrated Experimental System 

The abovementioned borehole LN2 injection system was integrated with the triaxial stress 

loading system, meanwhile a real-time temperature and pressure monitoring capability was 

built by installing a data logger with temperature sensors and pressure transducers. Figure 

3.1.7 shows a complete view of the entire equipment. One practical advantage of our system 

is that the vertical loading frame can be easily removed by rolling it away after unlocking it 

from the bed. This ability provides a user with space to work on specimens and inside the 

containment. 

 

The boiling point of liquid nitrogen at atmosphere is -195.8ºC (-320.4ºF), and the gas nitrogen 

used was always stored in cylinders at room temperature (~21.1ºC o r 70ºF) . Therefore, 

temperature sensors chosen for our experiments are Type T thermocouples, which are made 

of copper and constantan and suited for temperature measurement in the range of -200 to 

350ºC ( -380 to 392ºF).  There are up to ten thermocouples that can be used depending on 

different experiments. Generally, one thermocouple is attached to the borehole wall inside 

wellbore in samples. A second one is suspended inside wellbore. The others are attached to 

the surface of samples or are used for additional temperature data collection at flexible 

positions. 
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Pressure transducers are used to monitor pressure inside wellbore of samples, and injection 

gas pressure in a gas accumulator. The pressure transducers used are rated up to 3000 psi and 

connected to the data acquisition system, which can provide real-time reading or monitoring 

while testing. The pressure transducer connected to wellbore is placed about 5 inches higher 

than the top surface of the rock sample, to avoid liquid nitrogen contacting it thus resulting 

in inaccurate reading. 

 

 

Figure 3.1.7 Integrated laboratory equipment for cryogenic fracturing experiments. 

 

3.1.5 Casing and Wellhead Installation 

With the exception of submersion tests, stainless steel casing was cemented to the borehole 

to facilitate LN2 injection and vertical stress loading. The annulus between the borehole and 

the casing is filled with epoxy, leaving 2ò open hole section at the bottom of the 6-inch deep 

borehole. Then, a packer was designed and assembled to accommodate inlet and outlet 

tubings and seal the casing from the outside. Keeping the casing in place is important in our 

fracturing experiment. At low borehole pressure conditions in unstressed rock specimens, a 

packer-confining structure can be readily applicable (Figure 3.1.8). A packer can be attached 

to the top of a borehole with epoxy and then slight loading can be applied by the confining 
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device. The degree of confining depends on the expected level of pressure inside the 

borehole. This device has been used for unconfined specimens and has been controllable and 

repeatable. To adapt to the triaxial loading system where the existence of an external rig is 

undesirable due to loading drivers, we designed and manufactured a recoverable wellhead 

coupling the inlet and outlet tubings. 

 

 

Figure 3.1.8 Packer installation using a confining structure. 

 

3.2 Experimental Procedure  

To investigate the fracturing mechanisms and characteristics of cryogenic stimulation, we 

proposed different types of experiments to investigate the effect of varying experimental 

parameters and conditions on the fracturing processes. Additionally, to better evaluate and 

illustrate the efficacy of cryogenic fracturing, we established several kinds of measurement 

methods, including the pressure decay test, acoustic measurements, and CT scanning.  

 

3.2.1 Submersion Tests 

As preliminary tests, the setup of semi-submersion and full -submersion experiments is quite 

simple. To apply a strong constant temperature gradient across a rock block, an 8ò cubic 

concrete block was set on supports in an open-top insulated enclosure, as shown in  

Figure 3.2.1. The enclosure was filled with liquid nitrogen up to the midline of the concrete 

block. The liquid nitrogen level was maintained for 30 minutes and then allowed to boil off. 

In the full-submersion, one dry and one wet 2.7ò × 2.5ò × 1.5ò concrete blocks were 

completely immersed into the liquid nitrogen in an insulating container for 50 minutes. The 

blocks were not removed until they equilibrated thermally with ambient temperature. Each 
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side was labeled and photographed at high resolution before and after the test. The images 

were carefully aligned and digitally subtracted from one another to highlight the differences.  

 

 

Figure 3.2.1 Setup for semi-submersion tests. 

 

3.2.2 Borehole Thermal Shock 

With the outlet open to atmosphere, we cool the borehole as rapidly as possible by flowing 

LN2 continuously through the borehole. LN2 is pumped out of the storage dewar by pressure 

difference using a liquid nitrogen withdrawal device. Then it is transported through a 

vacuum-jacketed hose to the specimen, and injected into the borehole and then directed to an 

outlet open to the atmosphere. A pressure transducer is attached to the wellhead to monitor 

the borehole pressure, which is approximately the same as the release pressure of the dewar. 

During the thermal shock tests, several thermocouples were attached to the inlet, borehole, 

outlet, and sample surface to monitor the dynamic evolution of temperatures. Before and 

after the test, the dewar was weighed for LN2 consumption, and acoustic signals were 

measured for quantitative evaluation of fracture generation inside the blocks. 

 

3.2.3 Pressurized Borehole Stimulation 

To enhance the fractures created by thermal shock, we applied pressure to the borehole during 

and/or after the LN2 injection. During LN2 injection, GN2 of constant pressure was used to 
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drive the LN2 from dewar to the borehole. While after LN2 injection,  high pressure GN2 is 

directly injected into the borehole. Borehole pressurization was applied for both unconfined 

and confined cubic rock samples stressed by the triaxial loading system. Unconfined 

specimens cannot sustain much borehole pressure, as fissures were observed in weak 

concrete due to pressurization at pressures lower than ~100 psi.  

 

3.2.4 Borehole Stimulation with Triaxial  Stresses 

Borehole stimulation tests with triaxial stresses were conducted with our integrated 

experimental setup described in Sections 3.1.2 and 3.1.3. The 8ò cubic rock samples are first 

placed in the containment, with stainless steel blocks and rubber/teflon pads placed between 

the cube faces and the pump piston. Then, on top of the rock sample, steel blocks 

manufactured to fit the wellhead are placed. By gradually increasing the hydraulic air pumps, 

desired stresses in x, y, and z axes can be achieved. Next, cryogenic stimulation tests with or 

without pressurization can be carried out by operating the LN2 delivery system. At the same 

time, temperature, pressure and stresses are logged and displayed as curves. Before and after 

the cryogenic stimulation tests, pressure decay tests are conducted for quantitative 

permeability comparison. 

 

3.2.5 Pressure Decay Tests 

The pressure decay tests are performed to evaluate the permeability of rock samples. We 

performed a pre-stimulation pressure decay test on all samples and for each experiment in 

which rock samples were not broken or shattered during liquid nitrogen treatment, we 

performed a post-stimulation pressure decay test. These tests provide the rate of pressure 

decay, indicating the changes in effective air permeability of the sample in the vicinity of the 

borehole. Pressure decay tests were performed by pressurizing the borehole to 175 psi, 

shutting in the wellbore, and allowing the pressure to slowly draw down. 

 

3.2.6 Acoustic Measurements 

Acoustic measurements give the velocity of compressional and shear waves inside various 

materials. By comparing these velocities before and after performing the LN2 treatment, the 

existence of fractures within the rock sample medium can be qualitatively proven. 
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Additionally, with known rock density, the dynamic elastic modulus (Youngôs modulus) and 

Poissonôs ratio can be calculated from these two velocities. The equipment used here was an 

OLYMPUS pulser and a DSO-X 2004A digital oscilloscope (Figure 3.2.2). Figure 3.2.3 

shows a schematic of the experimental setup for acoustic measurement, Figure 3.2.4 shows 

the typical waveform that is captured in the acoustic tests (Cha and Cho, 2007). 

 

Figure 3.2.2 The pulser and the digital oscilloscope used for acoustic measurements. 

 

 

Figure 3.2.3 Experiment setup for acoustic measurements. 
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Figure 3.2.4 Typical input pulse and received signals from acoustic tests. 

 

3.2.7 CT Scan 

Computed tomography (CT) uses X-rays to image details of the structures inside rock 

samples. This instrument has been used for many years in the medical, scientific, and 

industrial fields to obtain three dimensional images of the internal structure of people or 

objects. CT scanning demonstrates value as a reliable tool in analyzing natural fractures 

(Bergosh et al. 1985). The scanner consists of a rotating X-ray source and rows of detectors 

which circle the block sample lying on a moveable table. Figure 3.2.5 shows the CT scanner 

used at CSM that was provided by Weatherford Laboratory in Golden, Colorado.  

 

The major advantage of the CT scanner in detecting fractures is that itôs non-destructive. 

However, for the 8ò cubic rock samples used in this study, this type of conventional CT 

scanner encountered difficulties in detecting thermally induced fractures, due to its low 

resolution around 0.3 mm. The minimum fracture aperture detectable is smaller than this 

however. Additionally, the size and the shape of the block, as well as the steel casing 

cemented in the rock block could have some negative effects on the scan.  

 

In consideration of the limitations of conventional CT scanners, we tried to optimize the 

operational parameters and integrated new techniques into it to improve its capability in 
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imaging microscale cryogenic fractures inside rock samples, which were mainly done at 

LBNL. These are explained in details in Chapter 5. 

 

Figure 3.2.5 The CT scanner used in this study. 

 

3.3 Summary 

Starting from submersion tests of concrete samples into liquid nitrogen, we continued to 

simply pour liquid nitrogen into boreholes drilled in the concrete samples to observe 

cryogenic fractures. With positive observations, we further extended the borehole thermal 

shock tests to mimic the possibilities in field application by circulating liquid nitrogen in and 

out, and injecting liquid nitrogen into the borehole under increased pressures. Then, 

considering the in-situ stress conditions in real reservoirs, we designed and built a heavy-

duty triaxial stress loading system to apply analogous stresses to rock samples. By 

incorporating the liquid nitrogen delivery, triaxial stress loading, and real-time data 

acquisition systems, we eventually established an integrated experimental system that is 

suitable for conducting various cryogenic fracturing tests with and without triaxial stresses 

on 8ò cubic rock blocks. In addition, at LBNL, we designed and built a similar but smaller 

equipment consisting of liquid nitrogen delivery and triaxial stress loading systems. This 
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equipment has an observation port, which allows us to directly see the cryogenic fracturing 

processes in transparent samples (acrylic and glass) under triaxial stress conditions. 

 

With the integrated equipment, we formulated procedures for a variety of experiments 

conducted on different types of rocks, borehole injection pressure, initial temperature, water 

saturation, and triaxial stress conditions. To characterize the cryogenic fractures generated 

inside the rock samples, we adopted CT scans, pressure decay tests, acoustic measurements, 

and breakdown tests and modified them for better qualitative and quantitative evaluation of 

the cryogenic fracturing efficacy. All of these evaluation methods are capable of detecting 

cryogenic fractures created in the rock samples after liquid nitrogen treatments. 
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4. Experimental Results and Analyses 

Numerous tests have been conducted on different types of artificial and natural rock: 

concrete, acrylic, glass, sandstone, and shale. The concrete samples were made in the 

laboratory, transparent acrylic and glass samples are commercial products, while sandstone 

and shale samples are acquired from mining companies. Table 4.1 shows generic values of 

the available mechanical and thermal properties of the samples.  

 

These samples are tested under different stresses and temperature scenarios including 

unconfined and confined tests. More test details are presented later in this section. Cryogenic 

stimulations carried out on transparent acrylic and glass samples enable us to visualize the 

fracture morphology and its relation to stress conditions, as are also reported in the following 

sections. 

 

Table 4.1 Mechanical and thermal properties of rock samples 

                    Rock type 

     

Properties 

Concrete Sandstone Shale 

Density (gm/cc) 2.24-2.4 2.2-2.8 2.4-2.8 

Compressive strength (psi) 2900-5800 2900-25,000 720-14,000 

Tensile strength (psi) 290-720 580-3600 290-1400 

Youngôs modulus (106 psi) 2-6 0.15-3 0.15-10 

Poissonôs ratio 0.20-0.21 0.21-0.38 0.20-0.40 

Shear strength (psi) 870-2500 1200-5800 440-4400 

Specific heat capacity (kJ/kgĀK) 0.75 0.92 0.88-1.09 

 

4.1 Submersion Tests of Concrete 

We conducted two types of submersion tests. One is semi-submersion, where liquid nitrogen 

is filled up to the midline of the concrete block; the other is full-submersion, in which a 

smaller concrete sample is completely immersed into the liquid nitrogen. 

 

4.1.1 Semi-Submersion Test 

Figure 4.1.1 shows the results of subtracting the before and after images (difference images). 

The differences for the top and bottom (shown at the top and bottom) do not show any 

apparent fractures. The four vertical faces that were semi-submerged show a fracture along 

the center all the way around the block (light shaded crack). This indicates that the block was 
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fractured due to the application of the thermal gradient. No obvious indication of block 

fracturing was observed during the 30-minute test and no obvious cracking sound was heard.  

 

Figure 4.1.1 Subtracted before and after images of block sides after semi-submersion test. 

Top row-Top side; Middle row-four vertical faces from front turning to the right side; 

Bottom row-Bottom side. Cracks are indicated by the red arrows. 

 

Following the semi-submersion test, the block was CT scanned using a modified G.E. 

LightSpeed 16 medical CT scanner. Figure 4.1.2 shows a vertical cross section indicating 

the presence of a fracture (darker) emanating from both sides and progressing towards the 

center of the block. 
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Figure 4.1.2 CT scan showing a vertical slice of the block from the semi-submersion test. 

Arrows point to fractures in the block resulting from cryogenic fracturing. 

 

4.1.2 Full -Submersion Test 

The dry concrete sample was immersed in LN2 for 50 minutes, the sample was then left for 

4 hours to finish evaporating and equilibrate with room temperature. The concrete block 

tested showed apparent shrinkage while immersed. After the test, the main fractures formed 

polygonal shapes around the exterior of the dry sample. This behavior indicates that the block 

was fractured due to the application of the thermal gradient. 

 

Figure 4.1.3 shows the images of the top side of the dry concrete block before and after the 

submersion test. The image marked as ñafterò was taken immediately after the cryogenic test 

when the fractures were clear and easily observed by the naked eye. The induced fractures 

formed a polygonal network. Since there are no stresses applied during this test, the block 

was fractured purely due to the application of the thermal shock. All faces of the block had 

newly created fractures and/or extensions of existing fractures. Figure 4.1.4 shows a new 

fracture on face (1). Next to it is a pre-existing fracture that was extended vertically. The 

scale of these pictures is 1 mm. After the sample rose back to the room temperature, some 

fractures were observed to close.  
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 (a) before                              (b) after 

Figure 4.1.3 Top surface of the concrete block before and after the full-submersion test. 

 

(a) before       (b) after 

Figure 4.1.4 Images of the concrete block Face 1 after the full-submersion test show both 

the extension of existing fractures and the creation of large, new fractures. 

 

Another wet concrete block, cured in the same environment with the dry one, was placed in 

water for one week. Then it was immersed into liquid nitrogen for 50 minutes and left for 4 

hours to finish evaporating and equilibrate with room temperature. As was seen with the dry 

sample, the concrete block tested showed apparent shrinkage while cold and several new 

fractures were identified, and similar fractures were formed with polygonal shapes around 

the exterior of the block. However, these polygonal shapes were bigger in size compared to 

those on the dry sample. 
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Figure 4.1.5 shows the before and after images of the top side of the wet concrete block. The 

pictures of the block were taken immediately after the cryogenic test. Fractures were created 

extensively in big polygonal shapes, and as before in the case of the dry sample, due to the 

absence of other applied stresses these fractures had to be created from thermal shock. When 

comparing the samples, the dry sample has more fractures that propagate away from the block 

edges, while the fractures on the wet sample were created near the edges. This may have been 

due to the effect of ice formation in the pores of the wet sample.  Ice formation would only 

occur in the pores on the outer layer of the sample, causing additional stress on the block. 

The freezing of outer layer caused lateral expansion, resulting in shear fractures parallel to 

the exposed surfaces (Kneafsey et. al. 2011). 

 

 

 (a) before                                    (b) after 

 Figure 4.1.5 Top surface of the wet concrete block after the full-submersion test. 

 

Acoustic measurements were conducted on the dry concrete samples used in the submersion 

tests to see the changes in acoustic velocities after the cryogenic treatment. The location of 

the acoustic sensors was in the center of each block face. Figure 4.1.6 shows P-wave 

velocities before and after putting the sample inside the LN2 container. The decrease in P-

wave velocity indicates that fractures were created by the cryogenic treatment since the wave 

takes a longer time when traveling through any air gap.  
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Figure 4.1.6 Changes in P-wave velocities before and after the cryogenic test. 

 

4.2  Borehole Thermal Shock 

We conducted cryogenic stimulation tests by circulating LN2 in and out of the borehole 

drilled in artificial and natural rock blocks at low pressure. Since the outlet is open to 

atmosphere, the fluid pressure in borehole is not considered as a contributing factor for 

propagating cryogenic fractures, i.e. the sharp thermal gradient from LN2 injected into the 

borehole is the only driving force for fracture generation inside the rock blocks. 

 

4.2.1 Acrylic Cylinders  

Experiments are performed to observe and study the development and morphology of cracks 

generated from cryogenic thermal shock at the borehole geometry. Acrylic specimens are 

chosen because they are transparent, and relatively brittle, which is one of the important 

characteristics of rocks.  

 

4.2.1.1 Sample 1 

The dimensions of the acrylic Sample 1 are illustrated in Figure 4.2.1. The acrylic cylinder 

is 4" in diameter and 9.1" in height and the borehole is 7" deep and 0.5" in diameter. A 0.5" 
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stainless steel tube is inserted and attached to the borehole wall to the depth of 2.5".  LN2 

inlet tubing is inserted to 2.25" below the casing end. 

 

Taking advantage of the sample being transparent, we observed the flow characteristics 

inside the borehole. Upon the start of the experiment, nitrogen inside the borehole was flown 

initially as a gas state (for about 1~2 minutes), and then flown as a gas mixed with droplets 

of liquid, and finally flown in a more continuous phase of liquid with still a significant 

amount of gas phase intermixed. 

 

                            (a)                                                               (b)          

Figure 4.2.1 Acrylic Sample 1: (a) dimension, and (b) description of stainless steel casing 

and inlet tube. 

 

4.2.1.1.1 Temperature, pressure, and LN2 consumption 

Temperature decreased fairly rapidly compared to the previous experiments, potentially 

aided by improved and more efficient tube connections and insulations. Although a large 

volume of LN2 (20kg) was used, most of the fractures occurred at an early stage (within 20 

minutes). The Dewar lever was opened fully during releasing LN2 without any partial or full 

closure. 
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Figure 4.2.2 Locations of thermocouples and temperature evolution during the experiment. 
 

 

Figure 4.2.3 Borehole pressure and LN2 released during the test. 
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4.2.1.1.2 Crack development 

Images of the acrylic cylinder are captured in a time-lapse manner throughout the experiment, 

as shown in Figure 4.2.4. It is observed that fracture growth is not continuous, but rather 

jumpy and instantaneous. It emits clear audible sounds, when the fracture jumps to grow. The 

magnitude/amount of jump (or instantaneous growth) tends to decrease as the fracture grows 

larger. Most of the cracks occurred within 20 minutes. 

 

The dominant pattern of crack morphology is a horizontal, planar, radial propagation. Each 

of such cracks is created, spaced by a certain length (exclusion distance). This can be 

explained by the fact that the specimen is cylindrical with a borehole height greater than the 

diameter, which makes the amount of thermal contraction greater in the longitudinal direction. 

An exclusion distance exists because a set of cracks cannot be created closer than a certain 

length due to a limited amount of thermal contraction (Figure 4.2.5).  

 

The circumferential thermal contraction does generate vertical cracks, though they are 

smaller and fewer than the horizontal fractures. The vertical tension cracks tend to initiate 

from or form between the existing horizontal radial cracks, bridging between the radial cracks, 

presumably because it takes lower energy to start from pre-existing defects (i.e., the 

horizontal radial crack) and propagate toward an existing defect (Figure 4.2.4-Figure 4.2.5). 

At the end of the experiment, the specimen shows complex fracture morphology created by 

interplay between longitudinal and circumferential thermal contraction (Figure 4.2.4).  

 

Temperature distribution at the surface is also affected by the location of cracks. In fact, free 

movement of the liquid nitrogen was observed inside the cracks. This may help a crack to 

further propagate. Figure 4.2.6 show that some cracks approached the surface at a later stage 

of the experiment, and the temperature near the crack is readily affected by the proximity to 

the cracks. 
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Figure 4.2.4 Crack development. The steps shown above do not represent all the crack 

growth steps. 
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Figure 4.2.5 Crack morphology and driving thermal tensile stresses. 

 

 

 

Figure 4.2.6 Effect of crack propagation on surface temperature. 
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4.2.1.1.3 Effect of borehole condition 

One major planar radial crack occurred in the steel casing area at an early stage. This is likely 

due to the presence of the steel casing, which has a high heat conductivity and will have 

shorter period of Leidenfrost effect (Liquid nitrogen vaporizes at the solid surface, generating 

a nitrogen gas cushion, which has a much lower thermal conductivity than the LN2.). 

However, further growth is limited because LN2 cannot flow into the generated crack (Figure 

4.2.7). 

 

We have noticed that the distribution of cryogenic temperature inside the borehole is affected 

by the location of the injection point. Cracks are mainly generated near and right in front of 

the injection point, which suggests a temperature differential in the borehole due to colder 

temperatures near the inlet (Figure 4.2.7). 

 

 

Figure 4.2.7 Effect of borehole condition. 
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The dimensions of Sample 2 are the same as those of the Sample 1. In this experiment 
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location of injection point (Figure 4.2.8). The duration of the experiment is 11 minutes and 

the amount of liquid nitrogen consumption is 7.6 kg. 

 

4.2.1.2.1 Temperature 

Temperatures at the side (TC #2, TC #4, and TC #5) dropped by measurable amounts shortly 

after the end of the test as shown in Figure 4.2.9 and Figure 4.2.10. It is probably due to the 

pressure drop at the borehole. The temperature distribution at the surface is also dependent 

on the proximity to the cracks (Figure 4.2.10). 

 

 

 

Figure 4.2.8 Acrylic Sample 2: (a) dimension, and (b) description of stainless steel casing 

and inlet tube. 
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Figure 4.2.9 Temperature evolution during the testing. 

 

 

 

Figure 4.2.10 Effect of crack propagation on surface temperature. 
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4.2.1.2.2 Crack development 

Two cracks are started as the horizontal radial pattern: one in the steel casing part and the 

other right in front of the inlet port (Figure 4.2.11). Later on, vertical cracks are created and 

bridges the radial cracks. 

 

As observed and explained for the Sample 1 test, the cracks at the steel casing are aided by 

the efficient propagation of the cryogenic temperature from the casing, and the radial growth 

of the crack in the steel casing is limited by the lack of LN2 supply to the generated crack 

(Figure 4.2.11 and Figure 4.2.12). 

 

Similar to the Sample 1 test, the crack in the uncased part is located close to the inlet port. In 

this test; however, only one big radial wing is created (compared to the three in the previous 

test), which means that there was not enough driving contraction to generate more cracks. 

The lack of thermal driving could be due to shorter stimulation time (smaller amount of LN2 

applied). 
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Figure 4.2.11 Crack development. 

 

 

Figure 4.2.12 Effect of borehole condition. 
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After pouring of liquid nitrogen into the borehole, the concrete block was imaged using X-

ray computed tomography (CT) scan to look for fractures resulting from the cryogenic 

treatment. Note that no pre-treatment CT scan was done for this block. Scanning was 

performed using a modified Siemens Somatom HiQ medical X-ray CT scanner. The block 

was scanned in two orientations to provide orthogonal views of the inside of the block. 

 

Figure 4.2.13 shows a vertical cross section through the borehole in the center of the block. 

Fracture density would be expected to be highest near the borehole where temperature 

gradients are highest. The lighter shades in CT scan indicate higher density and the darker 

shades indicate lower density. Fractures, if seen, would show up as darker features most 

likely emanating from the borehole. A number of features are visible in Figure 4.2.13. One 

is an ñXò-shaped pattern across the block. This is an artifact of scanning a rectangular block. 

The second feature is a series of concentric circles in the upper third of the image. This is an 

artifact of non-uniform response of a series X-ray detector. The third feature is dark lines 

extending from the bottom of the borehole, which are X-ray scanning artifacts since they are 

not seen in the perpendicular scan. Numerous voids are visible (dark patches) from air 

entrained in the block formation process. No fractures are observed in this set of scans, which 

is consistent with visual observations as well.  

 

 

 

Figure 4.2.13 X-ray CT scan vertical cross section of the concrete block. 
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4.2.2.2 Injecting LN 2 with Packers 

Thermal shock experiments were carried out on a concrete sample without forced 

pressurization in the borehole. The block was air-cured for 5 weeks after contained in the 

mold for 24 hours, resulting in relatively low strength (both compressive and tensile). 

 

4.2.2.2.1 Test with an Unconfined Packer 

Figure 4.2.14 shows the experimental setup that was used for the thermal shock experiment 

on concrete by flowing LN2 in the borehole. A spray-type insulation is applied for heat 

insulation as well as packer sealing. The packer is loosely sitting on top of the borehole. LN2 

is released from the Dewar and flows to the sample borehole through the vacuum jacketed 

tube and insulated stainless steel tubes. The borehole is open to the air through a vent and 

warmed GN2 flows freely into the atmosphere. Low pressure about 5~10 psi was generated 

due to rapid vaporization of LN2 inside the borehole and along the transport lines. During the 

LN2 injection, leakage was observed at the packer/block interface and out of the insulation. 

 

A set of S-wave acoustic sensors are mounted at a location on Face 2 and 4 to monitor the 

wave signatures. An oscilloscope and a pulser are used to generate and record signals. 

 

 

Figure 4.2.14 Experimental setup for test with unconfined packer. 
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Cracks 

Before the thermal shock, no visible cracks near or inside the borehole existed. Several 

noticeable cracks are found near and inside the borehole after the thermal shock (Figure 

4.2.15). 

 

(a)  

 

(b)  

 

Figure 4.2.15 Cracks observed after the thermal shock (a) near the borehole, and (b) at the 

borehole surface. 

 

However, there were some pre-existing micro-cracks even before the thermal shock at the 

block surfaces due to the natural shrinkage of concrete (Figure 4.2.16). The dark spots are 

stains from the couplant used for securely attaching the ultrasonic sensors.  
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After the testing (Figure 4.2.17), not only new cracks were generated, but the existing cracks 

were widened. Particularly, there were virtually no cracks at the bottom face before applying 

cryogen, some major cracks are generated after the cryogenic stimulation. 

 

 

Figure 4.2.16 Pre-existing surface cracks, the superimposed lines are weighted according to 

the crack thickness. 

 

 

Figure 4.2.17 Surface cracks after the thermal shock. Note that the dark spots are stains 

from the couplant used for securely attaching the ultrasonic sensors. 

 

Temperature 

Thermocouples are used to measure temperatures at various locations in the experiment. 

Location 2 (black) is hung inside the borehole (Figure 4.2.18). 
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Figure 4.2.18 Locations of the thermocouples used in the temperature measurements. 

 

The spikes shown in the plots in Figure 4.2.19, Figure 4.2.20 and Figure 4.2.21 are where 

the LN2 is closed temporarily to reduce pressure inside the borehole, as the packer is not 

confined. LN2 starts to leak from the packer toward the right surface at some point. This 

lowers the temperature at the right surface as shown in the plot. Throughout the test, the 

temperature differences between inside the borehole and the block faces are observed to be 

large, which are distinguishable even after 10 hours. 

 
Figure 4.2.19 Temperature evolution during thermal shock experiment. 
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Figure 4.2.20 Temperature evolution during thermal shock experiment with more locations. 

 

 
Figure 4.2.21 Temperature evolution after the thermal shock experiment (up to 10 hours). 
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conducted before and after the test using S and P ultrasonic transducers. Acoustic waves were 

also monitored during the cryogenic stimulation by mounting the S transducer acoustic 

sensors to the sample surfaces. 

 

Figure 4.2.22 shows the locations for the acoustic measurements before and after the 

cryogenic stimulation. Acoustic signals were measured along Faces 1&3 and 2&4. For each 

pair of faces, the acoustic measurements were conducted at 12 locations. We are mainly 

interested in P and S wave velocities and amplitudes. 

 

Figure 4.2.22 Acoustic measurement locations before and after thermal shock. 

 

In Figure 4.2.23, early arrival parts of elastic wave signals are presented with the normalized 

amplitude to compare changes in arrival time and waveforms. At most measurement 

locations, arrivals are delayed and waveforms have changed significantly. The characteristics 

of acoustic signatures approximately correspond to the surface cracks. For example, the 

acoustic signals at location 12 is the least changed in terms of arrival time, and we also 

observed that the surface around location 12 is the least cracked due to the thermal shock. 

 

In Figure 4.2.24, the signals are still early parts near the arrivals. However, the original 

amplitude is kept to compare changes in the amplitudes of the P and S waves. The amplitude 

measured at most locations for both P and S wave decreased significantly after the thermal 

shock (except for the location 12).  
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Finally, all signals are presented with their full range and original amplitude to compare 

global waveforms (Figure 4.2.25). It is observed that global amplitude is reduced and the 

global frequency of the signals is lowered. 
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(c)  

(d)  

Figure 4.2.23 P and S wave arrivals before and after the thermal shock (compared with 

normalized amplitude 
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(a)  

 

 

(b)  
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(c)  

 

(d)  

Figure 4.2.24 P and S wave amplitudes before and after the thermal shock. 
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(a)  
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(c)  

 

 

(d)  

Figure 4.2.25 Global waveforms before and after the thermal shock.   
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4.2.2.2.2 Test with a Confined Packer 

In this test, we used the same concrete block that was used for the 1st concrete test described 

in Section 4.2.1.1. For this experiment, a special structure is designed and fabricated to 

withstand some borehole pressure caused by vaporization (~10 psi) and subsequent 

application of borehole pressurizations (up to ~500 psi). A pressure transducer is attached to 

monitor borehole pressure, and a scale is used to record LN2 consumption. For safety, we 

made sure that top and bottom plates which are made of carbon steel are not subjected to 

temperatures lower than -20°C so that it does not reach the brittle-ductility transition point. 

 

 
 

Figure 4.2.26 Experimental setup with ñpacker-confining structureò. 
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Major cracks were visible from the top of the borehole (Figure 4.2.27). However, there has 

been no noticeable change from the 1st thermal shock. Cracks on the borehole wall were 

visible from the borescope. On the other hand, new cracks were generated on the block 

surfaces, and the existing cracks were a bit widened (Figure 4.2.28). There were relatively a 

small number of cracks at the bottom before applying the cryogen (after the 1st stimulation); 

however, many new cracks were created after the 2nd cryogen application. 
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Figure 4.2.27 Cracks at the borehole walls observed from the top and the borescope. 

 

The sample was scanned using X-ray CT at the Weatherford Lab at Golden, Colorado. The 

maximum resolution of the images from the scanner (Toshiba Aquilion 64) is 

0.3mm×0.3mm×0.3mm. Thus, the CT images from the scanner show only major cracks. 

Unfortunately, micro cracks were invisible from these scanned images. The X-ray images at 

the front and back of the sample experienced artifacts called beam hardening as the cubic 

sample enters and exits the X-ray field (Figure 4.2.29). 

 

The CT images show that there are more fractures near the surfaces than inside. The 

animation of X-ray slides from one surface to another shows that the cracks distributed near 

the surfaces diminish as they move inside, although a few independent cracks exist internally.  
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Figure 4.2.28 Surface cracks after the second thermal shock-the superimposed lines are 

weighted according to the crack thickness. 

 

 

 
Figure 4.2.29 CT images: axis and direction. 
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Figure 4.2.30 The CT slide at 0.4" from the top surface. 

 

 
 

Figure 4.2.31 The CT slide at 0.5" from bottom. 
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Figure 4.2.32 The CT slide at the mid-height. 
 

 
 

Figure 4.2.33 The CT slide at 0.5" away from Face 4. 
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