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Definitions and acronyms  
Acronyms Definitions 

USBM United State Bureau of Mines 

TOC Total Organic Compounds 

psi Pound force per square inch, psi is pressure unit (14.65 psi is 
equivalent to 1 atmosphere) (145.038 psi is equivalent to 1 Mega 
Pascal) 

oC Degree Celsius 

BPR Back Pressure Regulator 

mD milli-darcy, mD is permeability unit (1 mD is equivalent to 
9.869233×10−16 meter squared.  

wt.% Weight percent 

ml Milliliter 

gr gram 
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1 Introduction 

Significant hydrocarbon resources can be found in shale plays in the form of gas or oil fluids. 

However, despite high capacity of the shale rocks to contain hydrocarbons, they are classified 

as very tight formations (i.e., hydrocarbon flow through them is very difficult) and hence, 

stimulation techniques should be carried out to bring them into production. To establish a 

favorable fluid flow, a network of fractures is sometimes induced by a method called hydraulic 

fracturing, whereby water (or other fluids) would be pumped into the formation to exceed 

the fracturing pressure. A detailed study on hydraulic fracturing and its possible 

environmental impact has been completed by the EU consortium ShaleXenvironmenT 

(ShaleXenvironment, 2015).  

Many scientific challenges remain in this technological field (Striolo & Cole, 2017). In addition 

to the fluid flow and fracturing, the capacity of the shale formation to contain hydrocarbons 

should be characterized for economic development of shale reservoirs. Although shale rocks 

may not have substantial void space for hydrocarbon porosity, the mineralogy and organic 

contents of shale rocks would bring about favorable conditions for the hydrocarbon 

components to be adsorbed on the rock surface. Compared to conventional hydrocarbon 

reservoirs, where fluids contents are measured based on porosity, unconventional formations 

such as shales would contain significant quantities of hydrocarbons as adsorbed (Law & Curtis, 

2002). It should be noted that porous rocks would have high surface area. Also, hydrocarbons 

and in particular natural gases can be found in the form of dissolved gases in interstitial water 

phase, albeit in small quantities (although confinement can enhance the solubility of gases in 

water) (Phan, et al., 2016) .  

Therefore, for shale gas reservoirs, there are three type of storage capacities, i.e. gas in void 

porosity (free gas), adsorbed gas on rock grain surface, and dissolved gas (Law & Curtis, 2002). 

Figure 1 illustrates schematically the three types of stored natural gas in shale gas reservoirs. 

Due to ultra-tight characteristics of the shale gas reservoirs and adsorbed content of the gas, 

it is possible that conventional approaches for well logging and core analyses would lead to 

erroneous estimation of gas in place. Downhole well logging techniques would not 

characterize the adsorbed gas layer on the rock pore surface and also, they need to be 

calibrated for ultra-tight formations (Yu, et al., 2018). On the other hand, the cores retrieved 
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from the reservoir would lose considerable amount of the gases as the cores travel from the 

downhole to the surface during core lifting process (Spears, et al., 2011). Thus, new 

approaches should be developed and /or adapted to quantify the gas in place in 

unconventional shale gas reservoirs. There is no doubt that reliable estimations of gas in place 

can facilitate targeting economic development of shale gas plays, perhaps avoiding 

developing un-attractive fields with significant reductions in environmental footprint. 

 

 

Figure 1: Schematic representation of shale gas reservoirs and different type of gas stored in the shale pores and surfaces. 
The image on the left-hand side shows a shale gas formation in 2-3 kilometer depth underground. The image on the right-
hand side illustrates three types of the hydrocarbon gas storage, i.e. free gas in pore voids, adsorbed gas on pore surface, and 
solution gas in formation water.  

 

As shown in Figure 1, the shale core should travel a long distance of 2-3 kilometers from 

downhole conditions (high pressure and high temperature) to surface conditions. The core 

lifting process would normally take 12-24 hours, exposing the shale samples to reduced 

conditions for relatively long period of time, which is enough to lose significant amount of 

gases (Wilson, et al., 2013). Employing the knowledge acquired from coal bed methane 

reservoirs, a method called canister desorption test (corrected by USBM method) has been 

adopted for estimation of gas in place for shale gas reservoir (Diamond & Schatzel, 1998). In 

the canister desorption tests, the shale core samples recovered at the well surface are heated 

up to the reservoir temperature and the evolved gases are collected. However, the method 
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lacks a crucial element in estimation of gas in place, i.e. high pressure of shale gas reservoirs. 

Loosing pressure during the core lifting processes would normally result in loosing significant 

amount of gases, a quantity referred to as “lost gas”. Plotting the profile of the evolved gas 

with respect to time (square root of time) would lead to estimation of the lost gas during the 

core lifting process (Diamond & Schatzel, 1998). The linear part of such profile (as 

extrapolated in Figure 2) can be used to extrapolate for the period of core lifting and hence, 

gas volume can be calculated. This lost gas is added to the collected gas during canister 

heating to give the total gas in place.  

Although canister desorption test can give a rough estimation of gas in place, accounting for 

pressure lost has been a challenge in development of shale gas reservoirs (Wilson, et al., 2013) 

and (Pinkett & Westacott, 2016)]. Literature reports demonstrated the error of estimation in 

gas in place using canister desorption tests [ (Wilson, et al., 2013) and (Pinkett & Westacott, 

2016)]. Utilizing numerical simulations, the outcomes of canister desorption analyses have 

been compared with the lost gas obtained from numerical simulations, which indicated a 

significant under-estimation of gas in place if canister desorption tests are employed (Wilson, 

et al., 2013). As shown in Figure 2, the lost gas estimated by direct numerical simulation would 

be 4-5 higher than that of the canister desorption test. The red curve in Figure 2 depicts the 

profile of gas from initial subsurface conditions up to the heated and degassed conditions at 

the surface after canister desorption test. However, the green dots were taken from the 

canister desorption test with its extrapolation for estimation of the lost gas. The under-

estimation observed here can be attributed to deficiency in canister desorption test. 

Therefore, the USBM method for coal bed methane (canister desorption test) cannot reliably 

estimate the lost gas.  



Deliverable D3.8 
 

PU Page 7 of 19 Version 1.3 

 

 

Figure 2: A typical canister desorption test performed on shale gas sample as compared with numerical simulation results. 
This indicates the significant error in estimation of lost gas between USBM method from canister desorption test and the 
numerically simulated pressurized samples. This figure is taken from an article published by Chevron (Wilson, et al., 2013). 

Due to the deficiencies observed in the estimations of gas in place obtained from canister 

desorption tests, Halliburton (a service oil and gas company) has developed a technique to 

drill and retrieve core samples from the subsurface reservoirs maintained under high 

pressure, which would be then carried to the surface under reservoir pressure and 

temperature. In this technique, the core samples taken from the formation are delivered to 

the surface in a sealed chamber under the reservoir conditions thus that, the hydrocarbon 

gas of the core samples cannot escape during the core lifting process. This technology is called 

CoreVaultR (Pinkett & Westacott, 2016). Details of CoreVault procedure and processes can be 

found elsewhere (Pinkett & Westacott, 2016). The results of direct analyses of CoreVault 

technology have demonstrated that canister desorption test would under-estimate the gas in 

place by factor of 3-4. The difference between the canister desorption tests and CoreVault 

analyses depends primarily on reservoir pressure and temperature and amount of the 

adsorbed gas, which can be related to the total organic content (TOC) and maturity of the 

shale formation. In other words, the error of estimation from canister desorption tests varies 

for different shale formations. Although the CoreVault chamber can be used to directly 

measure the gas in place for shale gas reservoirs, the costs and risks associated with running 

CoreVault may make it un-feasible for some cases. For example, the tool requires boreholes 

of a given diameter, and therefore cannot be operated in many existing wells. Further, 

operating the tool requires shutting down, temporarily, the operations in the well, with the 
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related economic consequences. In addition, CoreVault is a tool that can be stuck in the 

borehole, which may risk the well operations. On the other hand, running CoreVault would 

cost notably. Therefore, S4CE desires to develop a robust technique to mimic CoreVault 

processes with relatively lower costs and risks. For that purpose, at Earth Sciences in UCL, we 

have designed a unique laboratory apparatus to be able to measure gas content of shale core 

samples from pressurized samples, which will constitute one of the main deliverables for the 

S4CE consortium. In our apparatus, the shale gas samples can be heated to perform the 

canister desorption tests. Therefore, the laboratory rig developed at UCL can be deployed for 

both pressurized shale gas samples and canister desorption samples. 

 

In this report, firstly, the rationale behind the degassing rig development is explained. 

Secondly, the properties of the shale core samples used for the experiments are given. Finally, 

the results of experiments performed using the decompressing rig are presented and 

discussed, which verifies reliably the experimental design and procedures.  

 

1.1 Deliverable objectives 

One of the major challenges of the shale gas reservoir characterizations is to estimate the 

total gas in place and recovery factor. The primary objective of this deliverable is to develop 

laboratory apparatus and procedures for robust measurements of the potentials of shale gas 

reservoirs using pressurized shale gas samples. The secondary objective is to design the 

apparatus in a way that can enable controlling the pressure draw-down rates on the 

pressurized core samples. This objective is defined to enable evaluating different production 

scenarios (pressure draw-down applied on the shale gas reservoir). 

Therefore, the deliverable contains several seeks to: 

1. Develop laboratory apparatus for characterizing the gas in place for pressurized shale 

gas samples.  

2. Perform laboratory experiments for measuring gas in place on pressurized shale gas 

samples 

3. Perform canister desorption tests on shale gas samples. 

4. Compare the results of the controlled laboratory experiments. 
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2 Methodological approach 

2.1 Experimental approach 

To mimic the CoreVault process, the first step is to replicate conditions of shale gas reservoirs. 

This requires developing a high-pressure apparatus that can either take samples from 

CoreVault or, it should enable mimicking shale gas reservoirs using charging hydrocarbon 

gases. The latter would be viable if the apparatus had capabilities to saturate the shale cores 

with hydrocarbon gases under high pressure. Therefore, the design of the laboratory 

apparatus should be conducted to accommodate the controlled conditions for injecting 

hydrocarbon gases under high pressure to fully saturate the shale core samples.  

On the other hand, the apparatus should be designed in a way that it can control not only the 

reservoir conditions, but also the pressure draw-down rates imposed on the shale gas 

samples as they are extracted from a reservoir, which would allow us to evaluate the gas 

release under different production scenarios. Figure 3 depicts the conceptual design for the 

UCL decompressing rig where the shale core samples can be charged with gas and the 

resultant high pressure samples can be undergone different pressure drawdown scenarios. 

The pressure draw-down can either simulate the pressure drop during core lifting process or 

that imposed on the formation during shale gas exploitation. 

In the next section the detailed design of the apparatus will be explained.  

 

Figure 3: Conceptual design for the degassing apparatus to be able to control pressure draw-down for simulating core lifting 
and production scenarios.   
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2.2 Laboratory apparatus  

Figure 4 illustrates the detailed design of the experimental apparatus developed for shale oil 

and gas characterization at UCL, Earth Science Laboratories. The pressurized shale core 

samples are obtained either from the CoreVault chamber or taken elsewhere and charged 

with high pressure gas. Using a heating jacket equipped with a temperature controller, which 

wrapped the charging cylinder, the cylinder and core samples can be heated up to reservoir 

temperature of 180 oC. The maximum working pressure of the rig is 10,000 psi (14.65 psi ≡ 1 

atm). The charging cylinder is connected to another high-pressure cylinder to transfer the 

high-pressure fluids. Also, the high-pressure cell can be used for injecting gas into the charging 

cylinder. Therefore, the apparatus can work under a two-cylinder configuration for controlled 

decompressing (pressure reduction) and controlled gas charging. The high-pressure cylinder 

can work either with adsorbing hydrocarbon gases (e.g., methane) or inert gases (non-

adsorbing gases such as helium). 

Once the shale cores are charged with gas, a controlled pressure drop can be imposed to 

simulate the pressure draw-down imposed on the shale gas reservoirs. As shown in Figure 4, 

the two-cell configuration is connected to a back pressure regulator (BPR), which enables 

establishing a constant pressure on the shale cores as they undergo either pressure draw-

down or core lifting processes. The high-pressure cylinders and BPR are connected to high 

precession pumps that can control pressure and pressure draw-down rate of the rig 

components. 

It should be pointed out that, the rig is equipped with a high performance vacuum pump to 

ensure minimum contamination existing in the rig prior to the test.  

The fluids passed through the BPR under the controlled pressure can enter a glass separator 

where gas and liquid phase are separated. The liquid phases, for example water and oil, are 

collected in the liquid collector (graduated test tubes) whereas, the flashed gas phase is 

collected in a high precession (error of reading is 1 ml of gas volume under room conditions) 

gasometer to measure the gas volume in standard cubic centimeter. Therefore, combining 

the measurements from the liquid and gas collectors can enable measuring volume of gas and 

liquids. In addition, the fluid samples could be analyzed for their properties such as 

composition, isotopes, viscosity, density, and heat capacity, once the rig is coupled with the 

respective instruments. 
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Figure 4: Detailed design of the degassing apparatus built in UCL for characterizing pressurized shale core samples.        and  
represent high-pressure valves and pressure transducer, respectively.  

 

2.3 Results  

To verify the reliability of the developed apparatus, a series of degassing experiments were 

performed. One shale core sample from the Bossier-Haynesville shale reservoir in the USA 

was considered for examining the capabilities of the laboratory apparatus. The Bossier-

Haynesville shale gas reservoirs from the Texas Basin is hydrocarbon bearing, which can 

produce large quantities of natural gases. This shale gas reservoir has been well studied for 

geological and geo-mechanical properties (Speight, 2013). Therefore, using the samples taken 

from the Bossier-Haynesville formation can be considered as the benchmark for verifying the 

laboratory protocol developed in this work. Also, the findings from these well characterized 

shale gas samples can be applied for comparison purposes to other hydrocarbon bearing 

European shale formations, such as UK Bowland shale. The shale core samples were taken 

from the well named Hewitt Land (depth: 3453 – 3598 meter), which are slabbed and 

catalogued at different depths. The cores used in this work were preserved in cold 

laboratories located at Earth Sciences of UCL. The cold conditions of the preservation can 

minimize the chance of becoming degassed due to variations in room temperature. The shale 

cores from Bossier-Haynesville are stored at CoreStore developed as a part of 

ShaleXenvironment (ShaleXenvironment, 2015)  

 

H
ig

h
 P

re
ss

u
re

 C
el

l Back Pressure Regulator 

8 

Vacuum 
Pump 

Liquid 
collector 

Vent 

Gas 
Sampling 

C
h

ar
gi

n
g 

C
yl

in
d

er
 

External Source 

Heating 

Jacket 

Pump 

Pump 



Deliverable D3.8 
 

PU Page 12 of 19 Version 1.3 

 

Table 1: Basic properties of the shale core sample used for degassing experiment. Mineralogy and TOC was taken from Basu 

et al., who used similar samples (Basu, et al., 2018). 

Core ID Mineralogy (%)  (Basu, et al., 

2018) 

Porosity (fraction) TOC (wt%) Matrix Permeability (mD) 

Bossier-Haynesville core 

samples 

Clay=40% - 58% 

Carbonates=5% - 22% 

0.07-0.08 1.7 (Basu, et al., 

2018) 

3.56×10-3 (samples have 

micro-fractures) 

 

The shale gas samples were used in the form of chipping chunks as shown in Figure 5. The 

weight of the core used for the degassing experiment is 291.2 gr. 

The first step of the experiment was to place the shale sample inside the charging cylinder 

where the chunks were to be heated up to 150 oC. The heating jacket covering the charging 

cylinder is able to establish the high temperature rapidly, which would make the rig operating 

under stable temperature during heating up process. Since the preserved core were taken 

from underground shale gas reservoir, the samples would contain measurable quantities of 

the formation gas and liquid phases. Therefore, the heating up process is identical to the 

canister desorption test where fluids trapped in shale gas samples can be collected.  

 

Figure 5: Shale core samples used for degassing experiment. The rock chunks were taken from a shale gas reservoir in the 
USA (Bossier-Haynesville) preserved in cold rooms at Earth Sciences of UCL.   

 

Figure 6 depicts the profile of gas evolved during the canister desorption test performed on 

the shale gas sample. The profile showed a slow gas evolution at the early time of heating 

process. However, a linear trend in gas production can be identified in mid stage of desorption 

test. After the linear trend, the profile started to plateau indicating the tail of gas evolution. 

This is the usual behavior of the canister desorption test leading to estimate lost gas and total 

gas in place. It should be noted that the shale chunks would have around 10 ml of pore volume 
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(which is the free gas) and therefore, around 300 ml of the evolved gas can be attributed to 

the adsorbed gas. The 10 ml of the pore volume was estimated based on average rock 

porosity and the used rock volume. Analysis of these results can be used to highlight the 

storage capacity of different type of shale spaces (free and adsorbed) under room pressure 

and temperature.  

Having performed the canister test, the volume of produced gas can be plotted against the 

square root of time to estimate lost gas. As shown in Figure 6, the intercept of the linear trend 

would indicate the lost gas. Using the USBM method, the total gas content of the shale gas 

reservoir is 76.4 scf/ton (standard cubic feet of gas per ton of rock). In addition to the gas 

collected during the heating process, small quantities of water (2 ml) and oil/condensate (0.2 

ml) phases could be collected in the glass separator, as illustrated in Figure 7. Based on the 

evaporated water, it was estimated that the interstitial water saturation of the shale core was 

18 percent of the pore volume. These experiments demonstrate that, using the laboratory 

apparatus, gas and liquid samples can be collected for further analyses for gas and liquid 

compositions and isotope measurements. It should be noted that, the shale core samples 

have been stored in the cold room for long period of time (more than one year), which may 

introduce a degree of uncertainty to the USBM method. The canister desorption test is 

normally performed on the well site as the cores are recovered from the coring job.  

 

 

 

(a) 

 

(b) 

Figure 6: Profile of gas evolved from the shale gas core sample as measured from the UCL rig. The results are plotted in two 
forms: (a) volume of gas in milliliter is plotted against the time of the heating and (b) the gas content in milliliter per gram 
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weight of the rock plotted against the square root of time used for USBM methods. The extrapolated linear part of the curve 
in (b) can be used for estimation of the lost gas in shale core samples.   

 

Figure 7: The heated shale core sample could result in evolution gas samples collected in Isotube gas sampler (top right hand 
side image) and also, water and oil liquid samples collected in glass test tubes (bottom right hand side sample). Isotube 
sampler is a registered product of Stratum Reservoir Services.  

 

After the degassing process performed in the previous step, the shale core sample was 

charged with methane (natural gas produced is composed of methane with average 

concentration of 95%). The shale sample was pressurized with methane up to pressure of 

6000 psi to represent a typical deep shale gas reservoir. Also, the apparatus was set to work 

under high temperature of 150 oC. The pressurized shale sample was kept under constant 

pressure of 6000 psi and 150 oC for one week to ensure that the system is at equilibrium. The 

equilibrium means that the methane could penetrate the shale pores (as free gas) and also, 

be adsorbed on the pore surface. Because of the low permeability typical of shale samples, it 

might take a very long time for equilibrium to be achieved. In any event, within the 

experimental capabilities at hand, the pressure of the apparatus was measured continuously 

to monitor the equilibration of the gas and rock. Stable pressure profile would suggest an 

equilibrium conditions established on the core. Although it took 4 days for this particular 

sample to have a stable pressure on the charged sample, the charging process was continued 

for one week to ensure saturation of the pores with methane. The shale sample pressurized 

with methane (methane is an adsorbing gas) can represent a shale core sample taken from a 

hydrocarbon reservoir and lifted to the surface sealed under constant pressure, which may 

mimic the CoreVault technology albeit simulated in the laboratory. The main difference 
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between our pressurized core sample with true pressurized core is the presence of water 

saturation in intact samples. The heating processes applied on our pressurized core during 

the canister desorption step could in fact lead to evaporation of the interstitial water. Also, 

the extraction of the water from the shale core would result in precipitation of associated 

salts within the pores.  

Having established the equilibrium conditions for the pressurized shale core sample, the core 

lifting process was simulated by allowing both pressure and temperature on the core to drop. 

The period of the simulated core lifting was 8 hours, during which the core pressure dropped 

to ambient (from initial pressure of 6000 psi), and the core temperature was dropped to 

ambient as well (from 150 oC). Figure 8 illustrates the profiles of gas production and pressure 

decline during the degassing process. The total gas volume produced from the pressurized 

shale sample was 289.2 scf/ton, which is significantly higher than that obtained from the 

canister test. Indeed, the gas content estimated by the pressurized sample is higher than that 

of the canister test by a factor of 3.8, which is comparable to the estimates by Pinkett and 

Westacott (Pinkett & Westacott, 2016). As can be seen in Figure 8, there is a direct 

relationship between the pressure drop and the gas volume that came out of the core. In 

other words, as cores are lifted from higher pressure formations (which corresponds deeper 

shale formations), it is expected to lose more gas due to core lifting. This implies higher 

difference between using pressurized core samples and canister desorption method for 

deeper formations.  

Having simulated the core lifting process on the pressurized core sample, the depressurized 

sample can be used for another canister test where the core was heated to 150 oC to collect 

the evolved gas after the second canister. In fact, this latter canister test would represent a 

more realistic evaluation of the cores (the first canister test possessed differences such as 

water saturation and salt precipitation). Figure 9 illustrates the profile of gas evolved during 

the second canister desorption test. The general behavior of the gas profile is similar to the 

first canister test (compare the results to those shown in Figure 6). However, the intercept of 

the linear part of the curve (USBM method) is notably lower than that of the first canister 

test. For this second canister desorption test, the total gas content calculated by USBM 

intercept method is 53.3 scf/ton. Comparing the results of the pressurized shale core with the 

second canister would demonstrate that, the gas content estimated by canister desorption 

test would be 5.4 time lower than that of the pressurized core. Therefore, the laboratory 
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apparatus developed at UCL can enable direct measurement of the gas content of the shale 

core sample from both pressurized samples and flashed cores obtained at the surface.  

 

Figure 8: The profiles of gas volume produced and pressure during the simulated core lifting process.   

 

Figure 9: Gas content in milliliter per gram weight of the rock plotted against the square root of time used for USBM methods. 
The second canister desorption test performed on the same shale core sample after degassed in simulated core lifting process.  
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3 Summary of activities and research findings 
 
Activities carried out 

 To develop laboratory capabilities within Earth Sciences of UCL to characterize rock 

and fluid properties of shale gas samples, a unique high-pressure & high-temperature 

apparatus was designed, built and tested  

 The apparatus can take core samples retrieved from well site that are flashed to 

surface pressure to perform canister desorption test. 

 The apparatus can also perform degassing experiments on pressurized cores from 

CoreVault technology.  

 Using the controlled pressure draw-down rates, the laboratory apparatus can simulate 

different production scenarios to optimize operational constraints for higher recovery 

factors 

 To test the apparatus, a degassing experiment was performed where the results of 

canister tests were compared with the pressurized core.  

 

 
Research findings 

 Laboratory protocol for shale gas and oil characterization for fluid analysis was 

developed 

 Canister desorption test was performed on the preserved shale gas core sample. Gas 

and liquid samples were collected. The water saturation of Bossier-Haynesville was 

measured as 18 percent. Also, the gas content of the preserved core was 76.4 scf/ton.  

 The pressurized core sample was used for degassing experiments, which resulted in 

significantly higher gas content measured directly. The gas content of 289.2 scf/ton 

was measured in the core sample pressurized up to 6000 psi under temperature of 

150 oC.  

 The gas content of the pressurized core sample was higher than the estimated amount 

by canister desorption test by the factor of 4-5. Therefore, adopting canister 

desorption tests for shale gas reservoirs would lead to significant under-estimation of 

the gas content. This laboratory finding is in agreement with the field data published 

by Halliburton using CoreVault technology (Pinkett & Westacott, 2016). Therefore, 
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given the risks and costs associated with CoreVault tools, our approach for laboratory 

experiments can be employed as a replacement for CoreVault.  

 

4 Conclusions and future steps 
Using the laboratory apparatus developed within the Science4CleanEnergy consortium, the 

results of gas content measured directly from pressurized shale core sample were compared 

with conventional methods such as canister desorption test (corrected with USBM). The 

outcome indicates a difference of 4-5 times higher gas content in the pressurized core sample. 

Indeed, the canister desorption test would under-estimate the gas content significantly. 

Therefore, the results of performing degassing experiment under different pressure could 

lead to identifying the correction factors to be applied on canister results to have more 

confidence in estimation of gas contents.  

In future, the laboratory experiments will be performed on more shale gas samples (e.g. 

waxed preserved core samples) obtained from USA and UK shale formation formations to 

identify the parameters controlling the error of gas content estimation by canister desorption 

tests. This would need charging shale samples with natural hydrocarbon gases and then, 

measuring the gas content of the pressurized cores. Also, in future, the pressurized cores will 

be brought under different pressure draw-down regimes (such as gradual pressure decline or 

sudden drop of pressure) to investigate the performance of in-situ micro-fractures.  
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