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Abstract
Unconventional reservoirs, especially shales are drilled horizontally and hydraulically fractured for economical production. Proppant is carried and placed with the use of fracturing fluid to maintain fracture conductivity once the fracture is initiated. It has been observed that fracture conductivity degrades overtime due to several mechanisms such as proppant crushing, embedment, diagenesis and fines migration. To evaluate the performance of various proppants under reservoir stress conditions, American Petroleum Institute (API) proposed the proppant crush test, where load rate is maintained constant, to determine amount of fines generated in terms of “percent crush” by weight.  However, the current standard procedure to measure crush resistance of proppants does not represent the realistic field conditions as it is based on measurement at high proppant concentration (4 lb/ft2), ambient temperature and dry condition.

To study the proppant behavior under stress, we conducted experiments at constant displacement rate to determine the critical pressure of a proppant pack with the aid of acoustic emission activity detection and particle size analysis. Critical pressure (σcrit) is defined as the pressure at which particles finer than the specified proppant size distribution start being generated as determined through particle size analysis. This is also the pressure for onset of grain crushing. In addition to acoustic emission activity and particle size analysis, images of proppant were captured as function of pressure. With the help of bulk density, grain density and images, porosity was calculated as function of pressure. Proppants used in this study are 20/40 mesh Ottawa sand and 20/40 mesh ceramic proppants: carboHSP, carboNRT and carboProp. 
Our objective is to systematically study the effects of proppant concentration, fracture morphology, proppant type, cyclic loading, saturation and pre-test treatment on σcrit of the selected common proppants.

When proppant is tested dry and at ambient temperature, it is observed that loading rate, calculated from load data, and acoustic emission activity rate as function of load and time provide an indication of σcrit. σcrit depends on proppant concentration, proppant type and displacement rate. It is observed for dry 20/40 mesh Ottawa sand that higher proppant concentration is correlated with a higher σcrit. For 4 lb/ft2 concentration, images of dry 20/40 mesh Ottawa sand captured as function of pressure show that crushing is non-uniform and primarily takes place at the steel-proppant interface. For 1 lb/ft2 concentration, images show that crushing is uniform. Using images for the dry 4 lb/ft2 concentration of 20/40 mesh Ottawa sand, we calculate a porosity reduction of 25% and proppant pack conductivity reduction of 14% due to compaction with pressure increase to 13000 psi.  Similarly for the dry 1 lb/ft2 concentration of 20/40 mesh Ottawa sand, we observe porosity reduction of 33% and conductivity reduction of 18% due to compaction to a pressure of 13000 psi. We conclude that higher proppant concentration corresponds to less porosity and conductivity reduction.

To understand the effect of fracture morphology on proppant crushing, the crush cell piston was modified so as to obtain differential proppant concentration as function of crush cell width. This study was motivated by observation of changes in fracture width on hydraulically fractured Tennessee sandstone under triaxial conditions in laboratory. Loading rate as function of load indicates that differential concentration of dry 20/40 mesh Ottawa sand shows relatively low crush resistance in comparison to uniform concentration of dry 20/40 mesh Ottawa sand. Particle size analysis performed at discrete pressures supports our inferences from loading rate as function of load. Images for dry 4 lb/ft2 concentration of 20/40 mesh Ottawa sand indicate that crushing is non-uniform and primarily takes place at steel-proppant interface and the region where the proppant concentration is relatively low and stress is relatively high. For dry 1 lb/ft2 20/40 mesh Ottawa sand, crushing is non-uniform and primarily takes place in the region where the proppant concentration is relatively low and grain to grain stresses are relatively high. These observations indicate that fracture width modulation would play a role in differential crushing of proppant, thereby, affecting fracture conductivity. 

Proppant crush tests were further extended to study the effect of cyclic loading on dry 20/40 mesh Ottawa sand. This study was conducted to investigate the effect of re-fracturing or well shut-in which would cause stress cycling on the already placed proppant pack in the reservoir. Cyclic loading experiment is conducted on dry 4 lb/ft2 concentration of 20/40 mesh Ottawa sand after it is subjected to 15000 psi twice at constant displacement rate. Acoustic emission activity rate as function of time indicates that proppant pack does not undergo crushing in the 2nd cycle when the proppant pack has already been subjected to 15000 psi in the 1st cycle. Using particle size analysis conducted at the end of 1st and 2nd cycle, it is concluded that stress cycling does not significantly increase crushing. 

The proppant crush cell was further modified to conduct the test on fluid saturated proppant packs. The apparatus was connected to metering pump to maintain a pore pressure of 50 psi on 4 lb/ft2 concentration of 20/40 mesh Ottawa sand while stress on proppant pack was increased to 11000 psi at constant displacement rate. Imaging showed uniform fluid distribution in pores at 50 psi. Loading rate and acoustic activity rate as function of time and load were inconclusive. Particle size analysis indicated that 20/40 mesh Ottawa sand crushed, and, there was insignificant difference in particle size distribution at 11000 psi between dry 4 lb/ft2 concentration of 20/40 mesh Ottawa sand and 20/40 mesh Ottawa sand exposed to fluid. However, there was significant effect of reduction in frictional resistance between grain-grain contact which led to a significant change in the compaction trend between wet and dry tests.      

To investigate the effect of exposure to high temperature fluids on proppant crushing, 20/40 mesh Ottawa sand was exposed to distilled water for 3 days at 100 oC. The 20/40 mesh Ottawa sand was then dried and crush test was performed on this heat and water treated proppant. Loading rate as function load indicates that treated 20/40 mesh Ottawa sand at 1 lb/ft2 concentration shows significantly less crush resistance in comparison to test conducted on dry 20/40 mesh Ottawa sand. However, particle size distribution at 9000 psi of untreated and treated proppant at higher concentration of 4 lb/ft2 showed relatively small differences. Loading rate data showed no significant difference between treated and untreated proppant.   

In conclusion, we propose a new proppant crush test procedure which honors realistic field conditions i.e. low proppant concentration, uneven surface topography and fluids at elevated temperature. The standard API crush test overestimates fracture conductivity. Observing loading rate and acoustic emission activity rate as function of load while conducting test at constant displacement rate is recommended.  
 
xxi
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[bookmark: _Toc459381184]1.1 Overview
Objectives of the study are defined in the next section. Section 1.3 reviews various mechanisms of proppant pack conductivity reduction. Previous efforts are reviewed in Section 1.4. Three different methodologies for proppant crush tests are reviewed in detail. It should be noted that all the crush tests are conducted on dry proppant packs, i.e. proppant pack not exposed to pore fluid. The test proposed by American Petroleum Institute (API) is used as a benchmark by the industry to compare various proppants and to infer performance in terms of crushing. Section 1.5 reviews the literature relating proppant crush tests to fracture conductivity. The last section (Section 1.6) defines the problem statement for the study.  In the remainder of this thesis, concentration of proppant is represented with the symbol [], for example, [4] would refer to 4 lb/ft2 concentration. 

[bookmark: _Toc459381185]1.2 Objectives of the research
The principle goal of this study was to systematically study the effect of proppant concentration, fracture morphology, cyclic loading, saturation and pre-test treatment on proppant behavior under stress. To delineate further, the objectives of the research are: 
a) To review different proppant crush tests proposed by various researchers. 
b) To develop a methodology to determine critical pressure or onset of grain crushing with performing post-test sieving. 
c)  To validate a new proposed methodology using particle size analysis, imaging and studies conducted by previous researchers. 
d) To recommend changes to the current practices for proppant crush testing.
   
[bookmark: _Toc459381186]1.3 Mechanisms for conductivity reduction
Fracture conductivity can degrade over time through several mechanisms. One of the mechanisms that contributes to this decrease in fracture conductivity is proppant crushing. Additionally, proppant embedment (Guo et al., 2012), diagenesis (LaFollette and Carman, 2010; Weaver et al., 2007; Duenckel et al., 2012; Ghosh et al., 2013) and fine migration are other mechanisms that affect the proppant pack conductivity. Guo et al., (2012) and Wick, (2015) studied the reduction in formation conductivity by formation creep. Palisch et al., (2007) investigated multiphase flow, inertial flow, gel damage, fines migration and cyclic loading, and suggested that these can reduce effective conductivities to less than 2% of API experimental test values. They also showed that lower proppant concentration, i.e. < [2.25] which is recommended by API, would cause reduction in conductivity. Throughout this thesis, I will use the symbol [x] to represent the x lb/ft2 proppant concentration. Figure 1 shows simulated cumulative reduction in conductivity summarized by Palisch et al., (2007).
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[bookmark: _Toc459308001]Figure 1: Effect of various mechanisms on proppant pack conductivity reduction of Jordan sand and lightweight ceramic. Several mechanisms can reduce effective conductivity to less than 2% of API experimental test values (Palisch et al., 2007).

[bookmark: _Toc459381187]1.4 Proppant crush test
[bookmark: _Toc459381188]1.4.1 Introduction 
The API crush test was established to evaluate proppant crushing through a measure called “percent crush” by weight (Palisch et al., 2009; Simo et al., 2013). API suggested that the test should be conducted at high proppant concentration and ambient temperature which are far removed from realistic field conditions (Palisch et al., 2009). Raysoni et al., (2013) proposed single particle crush test primarily used in ceramic industry and showed its application to study crush strength of proppant. However, a single particle crush test would not be able to encompass effects of multiple layers of proppant, thereby, limiting its use to studying crush strength of monolayer of proppant. Higher concentrations of proppant enables better stress distribution among individual proppant particles. Simo et al., (2013) studied proppant crush strength using a different methodology of increasing the load at constant displacement rate rather than constant load rate as suggested by the API. Simo et al., (2013) indicated that proppant behavior under stress could be studied from the load data by calculating loading rate but did not validate this inference by analyzing particle size post-test.        

1.4.2 [bookmark: _Toc459381189]API crush test 
API proposed the crush test (API RP 56; ISO 13503-2) to estimate the fines generated under specific uniaxial stress conditions in terms of “percent crush” by weight. The methodology as proposed by API is as follows: 
(I) in order to ensure that grain size is in specific range prior to testing, proppant sample is pre-sieved. If we are testing 20/40 mesh Ottawa sand, then it is expected that 90% of all the proppant is smaller than 20 mesh and greater than 40 mesh;
(II) it should be noted that proppant pack is tested at the same volume concentration but at different mass concentrations due to different grain densities of proppant. API proposed that proppants should be tested at high concentration ≈ [4]; 
(III) stress is increased at a rate of 2000 psi/min until the target stress is reached after, the sieved proppant is loaded in to proppant crush cell (cell that is 2 inches in diameter and 3.5 inches in height with Rockwell C hardness greater than 42). The target stress on the proppant pack is maintained for 2 minutes; 
(IV) proppant is unloaded from the crush cell and sieved. The mass of the proppant which is smaller than the native proppant is reported as “crushed material” (if we are testing 20/40 mesh proppant, then post-test proppant that is smaller than 40 mesh is reported). This mass of crushed material is divided by the total mass to determine the “percent crush”. 
To check crush test repeatability, crush tests were performed on 16/30 mesh brown sand at 4000 psi by 11 different laboratories using this methodology (Palisch et al., 2009). Figure 2 shows the results of these tests performed thrice by each lab (Palisch et al., 2009). Following the procedure discussed above, sieved proppant pack was loaded in crush cell and stress was increased at rate of 2000 psi/min. Consequently, the load was increased to 4000 psi in 2 minutes and held constant at 4000 psi for another 2 minutes. The pre-test particle size distribution of proppant was same for the 11 different laboratories to investigate the variability produced by differences in testing procedures. This study was conducted by API and it shows that percent crushed varies from ≈ 6% to 25% following the API prescribed procedure. The average percent of crushed particles was 14.8%. The crush percentage also varied within lab 4 for 3 different crush test performed. For lab 4, crush percent for the 3 tests varies from 14.7% to 24.5%. The inconsistency between lab measurements might arise due to how the proppant was loaded in crush cell – hand loaded or mechanically.  
[image: ]
[bookmark: _Toc459308002]Figure 2: Comparison of percent crush reported by 11 laboratories on hand loaded 16/30 brown sand at 4000 psi (Palisch et al., 2009). Percent crush varied from as low as 6% to as high as 25%.
[bookmark: _Toc438559558][bookmark: _Toc438559604]Howard and Fast (1970) conducted the crush test on sand, light weight ceramics and resin coated sand to study the effect of proppant concentration on “percent crush”. The test was carried out at different proppant concentrations ranging from as low as [0.25] to as high as [8] at 6000 psi pressure. They also indicated that a monolayer of proppant would have proppant concentration of [0.2] which is less than the minimum concentration at which they conducted the crush test. However, it should be noted that the proppant concentration of [1] and lower used in this testing is much closer to realistic field conditions. Figure 3 shows percent crush as function of proppant concentration for the sand, light weight ceramics and resin coated sand, the percent crush is highest at [0.25] sand and least at [8]. In addition, we see a strong decline in percent crush with increasing proppant concentration for all the three proppants tested. The results from Howard and Fast (1970) were motivation to study the crush test at realistic field conditions of proppant concentration.
 (
API Crush Test
)
[bookmark: _Toc459308003]Figure 3: Weight percent crushed particles for various proppants at different concentrations at 6000 psi (adapted from Howard and Fast, 1970). Note the significant difference (factor of 5) in percent crush between API crush test at concentration of 4 lb/ft2 and monolayer of proppant, 0.25 lb/ft2 concentration.
Schubarth et al., (2004) conducted test on [2] of 20/40 mesh sand and various ceramic proppants to study correlation between median particle diameter of proppant and conductivity. Tests were conducted at constant load rate of 1000 psi/min and held constant at the target stress for 5 minutes. Tests were conducted in a similar manner as proposed by API, but at a lower concentration than the API standard. The loading rate was kept lower than the API testing method and the hold time was extended.

Schubarth et al., (2004) studied conductivity, defined as product of fracture width and permeability, and proposed that proppant pack conductivity should be function of median particle diameter and broadness of the sieve distribution ( in Equation 1, see page 9) which was initially suggested by Berg (1970) for permeability of well sorted and high porosity sandstone formations. Schubarth et al., (2004) correlated conductivity at 2000 psi to median particle diameter of ceramic proppants at ambient conditions. Conductivity at 2000 psi was chosen primarily based on the reasoning that ceramic proppant pack would experience “very little crushing”, thus allowing correlation to be made to median particle diameter at ambient conditions. A plot of conductivity at 2000 psi versus median particle diameter for different ceramic proppants is shown in Figure 4. Note that conductivity at a low axial load of 2000 psi is strongly correlated with median particle size at ambient conditions. However, it was noted by the author that with increasing axial load, conductivity would also be dependent on proppant crushing characteristics. Conductivity as a function of closure stress is presented in Figure 5 where it is observed that proppant particles with similar median particle diameter at ambient conditions show similar conductivity at 2000 psi. However, we observe a decrease in conductivity with increase in pressure which can be attributed to change in median particle size, which in turn is dependent on crush characteristics of proppant.   
[image: ]
[bookmark: _Toc459308004]Figure 4: Conductivity at 2000 psi as function of median particle diameter (MPD) of ceramic proppants at concentration of 2 lb/ft2 concentration – light weight ceramic (LWC), intermediate density ceramic (IDC) and bauxite ceramic (BC) (Schubarth et al., 2004). Higher median particle size corresponds to higher conductivity. 
[image: ]
[bookmark: _Toc459308005]Figure 5:  Conductivity as function of closure stress for different proppants at concentration of 2 lb/ft2 - sand, light weight ceramic (LWC), intermediate density ceramic (IDC) and bauxite ceramic (BC) (Schubarth et al., 2004). Numbers within parenthesis indicate median particle size (mm). 

In order to investigate crushing characteristics as function of closure stress, load was increased to a target stress and sieving was performed as a function of target stress in this study. Sieve distribution of 20/40 mesh sand with median particle diameter of 0.52 mm as function of pressure is shown in Figure 6. Figure 6 shows changes in the mass of sieve size at different stresses with respect to that of unstressed proppant. Figure 6 shows that significant fines, i.e. particles below the 40 mesh, start generating at pressure between 4000 and 5000 psi. Schubarth et al., (2004) did not comment on the relation of reduction in the median particle diameter of proppant to the conductivity, as shown in Figure 5. 

Schubarth et al., (2004) also studied the effect of stress cycling on proppant crushing using a fully servo controlled hydraulic rock mechanics test machine. To investigate this effect, the procedure above mentioned is repeated for 5 and 20 cycles. Figure 7 shows the effect of stress cycling on 20/40 mesh sand with median particle diameter of 0.52 mm. The median particle diameter at specific target stress changes with stresses cycling. According to Schubarth et al., (2004), permeability of the fracture calculated using Berg’s (1970) correlation (Equation 1) would change minimally with changes in median particle diameter. 
)    ………………………………………...….(1)
Where:
k: permeability,
n: porosity,
Md: median particle diameter,
: difference between Md and P90 size. 
 (
(a)
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(b)
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[bookmark: _Toc459308006]Figure 6: For 20/40 mesh sand (a) particle size distribution as function of stress (b) changes in mass of sieve size at different stresses with respect to that of unstressed proppant. Note the significant change in sieve size distribution at ≈ 5000 psi (Schubarth et al., 2004). 

[bookmark: _Toc459308007]Figure 7: Retained median particle diameter (MPD) as function of closure stress and stress cycles for 20/40 mesh sand with median particle diameter of 0.52 mm (Schubarth et al., 2004). Schubarth et al., (2004) made a note that there is a poor test result at 6000 psi for 5 stress cycles and it needed to be rerun.  

Freeman et al., (2009) discusses a modified API crush test at significantly higher temperature on liquid-saturated proppant. Freeman et al.’s (2009) apparatus is shown in Figure 8. Tests were conducted on Intermediate Density Ceramic (IDC) and Light Weight Ceramic (LWC), and sieve analysis on the entire mass of post-test proppant was carried out to determine the median particle diameter. Tests were conducted in accordance to API specifications. Another set of tests with similar closure stress and temperature conditions as API tests were conducted with silica saturated fluid flowing during and after the test; the total fluid exposure time was 4 hours. Table 1 compares the test conducted using similar closure stress and temperature conditions but different methodologies. Fines generation below 40 mesh are quite similar for LWC and IDC at closure stress of 6000 and 7500 psi using the API methodology.  However, when the proppant pack was exposed to fluid, fines below 40 mesh increased by more than a factor of 2 for closure stress of 6000 psi and temperature of 200 oF and became more than 3.5 times for closure stress of 7500 psi and temperature of 250 oF.  At closure stress of 7500 psi and 250 oF, the median particle diameter reduced which was reflective of additional grain failure as noted by the author. However, the question again is whether these tests are repeatable?      
 (
Crush cell
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[bookmark: _Toc459308008]Figure 8: Experimental setup used by Freeman et al., (2009) to conduct testing using liquid saturated proppant at significantly high temperature. 

[bookmark: _Toc459307994]Table 1: API and Modified API crush test conducted at closure stress of (a) 6000 psi and (b) 7500 psi (Freeman et al., 2009). LWC stands for light weight ceramic and IDC stands for intermediate density ceramic. 
 (
(a)
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[bookmark: _Toc459381190]1.4.3 Single particle crush test
Raysoni et al., (2013) proposed the use of single grain crush test and compared results of API crush tests to single particle crush test. They further used single particle crush tests to study effect of diagenesis on crush strength of proppant. This section reviews the single particle crush test primarily used in the ceramic industry - ASTM C1239-07, a standard practice document published by American Society for Testing and Materials (ASTM) for estimating uniaxial strength using a Weibull distribution.

Raysoni et al., (2013) have given a detailed procedure to study the proppant crush strength.  First, at least 30 proppant particles are selected based on their uniform size and shape with limitations on particle sphericity. Second, the diameter of each proppant particle is measured by microscopic grain size analysis. Third, the test is conducted to determine the maximum force required to crush individual grains. Finally, the crush strength of proppant particles is determined statistically using Weibull distributions. They show that single grain crush tests show good repeatability. They noted that the stress states that the proppant particle experiences in the API and single particle crush test are significantly different. Single grain crush tests presents us with an understanding of crushing characteristics of monolayer of proppant with isolated proppant grains.   

[bookmark: _Toc459381191]1.4.4 Constant displacement rate crush test
Simo et al., (2013) proposed a new crush test method to study the behavior of proppant pack under stress. Simo et al., (2013) designed this crush test to investigate the characteristics of the proppant packs as a whole by studying the load rate as function of time. The test is carried out on dry proppant packs at ambient temperature conditions. The test cell used is in compliance with API cell dimension and hardness The bottom piston of the cell is displaced at constant rate. The constant piston displacement is controlled by a metering pump and computer which records the applied load. A load is recorded every 5 seconds and converted to stress using area over which load is applied (area of proppant pack).The pressure derivative with respect to time (loading rate) is calculated and plotted as function of time at every 500 psi increase in axial pressure. Figure 9 shows a typical plot obtained for resin coated sand (RCS) (Simo et al., 2013). 

Simo et al. (2013) divided a typical plot shown in Figure 9 in three regions. In region A, the loading rate increases as function of time and then, becomes stable in region B. In region C, loading rate increases again but at a lower rate than region A. Simo et al. (2013) inferred that the loading rate increase in region A was indicative of grain movement and rearrangement. Similarly, they inferred that stable loading rate in region B was indicative of grain deformation and crushing. Region C (with an increasing loading rate) was identified as the grain rearrangement region once proppant grains were crushed. The end of region B was identified as the failure stress at which the proppant pack was unable to bear any more load and loading rate continued to increase with respect to time.     
[image: ]
[bookmark: _Toc459308009]Figure 9: Plot of the applied pressure derivative as function of time for RCS is divided into three regions: A) movement and grain rearrangement, B) grain crushing and C) grain rearrangement (Simo et al., 2013).

Using this methodology, Simo et al., (2013) determined the failure stresses for 30/50 Ohio sand, 30/50 resin coated Ohio sand, 40/70 Ohio sand and 40/70 resin coated Ohio sand at [0.5] to [4]. The failure stress as function of proppant concentration for the 4 different proppants is shown in Figure 10. Note that the proppant pack fails at higher stress for higher proppant concentrations. It is also noted by Simo et al., (2013) that resin coated Ohio sand performs better than simple Ohio sand. This increased strength is reflective of changes in mechanical properties of Ohio sand attributed to resin coating.

[bookmark: _Toc459308010]Figure 10: Plot of failure pressure as function of proppant concentration for 4 different proppants (Simo et al., 2013). Increasing proppant concentration is directly correlated with failure pressure.

[bookmark: _Toc459381192]1.5 Proppant percent crush and permeability 
Schubarth et al., (2004) correlated median particle diameter with permeability (see Figure 4). Berg, (1970) proposed the use of median particle diameter and broadness of sieve distribution ( in Equation 1) to predict permeability of well sorted and high porosity sandstones. Permeability is directly dependent on median particle size.  Using the correlation proposed by Berg, (1970) (Equation 1, see page 9), Schubarth et al., (2004) discussed predicting the changes in conductivity as function of closure stress using the particle size distribution.

Pearson et al., (2014) discussed how to use the proppant crush test and investigated percent crush as function of long term conductivity, i.e. 48 hours from the start of the experiment (Palisch, 2015) . Figure 11 shows the plot of long term fracture conductivity as function of percent crush for 30/50 and 40/70 intermediate density ceramics and low density ceramics from various manufactures. They concluded from Figure 11 that percent crush is a poor indicator of long term fracture conductivity. 
[image: ]
[bookmark: _Toc459308011]Figure 11: Long term fracture conductivity as function of percent crush for 30/50 and 40/70 intermediate density ceramics and low density ceramics from various manufactures (Palisch et al., 2015).

[bookmark: _Toc459381193]1.6 Problem statement
Taking into consideration different crush tests performed by various researchers, a goal of the study was to understand how proppant crushing takes place in bulk – [1] versus [4].   Proppant crushing, in bulk, controls flow behavior and compaction of these packs. Compaction at realistic field conditions can be incorporated in reservoir simulation models to estimate the time dependence of fracture conductivity and production more accurately. Understanding of how proppant crushes in bulk would also help to understand boundary effects that might be unknowingly introduced in API crush tests which might not be representative of realistic field conditions. 
[bookmark: _Toc459381194]Chapter 2: Experimental Procedure
[bookmark: _Toc459381195]2.1 Introduction
A brief overview of the experimental procedure is provided in this chapter. Subsequent sections in this chapter deal with specific equipment used to conduct this test. Experimental procedure is as follows:
1. Proppant sample is sieved to ensure that the grain size is within the specific range prior to test. If we are testing 20/40 mesh proppant, then 90% of all the proppant should be smaller than 20 mesh and greater than 40 mesh. Sieving is carried out using a vibratory sieve shaker (Restch AS 200). The Restch AS 200 shaker will be discussed in Section 2.2. 
2. To determine the grain volume a specific proppant occupies at a specific concentration, grain density of the proppant was measured using low pressure helium pycnometer (Micrometrics model II). Using the mass of the specific proppant at a specific concentration, the grain volume can be computed from grain density (grain volume is used in the calculation of porosity). The low pressure pycnometer (LPP) will be discussed in Section 2.3.   
3. Proppant was weighed to achieve a specific concentration. Crush test was then performed on the weighed proppant using our custom designed crush cell. Crush tests were carried out using mechanical testing machine (MTS – 312, 21). The crush cell was designed to allow microscope imaging during applied axial load. Acoustic emission (AE) activity was also monitored during the test. The mechanical testing machine, crush cell, microscope camera and acoustic emission sensor will be discussed in Section 2.4. 
4. Post-test proppant (crushed) is analyzed using laser dry particle size analysis (Beckman Coulter LS 13 320) to determine the generation of fines. This is discussed in the last section – Section 2.5.          

[bookmark: _Toc459381196]2.2 Vibratory sieve shaker
A Restch AS 200 shaker was used for sieving the proppant pre-test. Figure 12 shows Restch AS 200 in use. Two sieves as shown in Figure 12 were used for the purpose of sieving 20/40 mesh proppant to obtain particle size in specific sieve distribution. The sieve stack is brought to motion and particles undergo 3-dimensional movement by spring-mass system operated by an electromagnetic drive (Restch, 2015). Sieving was carried out for an hour on an average and amplitude was set to 60 rpm for all the tests to yield reproducible results. 
[image: C:\Users\ABC\Downloads\FullSizeRender (1).jpg]
[bookmark: _Toc459308012]Figure 12: Restch AS 200 vibratory sieve shaker with 2 sieves and a pan. The sieves are 20 and 45 mesh.
 
[bookmark: _Toc459381197]2.3 Low pressure pycnometer (LPP)
The LPP intrument from Micrometrics works on the principle of Boyle’s Law using helium at a low pressure of 20 psi. Grain volume and thereby grain density is obtained by measuring the pressure drop with and without the proppant samples in the LPP (He crushed porosity) cell (Karastathis, 2007; Shukla, 2013). Figure 13 shows the LPP machines used.
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[bookmark: _Toc459308013]Figure 13: Micrometrics model II LPP Helium pycnometer for measuring proppant grain density.  

[bookmark: _Toc459381198]2.4 Crush test
Before a crush test is started, a specific mass of proppant needed for a test proppant concentration is weighed. The crush test experimental apparatus has been modified and is different in dimensions specified by API or used by Simo et al., (2013). The crush cell is 1 inch in length and width in comparison to crush cell used by API which is 2 inches in diameter. A loading frame (MTS-312, 21) was used to apply axial force. Upper piston used with a Omega LCHD-20K load cell with a pressure rating of 20,000 lbf and bottom piston is ENERPAC-RLC-502. Figure 14 shows Omega LCHD-20K and ENERPAC- RLC-502 mounted on the load frame MTS-312, 21. 
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[bookmark: _Toc459308014]Figure 14: MTS-312, 21 load frame with load cell and axial piston to perform crush tests

In addition, we have a fused silica window on one side of crush cell through which we can capture images. The fused silica window was attached to the crush cell with C-clamps. The crush cell with fused silica window attached is shown in Figure 15. The metal for crush cell (aluminum) was chosen to have similar mechanical properties as the fused silica so as to have similar boundary conditions on all the sides. However, it should be noted that upper and bottom piston hardness is in accordance with API - steel having Rockwell C hardness > 42. Figure 15 shows schematic of crush cell will all different attachments.  

The microscope camera used to capture images of proppant is Celstron 5 MP. Figure 15 shows the Celestron microscope in use and images of the proppant pack. The acoustic activity generated due to crushing as well as rearrangement is monitored using an acoustic emission (AE) sensor mounted on one side of the crush cell. A single 1 MHz piezoelectric transducer was mounted and acoustic activity was captured using the Chechi Handyscope HS4 unit and software Chechi Leach developed by Applied Seismology Consultants. Load data using Omega LCHD-20K and AE was measured every 2 seconds (and were synchronized). Loading rate was calculated from load data averaged over 50 seconds.  The hydraulic cylinder is powered by a Teledyne Isco DX100TM pump programmed to apply load to produce a constant displacement rate. Load was increased to a target stress and was not held constant for 2 minutes as suggested otherwise by API. The reasons for doing so would be discussed in next chapter. 

To study the effect of pore fluid, the crush cell was modified to conduct testing on proppants subjected to water as pore fluid. A 1/8 inch diameter inlet was drilled on one side of the crush cell and the pressure was maintained with another Teledyne Isco DX100TM syringe pump. Figure 16 shows the modified crush cell with the pore fluid inlet.  Chapters 3 and 4 have detailed sections on how the crush cell was assembled. The crush cell was assembled differently for tests conducted on dry proppant and proppant pack exposed to fluid.
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[bookmark: _Toc459308015]Figure 15: (a) Schematic cross-section of crush cell. (b) Left: Crush cell with fused silica window attached and acoustic emission sensor mounted. Microscope camera used is also shown. Right: Fused silica window is shown with a microscope image of [4] of 20/40 mesh Ottawa sand. 
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[bookmark: _Toc459308016]Figure 16: Modified crush cell in use. Pore fluid inlet, microscope camera, upper piston and fused silica window are also been shown. 

[bookmark: _Toc459381199]2.5 Laser particle size analysis
Beckman Coulter LS 13 320 Tornado Dry Power System (DPS) was used to measure particle size distributions. Using the principles of light scattering, LS 13 320 works by analyzing the scattering pattern formed by light intensity as function of scattering angle for particle of different sizes (Beckman Coulter, 2011). Smaller particles scatter at larger angles and vice versa (Beckman Coulter, 2011). Composite scattering pattern is a combination of scattering pattern of constituent particles of different sizes in the sample (Beckman Coulter, 2011).  Assuming spherical particle, size is determined by applying the deconvolution to composite scattering pattern based on Fraunhofer or Mie theory of light scattering. LS 13 320 DPS is shown in Figure 17.

[image: ]
[bookmark: _Toc459308017]Figure 17: Beckman Coulter LS 13 320 Tornado Dry Power System is used to measure the particle size distribution (particle size range varies from 0.37 to 2000 μm). 















[bookmark: _Toc459381200]Chapter 3: Dry Proppant Crush Test
[bookmark: _Toc459381201]3.1 Introduction
A dry proppant crush test refers to a test conducted on proppant pack with no liquid in the pack. This chapter covers results from dry proppant crush tests and discussions of critical pressure. Critical pressure (σcrit) is the pressure for onset of grain crushing. It is also defined as the pressure at which fines smaller than the original particle size distribution start to be generated. In the next section (Section 3.2), apparatus used to conduct testing on dry proppant is described in detail. In the third section (Section 3.3), the effect of hold time (2 minutes as suggested by API) is investigated. In subsequent sections, we discuss the effect of proppant concentration (Section 3.5), displacement rate (Section 3.6), proppant type (Section 3.7), cyclic loading (Section 3.8) and fracture morphology (Section 3.9) on σcrit. The test matrix used to study the above mentioned effects is described in their respective sections. In the remainder of this thesis, constant displacement rate is represented with the symbol Δ. Δ3.8 refers to displacement rate of 3.8 x 10-3 inch/min. Similarly, Δ11.5 indicates 11.5 x 10-3 inch/min displacement rate. Remember notation [x] refers to x lb/ft2. 

[bookmark: _Toc459381202]3.2 Experimental apparatus
A fully assembled apparatus is shown in Figure 18.  Figure 19 shows schematically the assembly of the crush cell; the fused silica window is clamped to the outside of the crush cell and then bottom steel platen is inserted. Proppant of specific mass needed to achieve the test concentration is poured into the crush cell from the top. The load on the proppant in increased once top steel platen and piston are inserted. 

Difference between how the crush cell was assembled for different tests is discussed in Chapter 4 as cell assembly can potentially change how the proppant pack reacts within the crush cell.  
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[bookmark: _Toc459308018]Figure 18: Crush cell used to study dry proppant crushing. AE transducer, microscope camera and upper piston are also shown. 
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[bookmark: _Toc459308019]Figure 19: Steps for assembling the crush cell-1: Schematic cross-section of crush cell. 2 and 3: Fused silica window clamped to the outside of crush cell. 4: Bottom steel face is inserted from top of crush cell. 5: Proppant is poured into the cell. 6: Upper steel face and piston is inserted.    

[bookmark: _Toc459381203]3.3 Effect of hold time
The crush test to determine σcrit was performed by keeping the same experimental procedure described in Chapter 2: 
(1) sieving to achieve a specific proppant size distribution,
(2) pouring the proppant in to the crush cell,
(3) increasing the load to 15000 psi at constant displacement rate and 
(4) performing particle size analysis at discrete pressures. 
In our tests, in addition to increasing the load to maintain constant displacement rate, instead of constant loading rate (suggested by API), the stress was not held for 2 minutes at the target stress. A study was undertaken to examine the effect of the 2 minute hold time on the AE rate assuming AE rate is representative of particle rearrangement and crushing. The study was performed on [2] of 20/40 mesh Ottawa sand at Δ11.5. Figure 20 shows the plot of pressure and AE rate as function of time. The pressure was increased to 15000 psi and then held constant for 2 minutes (see Figure 20). Additionally, it is observed that AE rate is relatively greater in the region where the load is increased to 15000 psi in comparison to minimal AE rate in the region where the load is held constant for 2 minutes at 15000 psi. From AE rate as function of time, I inferred that most of the grain crushing and rearrangement takes place during the loading process. Thus, all the tests in this and the next chapter are conducted by increasing the load to 15000 psi and then unloading it without holding proppant pack at specific target stress for 2 minutes. More tests are needed at different displacement rates, proppant concentration and proppant types to conclude that hold time of 2 minutes is not required.
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[bookmark: _Toc459308020]Figure 20: (a) Plot of pressure (dash) and AE rate (solid) as function of time. Pressure is increased to 15000 psi and held constant for 2 minutes. (b) Magnified plot of the 2 minutes hold time region. AE rate is minimal indicating minimal crushing and rearangement. 

[bookmark: _Toc459381204]3.4 Overview of crush test analysis
[bookmark: _Toc459381205]3.4.1 Results
A crush test carried out on 20/40 mesh Ottawa sand at [4] and Δ3.8 is discussed. The methodology used in this single test is the basis for other crush tests. Stress on the proppant pack is increased to 15000 psi as depicted in Figure 22. Particle size analysis (see Figure 21) was also carried out at progressively higher pressures over the range from 2500 psi to 14000 psi. For particle size analysis, unstressed proppant was used for each run and stress was increased at constant displacement rate to specific target stresses and particle size analysis was performed. Note that the pre-test particle size distributions for each run were quite similar. Figure 21 shows that at [4] of 20/40 mesh Ottawa sand fines begin to generate at 5500 psi. We observe a bimodal distribution of proppant when stress is increased to 14000 psi. We refer to the two dominant particle size as smaller and larger dominant particle size. It is also observed that there is a shift in larger dominant particle size peak when comparing post-test proppant pack at 14000 psi to a pre-test proppant pack (native proppant). σcrit for 20/40 mesh Ottawa sand at [4] is determined to be 5500 psi. 

Changes in AE rate (see Figure 22) start at about 1000 seconds into the test.  The AE rate reached a peak around at 1700 seconds and then gradually decreased. The σcrit of 5500 psi of 20/40 mesh Ottawa sand at [4] is indicated on the plot of stress and AE rate as function of time with the red line. Figure 22 shows stress and AE rate are qualitative indicators of σcrit. 
The loading rate varies as function of time when the load on proppant pack is increased at constant displacement rate (see Figure 23). The loading rate peaks, then decreases to a minimum and finally increases at a lower rate than the initial increase (this is considered as characteristic response for loading rate). The loading rate increases over the region where particles rearrange but do not crush, as determined by particle size analysis (see Figures 21 and 23). Figures 21 and 23 shows the loading rate starts to decrease and proppant pack reaches σcrit which leads to the generation of fines. 
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[bookmark: _Toc459308021]Figure 21: Particle size analysis as function of pressure. σcrit of concentration of 4 lb/ft2 of 20/40 mesh Ottawa sand is 5500 psi.
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[bookmark: _Toc459308022]Figure 22: Plot of pressure (line) and AE rate (square) as function of time. Red line indicates σcrit for concentration of 4 lb/ft2 of 20/40 mesh Ottawa sand.  
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[bookmark: _Toc459308023]Figure 23: Plot of pressure (line) and loading rate (square) as function of time. Red line indicates σcrit for concentration of 4 lb/ft2 of 20/40 mesh Ottawa sand.  


Using the microscope images (see Figure 24) of 20/40 mesh Ottawa sand at [4], we studied changes in proppant pack as function of stress. Figure 24 shows 20/40 mesh Ottawa sand starts to generate fines at 6000 psi which is in accordance with particle size analysis results. Images show that proppant pack starts to compress when the pack has reached σcrit (5500 psi) and while loading rate starts to decrease (see Figure 23). Visual observation confirms that proppant pack continues to compact after σcrit is reached. Thus, the decrease in loading rate (as function of time) is a qualitative indicator of compaction. In addition, we observe that the proppant crushes non-uniformly and preferentially at the steel-proppant interface.
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[bookmark: _Toc459308024]Figure 24: Microscopic images as function pressure. Crushing starts at 6000 psi which is in accordance with particle size analysis results. Additionally, crushing is non-uniform and primarily concentrated at steel-proppant interface. 

Microscope images were used to study the width of proppant pack as function of stress. Width is plotted as function of pressure in Figure 25. This width (height) was used to compute the bulk volume of the proppant pack knowing the cross-sectional area of the proppant pack (crush cell length and width). The grain density was experimentally determined, using a low pressure helium pycnometer, to be 2.65 gm/cc for 20/40 mesh Ottawa sand. The grain density was used to compute grain volume knowing the mass of the proppant. Porosity as function of pressure was computed using the calculated bulk volume and grain volume. Figure 25 shows reduction in porosity from 39% at 100 psi to 26% at 14000 psi.
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[bookmark: _Toc459308025]Figure 25: Proppant width (square) calculated from the images and computed proppant pack porosity (diamond) from the measured width are plotted as function of pressure. 


Width was used to compute the reduction in fracture conductivity, Fc (see Equation 2), as function of pressure (see Figure 25). Fc is defined as:
 …………………………………………………………………………...(2)
Where:
: fracture permeability,
: fracture width.
Permeability of fracture was assumed to be constant and width of the fracture was used to compute reduction in conductivity. Conductivity reduction, ΔFc, is plotted as function of pressure in Figure 26; note that conductivity is reduced by 2 percent at 6000 psi solely due to grain rearrangement. We calculated a sudden decrease in conductivity with increase in pressure beyond 6000 psi. Fc decreases by more than 10 percent at 10000 psi due to crushing and rearrangement of proppant. It appears that [4] of 20/40 mesh Ottawa sand can perform optimally to a closure stress of 6000 psi, beyond 6000 psi, crushing and fines generation become a concern.
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[bookmark: _Toc459308026]Figure 26: Conductivity reduction as function of pressure. Conductivity reduced rapidly after 6000 psi as 20/40 mesh Ottawa sand reaches its σcrit.

[bookmark: _Toc459381206]3.4.2 Discussion
Hydrostatic and uniaxial compression testing has been carried out on both uncemented and cemented granular aggregates. Highly porous sandstones are included in the class of cemented granular aggregates. Extensive research has been carried out on highly porous sandstones using hydrostatic compression tests. Hydrostatic compression tests were carried out by measuring the change in volume of sample while stepwise increasing the confining pressure but maintaining a constant pore pressure (Zhang et al., 1990). Previous researchers (Zoback and Byerlee, 1976) have also studied the behavior of granular materials under stress with the aim of quantifying fluid flow properties. Brace et al. (1978) reviewed the literature and indicated that compaction behavior under hydrostatic stress conditions can be classified into three major categories (see Figure 27). First compaction behavior (I) is indicative of microcrack dominated low porosity rock. Second compaction behavior (II) is indicative of intermediate porosity rocks. Third compaction behavior (III) has similar loading response shown in Figure 22 for 20/40 mesh Ottawa sand at [4]. Brace et al., (1978) characterized the third compaction curve as that for highly porous sandstones. The plot of hydrostatic pressure versus volumetric strain (see Figure 27) is non-linear initially which is followed by linear trend till the inflection point, Pi. The volume decrease with pressure is indicative of irrecoverable compaction once the inflection point, Pi, is reached. This irrecoverable compaction was attributed to grain crushing occurring beyond the inflection point for these highly porous sandstones (Zhang et al., 1990). The inference of grain crushing was supported by microscopic observations of sandstones after exposure to pressures higher than the inflection point (Zhang et al., 1990). 
[image: ]
[bookmark: _Toc459308027]Figure 27: Three major types of hydrostatic compression behavior (Brace et al., 1978; Zhang et al., 1990). 
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[bookmark: _Toc459308028]Figure 28: (a) Plot of pressure as function of ΔFc. ΔFc represents change in width and is comparable to volume strain. (b) Characteristic hydrostatic compression for highly porous sandstones. Region indicating grain crushing and collapse is similar to that observed in (a) (Issen, 2000).

Further hydrostatic compression testing was carried out by Zhang et al., (1990) on sandstones with porosity as high as 35%. For sandstones with porosity greater than 20%, Zhang et al., (1990) observed the third compaction behavior shown in Figure 27. Figure 28 (a) shows the plot of pressure as function of ΔFc. ΔFc represents change in width and is comparable to volume strain. Figure 28 (b) depicts the characteristic hydrostatic pressure and volumetric strain curve with different regions labelled (Issen, 2000). Comparing (b) and (a), we observe that there is a similar linear trend before reaching the inflection point. Particle size analysis indicated that 20/40 mesh Ottawa sand at [4] starts to crush at 5500 psi, i.e., the inflection point (see Figure 28 (a)). Zhang et al., (1990) suggested that grain crushing provided additional degrees of freedom for grains to rotate and thus compact more densely by moving into intergranular pore space. However, it should be noted that the test conducted by Zhang et al., (1990) was carried out by maintaining constant pore fluid pressure of 10 MPa (1450 psi). The presence of pore fluid tends to reduce frictional resistance at grain-grain contacts and promote movement. 

Zhang et al., (1990) also modeled grain crushing using the Hertzian theory and they note that Hertzian theory is only applicable for the elastic range, i.e., before the inflection point. Hertzian theory fails to account for grain rotation and crushing, and thus, cannot explain behavior after the infection point. Using the Hertzian theory, it was determined with assumption of a number of grain contact = 8.84 by Zhang et al., (1990) that σcrit at which fracture initiates at grain-grain contact is inversely dependent on product of porosity and grain radius. 

Note that the above mentioned hydrostatic compression tests were conducted on sandstones which is different from uniaxial strain compression testing of uncemented granular aggregates. The test conducted on 20/40 mesh Ottawa sand is carried out under uniaxial compression and lateral confinement. Wong et al. (2004) showed the difference in the state of stress in two dimensional (2-D) array of particles when load is isotropic and anisotropic. Isotropic load is representative of hydrostatic loading while anisotropic loading is representative of uniaxial strain compressive testing. Figure 29 shows that when uncemented granular aggregates are loaded under anisotropic stress conditions, grains not only experience compressive stresses as in the cases of hydrostatic loading, but grains also experience tensile forces (negative values in Figure 29). Grains failure could take place in two modes: compression and tension. 
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[bookmark: _Toc459308029]Figure 29: Grain-grain contact forces for: (a) isotropic loading and (b) anisotropic loading. Homogenous case has constant stiffness particles while heterogeneous case has particles of 4 different stiffnesses (Wong et al., 2004).

Tang and Hudson, (2010) simulated breakage of single irregular particle under diametral loading without and with confinement. Researchers carried out simulation to study shear stress fringe contours, normalized stress distribution, and load and released energy during failure as function of applied displacement. For the tests conducted without and with confinement, they noted that a large load drop and energy release coincides with the fracture initiation. We observed similar results for loading rate and AE rate in Figure 25. They indicated that single particle under confinement fails in more ductile manner compared to particle without confinement, causing particle under confinement to fail at a greater load.  
Gallagher et al., (1974) conducted testing on uncemented granular spherical particle (CR-39) aggregates to study how the stress is transmitted across the grain contacts under hydrostatic and uniaxial load using photoelasticity. Grains in contact had similar mechanical properties which is similar to test conducted on 20/40 mesh Ottawa sand.  Gallagher et al., (1974) also showed how the particle arrangement would be affected by hydrostatic or uniaxial stress which would lead to different stress distribution among particles. Figure 30 shows a hexagonal array of same sized particles with isotropic and anisotropic loading. In the case of isotropic loading, load is distributed among 5 grains in 2-D by an interior grain. While load is distributed among only 3 grains in 2-D by interior grain in the case of anisotropic loading. Fracture patterns for cubic packing and hexagonal packing using the extension-fracture criterion was predicted by Gallagher et al., (1974). Figure 31(left) shows the fracture patterns for cubing packing as function of applied load. Figure 31(right) illustrates the fracture pattern developed in hexagonal packing. 
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[bookmark: _Toc459308030]Figure 30: Grains are packed hexagonally. a) Hydrostatic load, P. b) P1 >> P2. 20/40 Ottawa sand is investigated under condition (b) where P1 >> P2 (Gallagher et al., 1974). 
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[bookmark: _Toc459308031]Figure 31: Fringe patterns for an interior grain as function of applied load. P1 is applied vertically with P2 applied horizontally. Expected fracture pattern is predicted: a) cubic b) hexagonal packing (Gallagher et al., 1974).

The fringe pattern in Figure 31 shows that stress is concentrated primarily at grain-grain contacts and thus, fractures initiate there. Additionally, grains are expected to fracture differently when the applied vertical load is significantly higher than the horizontal load. When the grains are packed hexagonally, the fringe pattern shown in Figure 31 correlates well with contact lines shown in Figure 30. The state of stress will control how and where a fracture initiates at the grain-grain contacts.     

Note that test conducted on 20/40 mesh Ottawa sand is different from tests reported in literature on sandstone due to cemented grain.  Cementation of granular material is another parameter that has been studied extensively. David et al., (1998) made synthetic sandstones by mixing silica sand grains and silica gel using hot-pressing technique proposed by den Brok et al., 1997 (see Wong et al., 2004). Hydrostatic tests were conducted on synthetic rocks with different volumetric cement concentration: 3 and 5%. It was observed from hydrostatic tests that σcrit increases with increase in the volume of cement. Uncemented granular aggregates would have relatively lower value of σcrit as compared to cemented granular aggregate.    

In addition to investigating compression tests, previous researchers have also observed increased AE with grain crushing (Zhang et al., 1990; Talwani et al., 1973). Talwani et al., (1973) conducted hydrostatic compression testing on uncemented quartz sand where they observed sudden AE with increased bulk compressibility at 600 bars (8702.2 psi) which was attributed to the onset of grain crushing.  Zhang et al. (1989) investigated grain crushing and AE in highly porous sandstone (Boise sandstone, Φ = 35%). Porosity change and the AE rate for a hydrostatic test on Boise sandstone is shown as function of effective pressure (see Figure 32). The AE rate increases when there is sudden decrease in porosity. Grain crushing was confirmed by post-test microscope observations and was related to the decrease in porosity (Zhang et al., 1990). This sudden change in porosity has also been observed by Zoback and Byerlee, (1976) while conducting hydrostatic compression experiments on uncemented quartz sand; results are shown in Figure 33. We observed similar results in Figure 25.     
[image: ]
[bookmark: _Toc459308032]Figure 32: Acoustic emission (AE) rate and porosity change as function of effective pressure (Zhang et al., 1989). Porosity change and AE rate are well correlated. (1 MPa = 145.04 psi) 
[image: ]
[bookmark: _Toc459308033]Figure 33: Pore-volume strain as function of confining pressure. Note the hysteresis in pore-volume strain and the sudden increase in pore volume strain at the onset of grain crushing at 600 bars (8702.2 psi) (Zoback and Byerlee, 1976). (1 bar = 14.504 psi)  

Literature on compaction bands was reviewed due to observations presented in Figure 24.  Issen and Rudnicki, (2001) investigated the conditions for formation of compaction bands. Compaction bands are localized planar zones that form perpendicular to compressive principal stress caused by purely compressive deformation (Issen and Rudnicki, 2001). Their occurrence was observed by previous researchers in highly porous sandstones. These dense zones act as barrier to flow within reservoirs. Permeability and porosity of these bands were compared to the host rock by Aydin and Ahmadov, (2009). Their study was carried out on aeolin sandstones. A plot of permeability versus porosity shows that permeability of host rock is at least 3 order greater than the permeability of bed parallel bands (see Figure 34). Tang and Hudson, (2010), when studying single particle breakage through simulation models, indicated that zones of localized deformation in the vicinity of upper and lower loading platens were formed partly due to constraint effects. It is a possible that these zones formed in 20/40 mesh Ottawa sand in Figure 24 arose due to boundary conditions - mismatch in mechanical properties of quartz sand and stainless steel. However, note that the stainless steel face was used in accordance with API procedure that recommends the use of material having hardness > 42 Rockwell C. Thus, experimentation should be conducted using material having mechanical properties more appropriate to realistic field conditions. But if compaction bands do exist, these would act as barriers to fluid flow from the reservoir to the fracture.   

[bookmark: _Toc459308034]Figure 34: Plot of permeability and porosity for host rock and bed parallel bands. Host rock permeability is 3 order more than permeability of bands (Aydin and Ahmadov, 2009).    
The question becomes: under what stress conditions should proppant be tested? For this study where proppants are loaded uniaxially under lateral confinement, we would still observe a σcrit when the grains start to fracture. σcrit will be dependent on both the individual grains and the pack. The reason for influence of proppant pack on σcrit is that a higher proppant concentration will distribute the stress among a greater number of grains in comparison to lower proppant concentration and change the pack response. We next investigate the σcrit by varying the proppant concentration. 

[bookmark: _Toc459381207]3.5 Effect of proppant concentration
[bookmark: _Toc459381208]3.5.1 Results
20/40 mesh Ottawa sand was tested at three different concentrations – [1], [2] and [4] while keeping the displacement rate constant to study the effect of proppant concentration on σcrit. The test matrix is shown in Table 2. 
[bookmark: _Toc459307995]Table 2: Test matrix for the crush test showing the proppant type and displacement rate used for 3 different concentrations of 20/40 mesh Ottawa sand: 1, 2 and 4 lb/ft2.
	Proppant type
Displacement rate
	20/40 mesh Ottawa sand

	
	[1]
	[2]
	[4]

	Δ3.8
	· 
	· 
	· 



The loading rate and AE rate as function of time for different proppant concentrations - [1], [2] and [4] were also studied and plots are shown for each in Figures 35(a), 36(a) and 37(a), respectively. Particle size analyses as function of axial pressure for [1], [2] and [4] are shown in Figures 35(b), 36(b) and 37(b), respectively. The characteristic response for loading rate and AE rate as function of time is similar for the three different concentrations. The loading rate increases initially to reach peak loading rate after which it decreases. After reaching the minimum, loading rate again increases but at a lower rate than initial increase. AE rate increases when loading rate is increasing as function of time and reaches peak when the loading rate is decreasing as function of time.

Particle size analysis was carried out for tests at progressively higher pressures over the pressure range of 2000 psi to 15000 psi. Native proppant for each run was selected such that particle size distribution was nearly similar. We followed consistent procedure throughout the test: 
(1) native proppant was used for each run, 
(2) stress was increased at constant displacement rate to the specific target stress and 
(3) particle size distribution was analyzed after achieving the target stress. 
The σcrit for different concentrations (i.e. 2500 psi for [1], 4000 psi for [2] and 5500 psi for [4]) was determined from particle size distributions (see Figures 35(b), 36(b) and 37(b)). Red lines in Figures 35(a), 36(a) and 37(a) indicates the σcrit for respective concentrations. The σcrit occurs in the region where loading rate starts to decrease and AE rate increases. Zhang et al., (1990) indicated that grain crushing provides additional degrees of freedom for rotation and movement, the pack is able to compact more subsequently pressure increases gradually at a constant displacement rate which results in loading rate decrease as function of time. Compaction of proppant pack has been confirmed visually (see Figures 24 and 41). It is the combined characteristic response of loading rate and AE rate with time which can provide quantitative indication of σcrit as loading rate and AE rate correlate well with particle size analysis.
The loading rate as function of load for different concentrations was analyzed and plots for [1] and [4] are shown in Figure 39. Note the pressure after which the loading rate starts to decrease is ≈ 2500-3000 psi for [1] and ≈ 5000-5500 psi for [4]. σcrit determined for different concentrations coincides with pressure determined through loading rate. In conclusion, loading rate change (as function of load) is quantitative indicator of σcrit.      

Percent crush as function of axial pressure (using data from Figures 35(b), 36(b) and 37(b)) is shown in Figure 38. Fines here refer to particles smaller than 40 mesh. The quantity of fines generated at [4] is less than generated at [2] over the entire pressure range (see Figure 38). Similarly, fines generated at [2] are less as compared to [1]. Fewer fines are generated with increase in concentration over the entire pressure range. Note that fines start to generate at 2500 psi for [1], 4000 psi for [2] and 5500 psi for [4].  In summary, σcrit increases with increase in proppant concentration.    

Microscope images captured as function of pressure for different concentrations aid in visualizing proppant behavior in bulk, i.e., how different concentrations respond to applied pressure. Two images at axial pressure of 15000 psi are shown in Figure 40; the left image represents [1] and right image represents [4]. The [4] proppant pack is ≈ 4 times as thicker than [1] assuming packing is same. The 20/40 mesh Ottawa sand crushed uniformly at [1]; while at [4], grains crushed non-uniformly and preferentially at steel- proppant interface. 
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[bookmark: _Toc459308035]Figure 35: (a) Particle size analysis as function of pressure for concentration of 1 lb/ft2. σcrit is 2500 psi. (b) Loading rate (circle) and AE rate (line) as function of pressure. Red line indicates σcrit for concentration of 1 lb/ft2 of 20/40 mesh Ottawa sand.   
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[bookmark: _Toc459308036]Figure 36: (a) Particle size analysis as function of pressure for concentration of 2 lb/ft2. σcrit is 4000 psi. (b) Loading rate (circle) and AE rate (line) as function of pressure. Red line indicates σcrit for concentration of 2 lb/ft2 of 20/40 mesh Ottawa sand.  
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[bookmark: _Toc459308037]Figure 37: (a) Particle size analysis as function of pressure for concentration of 4 lb/ft2. σcrit is 5500 psi. (b) Loading rate (circle) and AE rate (line) as function of pressure. Red line indicates σcrit for concentration of 4 lb/ft2 of 20/40 mesh Ottawa sand.  
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[bookmark: _Toc459308038]Figure 38: Percent crush as function of pressure and concentration of 20/40 mesh Ottawa sand. Percent crush is less at concentration of 4 lb/ft2 in comparison to percent crush at concentration of 1 and 2 lb/ft2. Note fines start to be generated at higher pressure with increased concentration. 
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[bookmark: _Toc459308039]Figure 39: Loading rate as function of load for two different concentrations – concentration of 1 and 4 lb/ft2. Notice the pressure at which loading rate starts to decrease is different for two concentrations. 
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[bookmark: _Toc459308040]Figure 40: Microscope images of concentration of 1 and 4 lb/ft2 at 15000 psi. Crushing is uniform in case of concentration of 1 lb/ft2. Crushing is non-uniform and primarily concentrated at steel-proppant interface for concentration of 4 lb/ft2. 

Microscope images (see Figure 40) were used to measure the proppant pack width as function of axial pressure. This width (height) was used to compute the bulk volume of the proppant pack (knowing the crush cell cross-sectional area). Porosity as function of pressure was computed using the bulk volume and grain volume (computed from grain density and mass). Porosity reduction and compaction for [1] and [4] are plotted as function of pressure in Figure 41. The porosity decreased by 33.3% (at 13000 psi) of the initial porosity (at 100 psi) for [1] of 20/40 mesh Ottawa sand. Similarly for [4] of 20/40 mesh Ottawa sand, the porosity decreased by 25% (at 13000 psi) of the initial porosity (at 100 psi). The decrease in porosity with increase in pressure is greater for [1] than [4]; lower concentration experiences a greater percentage decrease in porosity. The width retained for [1] is 82.3% (at 13000 psi) of initial width (at 100 psi) and for [4], 86% (at 13000 psi) of initial width (at 100 psi) is retained; lower proppant concentration experiences greater compaction. 
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[bookmark: _Toc459308041]Figure 41: Compaction and porosity reduction as function of pressure for concentration of (a) 1 lb/ft2 (b) 4 lb/ft2. Compaction and porosity reduction is greater for concentration of 1 lb/ft2 than 4 lb/ft2.
[bookmark: _Toc459381209]3.5.2 Discussion
We concluded that the σcrit at which grain starts to fracture is function of proppant concentration (see Section 3.4.2). There were other second-order effects such sorting and heterogeneity that were not considered in the model to predict the pressure at which grains start to crush (Zhang et al., 1990). However, the proppant pack concentration has a substantial effect on σcrit; a model incorporating proppant concentration is needed. 

[bookmark: _Toc459381210]3.5.3 Investigation of repeatability
Tests on different proppant concentrations with constant Δ3.8 were conducted thrice to investigate the repeatability of σcrit. Results of the tests for [1], [2] and [3] are shown in Figures 42 and 43. The plots are scaled identically for comparison and interpretation. Tests conducted on [1] take less time to reach 15000 psi compared to [4] tests. The duration of the tests indicate how steep the load increase is for different proppant concentrations; higher loading rate for lower proppant concentration and vice-versa. Note that the plot gives similar indication for the σcrit for all the three concentrations (see Figure 43). From Section 3.5.1, σcrit is coincident with a decrease in loading rate; a similar behavior is observed in Figure 43. There are some variations between the three test runs which can be attributed to second-order effects. σcrit at which proppant starts to crush is quite repeatable (± 300 psi).        
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[bookmark: _Toc459308042]Figure 42: Loading rate as function of time for three different concentrations: (a) 1 lb/ft2, (b) 2 lb/ft2 and (c) 4 lb/ft2. The test is quite repeatable for the three concentrations. 
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[bookmark: _Toc459308043]Figure 43: Loading rate as function of load for three different concentrations: (a) 1 lb/ft2, (b) 2 lb/ft2 and (c) 4 lb/ft2. The test is quite repeatable for the three concentrations (± 300 psi).
[bookmark: _Toc459381211]3.6 Effect of displacement rate 
20/40 mesh Ottawa sand was tested at two displacement rates to study the effect on σcrit. Comparison of different displacement rates are made at two different concentrations: [2] and [4]. The test matrix is shown in Table 3. 
[bookmark: _Toc459307996]Table 3: Test matrix for the crush test showing the proppant type and displacement rates used for 3 different concentrations of 20/40 mesh Ottawa sand: 1, 2 and 4 lb/ft2.
	Proppant type
Displacement rate
	20/40 mesh Ottawa sand

	
	[1]
	[2]
	[4]

	Δ3.8
	· 
	· 
	· 

	Δ11.5
	
	· 
	· 



A displacement rate of Δ3.8 was using in previous tests on 20/40 mesh Ottawa sand to investigate the effect of proppant concentration. The displacement rate was increased to thrice the initial rate to Δ11.5 to evaluate the effect of loading rate. Figures 44(a) and 45(a) shows particle size analysis as function of pressure; loading rate and AE rate as function of time are shown in Figures 44(b) and 45(b) for [2] and [4], respectively. Test durations were reduced with increased displacement rate (see Figures 38, 39, 44 and 45). Loading rate and AE rate have similar characteristic response to the test conducted at lower displacement rate. The σcrit of 20/40 mesh Ottawa sand for different concentrations at increased displacement rate is determined through the particle size analysis. Red lines in Figures 44 and 45 indicate σcrit for respective concentrations. Note that at Δ11.5 and [2] of 20/40 mesh Ottawa sand starts to crush at a similar pressure of 4000 psi as for Δ3.8 (see Figures 38 and 44). Similarly, at Δ11.5 and [4] of 20/40 mesh Ottawa sand starts to crush at a similar pressure of 5500 psi as for Δ3.8 (see Figures 39 and 45). It appears from these tests that displacement rate might not be a factor in conducting proppant crush test. However, further research is required to determine the effect of displacement rate on crush strength of proppant.
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[bookmark: _Toc459308044]Figure 44: (a) Loaded particle size analysis as function of pressure for concentration of 2 lb/ft2 of 20/40 mesh Ottawa sand at Δ11.5. σcrit is 4000 psi. (b) Loading rate (circle) and AE rate (line) as function of time at Δ11.5. Red line indicates σcrit for concentration of 2 lb/ft2 of 20/40 mesh Ottawa sand.  
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[bookmark: _Toc459308045]Figure 45: (a) Loaded particle size analysis as function of pressure for concentration of 4 lb/ft2 of 20/40 mesh Ottawa sand at Δ11.5. σcrit is 5500 psi. (b) Loading rate (circle) and AE rate (line) as function of time at Δ11.5. Red line indicates σcrit for concentration of 4 lb/ft2 of 20/40 mesh Ottawa sand.  

[bookmark: _Toc459381212]3.7 Effect of proppant type 
Four different proppants were tested: CarboNRT, Ottawa sand, CarboHSP and CarboProp - to determine dependence of σcrit on proppant type. CarboNRT, CarboHSP and CarboProp were obtained from trial samples provided by the vendor, Carboceramics. All the proppants mentioned above are 20/40 mesh proppants but with different particle size distributions. The testing of different proppants was carried out to investigate the application of our methodology. 

The proppant concentration used for these tests is the same for all four proppants i.e. [2]. Load is increased at constant Δ11.5. Higher displacement rate was used because the observations were similar to Δ3.8 but is a shorter test time. Figures 46, 47, 48 and 49 shows loading rate and AE rate as function of time; particle size distribution as function of pressure for CarboNRT, Ottawa sand, CarboHSP and CarboProp, respectively.  

The characteristic responses for loading rate and AE rate for CarboNRT are similar to that of Ottawa sand. However, note that the duration of each test is different and duration depends on the characteristics of each proppant’s crush resistance. Behavior should also be dependent on proppant concentration but we only tested at [2]. The decrease in loading rate after reaching peak loading rate can be interpreted as the proppant pack undergoing grain crushing and subsequently compaction. Zhang et al., (1990) indicated that grain crushing provides additional degrees of freedom for rotation and movement, and hence, the pack is able to compact more; subsequently pressure increases gradually at a constant displacement rate which results in a loading rate decrease as function of time, see Section 3.5.1). Post-test particle size analysis showed that CarboNRT (see Figure 46) and Ottawa sand (see Figure 47) underwent crushing at 15000 psi. The crushed proppant pack has a bimodal particle size distribution for CarboNRT and Ottawa sand; thereby, confirming our inference from loading rate and AE rate as function of time. For CarboNRT, the mean particle size decreased from 791 μm (native) to 577 μm at 15000 psi. Similarly, the mean particle size decreased from 678 μm (native) to 442 μm at 15000 psi for Ottawa sand. 

For CarboHSP and CarboProp, we observe that the loading rate starts to decrease after reaching the peak loading rate. But, we do not observe continued decrease in loading rate followed by an increase after reaching the minimum. The decrease in loading rate with time captures grain rearrangement associated with grain crushing (see Section 3.5.1). The observation of the decrease in loading rate after reaching peak loading rate is suggestive of the onset of grain crushing and subsequent compaction. σcrit for CarboHSP and CarboProp at [2] is about 14000 psi. Similarly, AE rate also increases with time but does not decrease (different from AE rate with time for CarboNRT and Ottawa sand). Particle size analysis confirms this. Particle size distribution as function of pressure shows mean particle size reduction from 746 μm (native) to 709 μm at 15000 psi for CarboHSP and 736 μm (native) to 676 μm at 15000 psi for CarboProp. Ceramic HSP and Ceramic Prop undergo less crushing compared to Ceramic NRT and Ottawa sand at [2]. Thus, loading rate and AE rate can be used as qualitative indicator for identifying σcrit. 
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[bookmark: _Toc459308046]Figure 46: (a) Loading rate (circle) and AE rate (line) as function of time for CarboNRT proppant at concentration of 2 lb/ft2. Loading rate just starts to decrease at σcrit = 5000 psi. (b) Particle size analysis at 15000 psi and native proppant for CarboNRT. Fines start generating well before 15000 psi. At 15000 psi, the mean particle size reduces from 791 μm to 577 μm. 
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[bookmark: _Toc459308047]Figure 47: (a) Loading rate (circle) and AE rate (line) as function of time for Ottawa sand at concentration of 2 lb/ft2. Loading rate starts to decrease at σcrit ≈ 4000 psi. (b) Particle size analysis at 15000 psi and native proppant for Ottawa sand. Fines start generating well before 15000 psi. At 15000 psi, the mean particle size reduces from 678 μm to 442 μm.
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[bookmark: _Toc459308048]Figure 48: (a) Loading rate (circle) and AE rate (line) as function of time for CarboHSP proppant at concentration of 2 lb/ft2. Loading rate just starts to decrease at σcrit ≈ 14000-14500 psi. (b) Particle size analysis at 15000 psi and native proppant for CarboHSP. Fines start generating around 14000 psi.
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[bookmark: _Toc459308049]Figure 49: (a) Loading rate (circle) and AE rate (line) as function of time for CarboProp proppant at concentration of 2 lb/ft2. Loading rate just starts to decrease at σcrit ≈ 14000-14500 psi. (b) Particle size analysis at 15000 psi and native proppant for CarboProp. Fines start generating around 15000 psi.
[bookmark: _Toc459381213]3.8 Effect of cyclic loading 
[bookmark: _Toc459381214]3.8.1 Results
20/40 mesh Ottawa sand at [4] was used to study the effect of cyclic loading. Proppant was loaded to 15000 psi at constant Δ11.5 twice. Higher displacement rate was used to reduce testing time without sacrificing behavior. Figure 50 shows pressure and AE rate as function of time for both the 1st and 2nd cycle. 

For 1st cycle, pressure was increased to 15000 psi and unloaded at constant Δ11.5 (shown by dotted blue, see Figure 50). AE rate corresponding to this cycle is shown by solid blue in Figure 50. Note pressure and AE rate show similar signature as previous tests (see Sections 3.5 and 3.6).  Also, there are relatively few AE events while unloading. Particle size analysis was performed after the proppant pack was unloaded and the point after unloading is denoted as “1” in Figure 50. Particle size distribution corresponding to “1” is shown in Figure 51 (denoted as “1”). 

A 2nd test was carried out to reproduce the 1st cycle. For the 2nd cycle, pressure was increased to 15000 psi and unloaded at constant Δ11.5 (shown by dotted blue, see Figure 50). AE rate was monitored during the 2nd cycle and is shown by solid blue in Figure 50. Note there are relatively fewer AE events during 2nd cycle compared to cycle 1. Particle size analysis was performed once the proppant pack was unloaded after cycle 2 and the point after unloading is denoted as “2” in Figure 50. Particle size distribution corresponding to “2” is shown in Figure 51 (denoted as “2”). There is a insignificant increase in volume of fines due to stress cycling. 
Another single cycle crush test was carried out, but, proppant was removed from the crush cell and mixed (no new proppant was added). Mixing was done to achieve different proppant packing inside the crush cell. The mixed crushed proppant was poured in crush cell and pressure was increased to 15000 psi and unloaded at the constant Δ11.5 (shown by dashed green, see Figure 50). AE rate was monitored and is shown by solid green in Figure 50. Again, we observe relatively fewer AE events compared to cycle 1. Particle size analysis was performed once the proppant pack was unloaded and the point after unloading is denoted as “3” in Figure 50. Particle size distribution corresponding to “3” is shown in Figure 51 (denoted as “3”).

There is a significant difference in particle size distribution between native and post-test proppant pack obtained after cycle 1. However, there is insignificant difference in particle size distribution for “1”, “2” and “3”. Cyclic loading does not appear to have a significant effect on mean particle size of post-test proppant. We observe that AE rate is correlated with proppant crushing. More experimental work as function of proppant concentration, type, displacement rate and target stress needs to be done to establish that stress cycling does not affect proppant crushing. 
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[bookmark: _Toc459308050]Figure 50: Load and AE rate as function of time at concentration of 2 lb/ft2 of 20/40 mesh Ottawa sand. Dotted blue represents pressure increase to 15000 psi, then decrease to 15000 psi and then, increase to 15000 psi at constant Δ11.5. Solid blue is AE rate corresponding to dotted blue. Dashed green represents increase in load to 15000 psi on the proppant pack in which crushed proppant was taken out of crush cell and mixed. Solid green is AE rate corresponding to dashed green. 
 (
2 lb/ft
2
) (
11.5 x 10
-3
 inch/min
)
[bookmark: _Toc459308051]Figure 51: Particle size distribution for post-test proppant (concentration of 2 lb/ft2of 20/40 mesh Ottawa sand) obtained at “1”, “2” and “3” compared to native particle size distribution. Proppant is significantly crushed at “1” compared to native proppant size distribution. No significant difference in proppant crushing in post-test proppant obtained at “1”, “2” and “3”. 
[bookmark: _Toc459381215]3.8.2 Discussion
Schubarth et al., (2004) investigated the effect of stress cycling on median particle diameter (MPD) by conducting API test (see Section 1.4.2). Plot of retained MPD as function of closure pressure for stress cycles 1, 5 and 20 is shown in Figure 52. Note that the stress cycles do change the MPD. Figure 50 presents two stress cycles compared to 5 and 20 stress cycles performed by Schubarth et al., (2004). Schubarth et al., (2004) found that the change in MPD does not affect permeability significantly using correlation provided by Berg, (1970), not by direct measurement.

[bookmark: _Toc459308052]Figure 52: Retained median particle diameter (MPD) as function of closure stress and stress cycles for 20/40 mesh sand with MPD of 0.52 mm(Schubarth et al., 2004). 

[bookmark: _Toc459381216]3.9 Effect of fracture morphology 
[bookmark: _Toc459381217]3.9.1 Motivation
Proppant is used to maintain fracture conductivity after fracture initiation. But, hydraulic fractures often have an undocumented surface topography caused by asperities. Schematic of a fracture with exaggerated surface roughness is shown in Figure 53 (adapted from Kassis and Sondergeld, 2010). 
Scanning Electron Microscope (SEM) images of hydraulically fractured Tennessee sandstone created by using 50 cP fracturing fluid flowing at 10 cc/min under triaxial conditions is shown in Figure 54. SEM images support our schematic of fracture surface shown in Figure 53.  Stress conditions for the test are shown in Table 4. Damani et al., (2012) describes the hydraulic fracture experiment for Tennessee sandstone. Figure 55 shows the hydraulically fractured Tennessee sandstone with borehole indicated. 

Fracture width (see Figure 55) was measured using SEM images after stresses were released. Note that the fracture width varies as function of distance away from the injection borehole. Fracture width varies from 46.6 μm to 3.3 μm causing differential proppant placement. There is a possibility of that the two mating surfaces (see Figure 53) are rough leading to changes in fracture width locally which can cause placement of a monolayer of proppant. Note it is possible that asperities act as barrier to proppant flow. Variation in local proppant concentration can lead to preferential deformation under stress. We carried out a study to investigate the effect of fracture morphology i.e. differential or variable proppant concentration on proppant crushing. 
[image: ]
[bookmark: _Toc459308053]Figure 53: Schematic of a hydraulic fracture with mating surface showing exaggerated roughness (adapted from Kassis and Sondergeld, 2010). Width varies along the fracture causing proppant concentration variation. 
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Figure 
54
: SEM image of hydraulically fractured Tennessee sandstone Left: 32 mm away from the injection borehole. Fracture with is 
fairly
 uniform. Right: 25 mm away from center of injection. Fractured quartz grains obstructing the flow path of proppant (Damani, 2015).
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~25.76 mm
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[bookmark: _Toc459307997]Table 4: Stress state for triaxial hydraulic fracturing test performed on Tennessee sandstone. Stresses are color coded to compare with arrows showing orientation of stresses in figure 54 (Damani, 2015).   
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[bookmark: _Toc459308055]Figure 55: Left:  Dry Tennessee sandstone with arrows indicating stress orientation and injection borehole (thicker arrows = σH, smaller arrows at 45o indicate a fluid pressure = σh). Hydraulic fracture is visible. Right: Fracture width as function of distance away from injection borehole. Fracture width varies from 46.5 µm to 3.3 µm (Damani, 2015).
[bookmark: _Toc459381218]3.9.2 Crush cell modification 
The piston of the crush cell was modified from a flat-surface face to a face with curvature (see Figure 56). Both faces were made from stainless steel to keep boundary conditions - mechanical interaction between proppant grains and face were the same. It was designed such that thickness in the middle of the curved piston is 4 times the mean diameter of the 20/40 mesh Ottawa sand (≈700 µm). It can be thought of as 4 proppant grains less in the middle than on the sides of the curved piston (assuming cubic packing). 

[bookmark: _Toc459381219]3.9.3 Results
20/40 mesh Ottawa sand was tested at two different concentrations - [1] and [4] with constant displacement rate, to study the effect of fracture morphology on σcrit (see test matrix in Table 5). Loading rate and AE rate were studied as function of time and are shown in Figure 57 for concentration of [1] and [4]. The loading rate and AE rate with time show similar characteristics to those observed in previous tests carried out using a flat-surface pistons (see Sections 3.5 and 3.6). The decrease in loading rate after reaching peak loading rate in Figure 57 can be interpreted as the proppant pack undergoing grain crushing and subsequent compaction (see Section 3.5.1).
[bookmark: _Toc459307998]Table 5: Test matrix for the crush test showing the proppant type and Δ used for 3 different concentrations of 20/40 mesh Ottawa sand: [1] and [4].
	Proppant type
Displacement rate
	20/40 mesh Ottawa sand

	
	[1]
	[2]
	[4]

	Δ3.8
	· 
	
	· 



Crush test results conducted using curved face pistons are compared to those conducted using flat-surface face pistons: loading rate as function of load and particle size analysis as function of pressure are shown in Figures 58 and 59 for [1] and [4], respectively. For [1], the response to loading rate after reaching peak loading rate is different for test conducted using curved face and flat-surface face (see Figure 58(a)). Note the loading rate decrease for curved piston is steeper compared to flat-surface piston. This indicates that proppant undergoes crushing relatively easily for the curved piston and particle size analyses confirms this (in terms of particle size; see Figure 58(b)). Particle size distributions at 5000 psi indicates that smaller size fines are generated for curved piston compared to flat-surface piston (see Figure 58(c)). But, particle size distributions are nearly similar at 9000 psi (in terms of particle size but not quantity; see Figure 58(d)); it indicates that proppant crushing is independent of fracture geometry beyond certain pressure. For [4], response of loading rate after reaching peak loading rate is similar for test conducted using either curved piston or flat-surface piston (see Figure 59(a)). This indicates that proppants undergo similar crushing and particle size analyses confirms this (in terms of particle size; see Figure 59(b) and (c)). Fracture face morphology effects are observed (in terms of particle size) at lower proppant concentration i.e. [1] compared to no effects observed at higher concentration i.e. [4].    
[image: ]
[bookmark: _Toc459308056]Figure 56: Modified crush cell piston to test proppant crushing when proppant concentration is variable. Thickness in middle is 4 times the mean diameter of 20/40 mesh Ottawa sand (≈700 µm).  
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[bookmark: _Toc459308057]Figure 57: Loading rate (circle) and AE rate (line) as function of time for concentration of: (a) 1 lb/ft2 and (b) 4 lb/ft2. Duration of the test is longer with increase in proppant concentration.   
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[bookmark: _Toc459308058]Figure 58: For concentration of 1 lb/ft2, comparison of curved face and flat face responses for: (a) loading rate as function of time (b) particle size analysis at 3000 psi (c) particle size analysis at 5000 psi (d) particle size analysis at 9000 psi.    
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[bookmark: _Toc459308059]Figure 59: For concentration of 4 lb/ft2, comparison of curved face and flat face responses for: (a) loading rate as function of time, (b) particle size analysis at 5000 psi and (c) particle size analysis at 9000 psi.    
Microscope images of tests on [1] and [4] proppant pack using curved piston were captured as function of pressure and are shown in Figure 60. The [1] proppant pack shown in Figure 60 starts to crush at 3000 psi. At 7000 psi, proppant crushes non-uniformly and crushing is concentrated at the steel-proppant interface in the region (middle) where stresses are the greatest and proppant concentration is the lowest. This microscopic crushing behavior is different from that observed using flat-surface piston. For [4], proppant starts to crush at 7000 psi; proppant pack crushes non-uniformly and crushing is concentrated at steel-proppant interface and in the region (middle) where stresses are the greatest and proppant concentration is the lowest. Note that particle size analyses agree with visual observations.    
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[bookmark: _Toc459308060]Figure 60: Microscope images as function of pressure for a curved piston: Top – 1 lb/ft2 and Bottom – 4 lb/ft2.  Crushing for both concentration of 1 and 4 lb/ft2 is non-uniform and concentrated at steel-proppant interface and in the region where proppant concentration is the lowest and stresses are the greatest.  



[bookmark: _Toc459381220]3.10 Summary
Observations from study of effects of concentration, displacement rate, proppant type, cyclic loading and fracture morphology are summarized below: 
	
	Effects of
	Observations from

	
	
	Load/AE data
	Microscope images/ Particle size analysis

	1)
	Concentration
	Loading rate as function of load is indicator of σcrit and compaction
	· Images: uniform for [1], non-uniform for [4] and at steel-proppant interface
· Particle size analysis supports interpretation from load data

	2)
	Displacement rate
	
	

	3)
	Proppant type
	σcrit determined using loading rate methodology
	Particle size analysis supports interpretation from load data

	4)
	Cyclic loading
	AE related to proppant crushing
	Particle size analysis supports interpretation from load data

	5)
	Fracture morphology (curved piston)
	Smaller sized fines for [1], similar crushing for [4] when compared to flat-surface face
	· Images: crushing concentrated in region where stresses are the greatest and proppant concentration is the lowest
· Particle size analysis supports inferences from load data










[bookmark: _Toc459381221]Chapter 4: Wet Proppant Crush Test
[bookmark: _Toc459381222]4.1 Introduction
Motivation for the study is defined in the next section, Section 4.2. This chapter describes the test conducted with distilled water present in the pore space (referred to as saturated proppant pack tests, see Section 4.3) and another test conducted on proppant which was exposed to distilled water at 100 oC for 3 days prior to testing (referred to as heat water treated proppant pack tests, see page 92 “treated proppant” in Section 4.3).

[bookmark: _Toc459381223]4.2 Motivation
The motivation of the study was to investigate proppant performance under more realistic field conditions. The saturated proppant pack tests were conducted to compare compaction trends, and particle size analyses between tests conducted on dry and wet proppant packs. The heat and water treated proppant pack tests provide insight into the extent of the silica water wakening effect on σcrit. Note that silica present in quartz-rich proppant undergoes dissolution especially at high pH.  Previous researchers (Lawn, 1993; Irwin, 1958 and Wong et al., 2004) have modeled the chemical effect of water on mechanics of fracture. Wong et al., (2004) found that chemical effect reduces the fracture toughness and thereby, lowers the σcrit for grain crushing.  

Laboratory studies of proppant conductivity indicate that silica-rich proppant undergoes dissolution when exposed to distilled water for extended periods of time (Ghosh et al., 2013). Ghosh et al., (2013) conducted tests using brine at high temperature - 225oF on 20/40 mesh Ottawa sand placed between samples of Barnett shale. Petrophysical and mechanical properties of Barnett shale are shown in Figure 61. Silicon ion concentration was determined as function of time using Inductively Coupled Plasma (ICP) technology on the outlet brine. Table 6 shows the test conditions used in the study by Ghosh et al., (2013). Silicon concentration as function of time for tests 1 and 2 in Table 6 are shown in Figure 62. 

Figure 61 shows that the quartz content in the Barnett shale sample varied from 2% (by wt.) to as much as 33% (by wt.), possibly contributing to the variation in silicon ion concentration in the outlet brine (see Figure 62). Another possible source for silicon ion is the leaching of silica from quartz-rich 20/40 mesh Ottawa sand. Interestingly, the test conducted with shale 1 (lower quartz content) shows higher silicon ion concentration in the outlet brine compared to shale 2.  
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[bookmark: _Toc459308061]Figure 61: Petrophysical and mechanical properties of Barnett shale used to study long-term proppant pack conductivity. Shale 1 is carbonate-rich and shale 2 is clay-rich. Shale 2 has relatively higher porosity and lower Total Organic Carbon (TOC) (Ghosh et al., 2013). 

	Test
	Duration (days)
	Temp. (oF)
	Proppant type
	Shale
	Sieve
	End Plugs
	Brine
	Flow rate (ml/min)

	1
	30
	225
	20/40 Ottawa
	1
	St.
	St.*
	2% KCl
	0.12

	2
	60
	225
	20/40 Ottawa
	2
	St.
	St.*
	2% KCl
	0.12


[bookmark: _Toc459307999]Table 6: Test conditions used by Ghosh et al. (2013) to track silicon ion concentration as function of time. St.* - refers to stainless steel.
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[bookmark: _Toc459308062]Figure 62: Silicon ion concentration as function of time for (a) Test 1 (b) Test 2. Concentration stabilizes for the tests in the long run (Ghosh et al., 2013).  

Weaver et al., (2009) has indicated that dissolution of silica from proppant can occur rapidly over a fraction of a year under reservoir conditions. Silica dissolution can lead to rapid degradation of proppant pack porosity through pressure solution and compaction. Figure 63 (Weaver et al., 2009) illustrates the pressure solution and compaction mechanism. Mineral dissolution leading to proppant grain diameter reduction along the load-bearing axis and thereby, compacting the proppant pack. Stress causes silica-saturated water to diffuse into pore space (Weaver et al., 2009). The solution in the pore space becomes supersaturated subsequently precipitating which leads to reduction in porosity. Lee et al. (2009) studied reduction in porosity as function of temperature and time using a specific stress level and particle size in a pressure solution and compaction model. As evident from the results shown in Figure 64, porosity degrades faster at higher temperature because it is an Arrhenius process descibed:
  ……………………………………...…………………………...(3)
Where:
: rate constant,
: activation energy,
: gas constant,
: temperature,
: Arrhenius constant.
[image: ]
[bookmark: _Toc459308063]Figure 63: Illustration of pressure solution and compaction mechanism.  High stresses at grain-grain contact leads to dissolution of silica and then precipitation in pore space leading to reduction in porosity (Weaver et al., 2009).  
[image: ]
[bookmark: _Toc459308064]Figure 64: Pressure solution and compaction model simulation to obtain porosity loss in quartz pack as a function of time (Lee et al., 2009). 
[bookmark: _Toc459381224]4.3 Effect of saturation
[bookmark: _Toc459381225]4.3.1 Crush cell modification
The windowed crush cell was modified to eliminate fluid leakage. Teflon seals were designed and machined for upper piston and fused silica window subsequently sealant was applied to prevent fluid leakage. A 1/8 inch hole was drilled on a side of the crush cell and a metering pump was attached to maintain pore pressure at 50 psi. Figure 65 shows the modified crush cell. Figure 66 shows schematically how the modified crush cell was assembled; bottom face was inserted followed by installing the top piston equipped with a teflon seal. Proppant was poured into the crush cell from the side. Fused silica window with teflon seal was clamped to the outside of the crush cell. Pressure was increased to 2000 psi before applying pore pressure of 50 psi and the reasons for this will be discussed in experimental procedure section.      
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[bookmark: _Toc459308065]Figure 65: Modified crush cell in use. Pore fluid inlet, microscope camera, upper piston and window are shown. 
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[bookmark: _Toc459308066]Figure 66: Steps for assembling the modified crush cell. Teflon seal and sealant was used to minimize fluid leakage. 1: Schematic cross-section of crush cell. 2: Bottom steel face is inserted. 3: Upper piston and face with teflon seal is inserted 4: Proppant is poured from the side. 5: Sealant is applied. 6 and 7: Fused silica window is clamped to outside of crush cell. 8: Axial pressure is increased to 2000 psi. 9: Pore pressure is increased to 50 psi using distilled water.         

[bookmark: _Toc459381226]4.3.2 Test matrix 
Only one test was conducted at [4] of 20/40 mesh Ottawa sand at Δ3.8 with distilled water. Further tests need to be done to systematically study the effect of pore fluid and pH on crushing and compaction.  

[bookmark: _Toc459381227]4.3.3 Experimental procedure
Similar to dry proppant pack crush tests, proppant pack was sieved to specific sieve sizes and then poured in to modified crush cell from the side as shown in Figure 66. The dry tests showed that 20/40 mesh Ottawa sand at [4] and Δ3.8 does not start to crush till 2000 psi. This allowed us to increase the axial pressure to 2000 psi to seal the cell from top to reduce leaks when pore pressure is increased to 50 psi. Note that proppant does undergo compaction solely due to grain rearrangement. Particle size distribution of native proppant and post-test proppant at 3000 psi is shown in Figure 67.  
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[bookmark: _Toc459308067]Figure 67: Particle size distribution for unstressed proppant and dry proppant at concentration of 4 lb/ft2 of 20/40 mesh Ottawa sand with the Δ3.8 at 3000 psi. No significant difference in particle size distribution.  
Axial pressure is maintained at 2000 psi and pore fluid, distilled water, enters through the inlet to increase the pore pressure to 50 psi. Minimal pore pressure was applied as it was difficult to seal an assembled windowed crush cell to higher pore pressures. Pore pressure was gradually increased in increments of 10 psi. Microscope images of proppant pack saturated with distilled water were captured as function of pore pressure (see Figure 68) and these confirmed the uniform distribution of water in pores. The proppant pack was loaded to 11000 psi at Δ3.8 while maintaining pore pressure at 50 psi.  It was difficult to prevent a leak above 11000 psi and therefore, axial pressure was limited to 11000 psi. Post-test proppants are dried in an oven at 100 oC for 4-5 hours before determining particle size distribution of dry proppant.  
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[bookmark: _Toc459308068]Figure 68: Microscope images as function axial load and pore pressure. 1 and 2 are captured as function of axial load increase. The proppant pack underwent compaction with increase in axial load. 3, 4 and 5 are captured as function of increase in pore pressure. 6 confirms uniform distribution of pore fluid at 50 psi. Minimal crushing, marked by red circles, is observed at 8000 psi. 

[bookmark: _Toc459381228]4.3.4 Results
Pressure and AE rate were monitored for saturated proppant pack test (see Figure 69) which were compared to tests conducted on dry proppant pack at a similar concentration and displacement rate. There is minimal AE activity when the load is increased to and maintained at 2000 psi which is indicative of the absence of crushing. The axial pressure is maintained at 2000 psi till pore pressure is increased to 50 psi. Axial pressure is increased at a constant Δ3.8 to 11000 psi. Note that AE are relatively few over the entire duration of the test compared to test conducted on dry proppant. 
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[bookmark: _Toc459308069]Figure 69: Pressure (dash) and AE rate (solid) as function of time. Pore pressure was increased to 50 psi when the axial load was maintained stable at 2000 psi. AE rate is found to be minimal compared to dry proppant experiments. 

Loading rate is plotted as function of load for dry and saturated proppant pack tests in Figure 70. The loading rate for dry proppant tests shows a characteristic response, i.e., loading rate increases to a peak, then decrease to reach a minimum and finally increases at a lower rate than initial increase. But we do not observe significant variation in loading rate for saturated proppant pack tests; there is a gradual decrease and then a gradual increase with increase in load. Further research is needed to ascertain the behavior of loading rate with load and time. 
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[bookmark: _Toc459308070]Figure 70: Loading rate as function of load for tests conducted dry and saturated at concentration of 4 lb/ft2. For test conducted saturated, loading rate does not show significant variation as function of load. 

Microscope images were captured as function of axial pressure. Images at 0, 2000 and 8000 psi axial pressure are shown in Figure 68. Minimal proppant crushing is observed. Compaction is calculated through height measured from images and is plotted as function of pressure for dry and saturated proppant tests in Figure 71. The compaction trend for the saturated proppant test is different from that of dry proppant test. Trends for dry and saturated proppant tests match till 2000 psi at which water is introduced to the pack. The introduction of water reduces frictional resistance at grain to grain contacts causing saturated proppant pack to compact significantly between 2000 and 5000 psi. Reduction in friction allows relative grain movement leading to a more dense packing without grain crushing. The saturated proppant pack does not undergo significant additional compaction and note the gradual change in compaction at pressures beyond 5000 psi (see Figure 71). For the dry tests, the proppant pack does not undergo significant compaction between 2000 and 5000 psi. We observe that dry pack compacts when proppant starts to crush. Note there is a good correlation between particle size analysis and compaction for dry proppant test (see Sections 3.4 and 3.5).   

Particle size analysis of post-test proppant at 11000 psi was done after drying proppant in an oven at 100 oC for 4-5 hours. Comparison of particle size analyses for dry and saturated proppant is shown in Figure 72. Difference in particle size distribution may be interpreted as an effect of presence of water which promotes grain movement. However, there is no significant difference in volume percentage of particles crushed. 
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[bookmark: _Toc459308071]Figure 71: Compaction for dry and saturated tests at concentration of 4 lb/ft2. Trends are significantly different and may be attributed to reduced friction at grain to grain contacts in saturated test.   
 (
3.8 x 10
-3
 inch/min
) (
4 lb/ft
2
)
[bookmark: _Toc459308072]Figure 72: Particle size distribution for dry and saturated test at concentration of 4 lb/ft2. Very little difference between saturated and dry crush tests particle size. 

[bookmark: _Toc459381229]4.4 Effect of pre-test treatment
[bookmark: _Toc459381230]4.4.1 Experimental Apparatus 
Apparatus used for dry proppant tests was used to study the water treatment effect and is shown in Figure 18.  Figure 19 shows how the crush cell was assembled. The procedure used to assemble crush cell for dry tests is different from that for modified crush cell used for saturated tests; the significant difference between the two procedures is how sieved proppant was poured into the cell. Proppant was poured in from side of the crush cell after the top piston was inserted for saturated tests. But, proppant was poured in from the top after the window was clamped for dry tests. Small changes in how proppant was poured into the crush cell can cause significant changes in proppant packing and thereby effect proppant behavior.   

[bookmark: _Toc459381231]4.4.2 Test matrix 
20/40 mesh Ottawa sand was tested at two different concentrations – [1] and [4] with constant displacement rate to study the treatment effects on σcrit (see Table 7). 
[bookmark: _Toc459308000]Table 7: Test matrix for the crush test showing the proppant type and displacement rate used for 3 different concentrations of 20/40 mesh Ottawa sand: 1 lb/ft2 and 4 lb/ft2.
	Proppant type
Displacement rate
	20/40 mesh Ottawa sand

	
	[1]
	[2]
	[4]

	Δ3.8
	· 
	
	· 



[bookmark: _Toc459381232]4.4.3 Experimental procedure
Proppant is sieved and exposed to distilled water at 100 oC for 3 days in an oven. Figure 73 shows a container containing 20/40 mesh Ottawa sand in distilled water. Heat and water treated proppant (referred to as “treated proppant”) is dried through evaporation. The crush test is performed according to the methodology discussed in Chapter 2. Particle size analysis is performed on the post-test proppant.  

[bookmark: _Toc459381233]4.4.4 Results 
Loading rate and AE rate for treated proppant was studied as function of time and are shown in Figure 74 for [1] and [4]. The loading rate and AE rate with time show similar characteristic responses as dry tests; loading rate increases to a peak, then decrease to reach a minimum and finally increases at a lower rate than initial increase (see Sections 3.4 and 3.5). The decrease in loading rate after reaching peak loading rate in Figure 57 can be interpreted as the proppant pack undergoing grain crushing and subsequent compaction.
Treated proppant tests results are compared to dry tests in Figures 75 and 76 for [1] and [4] respectively. For [1], the response of loading rate after reaching peak loading rate is different for treated and un-treated proppant packs (see Figure 75(a)). Note the loading rate decrease for treated test is steeper compared to dry test. This indicates that proppant undergoes crushing relatively easily for treated proppant test and particle size distribution confirms this (see Figure 75(b)). Particle size distributions at 5000 psi indicate that smaller fines are generated for treated tests compared to dry tests. But, particle size distributions are nearly similar at 9000 psi (in terms of particle size; see Figure 75(c)) suggesting that proppant crushing is independent of treatment effects beyond certain pressure. For [4], response of loading rate after reaching peak loading rate is similar for treated test and dry test (see Figure 76(a)). This indicates that proppants undergo similar crushing; the particle size distribution confirms this (see Figures 76(b) and 76(c)). Treatment effects are observed at low proppant concentration i.e. [1] compared to no effects observed at higher concentration i.e. [2].
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[bookmark: _Toc459308073]Figure 73: Container filled with 20/40 mesh Ottawa sand and distilled water used to study pre-test treatment effects.  
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[bookmark: _Toc459308074]Figure 74: Loading rate (circle) and AE rate (line) as function of time for treated proppant at concentration of (a) 1 lb/ft2 (b) 4 lb/ft2. 
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[bookmark: _Toc459308075]Figure 75: For concentration of 1 lb/ft2, comparison of treated and dry proppant test responses for: (a) loading rate as function of time (b) particle size analysis at 5000 psi and (c) particle size analysis at 9000 psi. 
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[bookmark: _Toc459308076]Figure 76: For concentration of 4 lb/ft2, comparison of treated and dry proppant test responses for: (a) loading rate as function of time (b) particle size analysis at 5000 psi and (c) particle size analysis at 9000 psi.
[bookmark: _Toc459381234]4.5 Summary
Observations from study of effects of saturation and pre-test treatment: 
	
	Effects of
	Observations from

	
	
	Load/AE data
	Microscope images/Particle size analysis

	1)
	Saturation
	Load/AE data is inconclusive
	· Images show few particles being crushed. Compaction trend different from dry tests. 
· Particle size analysis show crushing is similar to dry tests

	2)
	Pre-test treatment
	Greater crushing for [1], similar crushing for [4] when compared to dry tests
	Particle size analysis supports inferences from load data















	
[bookmark: _Toc459381235]Chapter 5: Conclusions
1. Loading rate and AE rate can be used to determine stress (σcrit) for the onset of grain crushing in dry crush tests; these constitute qualitative indicators. Proppant packs undergoing crushing and subsequent compaction would display the following characteristic response for loading rate and AE rate: 
a. Loading rate peaks, then decreases to a minimum and finally increases at a lower rate than initial increase. 
b. AE rate shows a delayed start, then increases to a peak and finally decreases monotonically. 
2. σcrit can aid in comparing different proppant types and concentrations when tests are conducted dry. Concentration reduction from 4 lb/ft2 to 1 lb/ft2 significantly reduces σcrit by a factor of 2 for 20/40 mesh dry Ottawa sand. 
3. Images (for dry crush tests using a flat-surface piston) show 20/40 mesh Ottawa sand crushed uniformly at 1 lb/ft2; while at 4 lb/ft2, grains crushed non-uniformly and preferentially at the steel-proppant interface. We also conclude that lower proppant (Ottawa sand) concentration (1 lb/ft2) experiences greater compaction by 3.7% and greater percentage decrease in porosity by 8.3%. 
4. Four different proppants were tested dry at 2 lb/ft2 to determine dependence of σcrit on proppant type. 
	Critical pressure
	Proppant type

	
	Carbo NRT
	Ottawa sand
	CarboHSP
	CarboProp

	σcrit (psi)
	5000
	4000
	14000 - 14500
	14000 - 14500



5. Loading rate from dry crush tests conducted to study effects of fracture width modulation show that (20/40 mesh) Ottawa sand at 1 lb/ft2 undergoes crushing relatively easily for the curved piston compared to flat-surface piston, and particle size analyses confirms this. For 4 lb/ft2, loading rate shows that pack undergoes similar crushing for curved and flat-surface pistons; the particle size distribution confirms this.
6. Water saturated (20/40 mesh) Ottawa sand pack at 4 lb/ft2 compacts significantly between 2000 and 5000 psi as the introduction of water reduces frictional resistance at grain to grain contacts causing to a more dense packing without grain crushing. However, dry (20/40 mesh) Ottawa sand pack at 4 lb/ft2 does not undergo significant compaction between 2000 and 5000 psi. We observe that dry pack at 4 lb/ft2 undergoes synchronous crushing and compaction when Ottawa sand starts to crush at 5500 psi. 
7. Loading rate from tests conducted to study pre-test treatment effects show that heat and water treated (20/40 mesh) Ottawa sand at 1 lb/ft2 undergoes crushing relatively easily compared to untreated proppant, and particle size analyses confirms this. For 4 lb/ft2, loading rate shows that pack undergoes similar crushing for treated and untreated proppant; the particle size distribution confirms this.

[bookmark: _Toc459381236]Application to the Industry
1. Fracture conductivity can degrade over time through several mechanisms. Proppant crushing, in bulk, controls flow behavior and compaction of these packs. Compaction at realistic field conditions can be incorporated in reservoir simulation models to estimate the time dependence of fracture conductivity and production more accurately. 

2. Simulation models predict production based on simple permeability models considering fluid flow from reservoir to these thick proppant packs.   However, images (for dry crush tests using flat-surface piston) showed 20/40 mesh Ottawa sand at 4 lb/ft2 crushed grains crushed non-uniformly and preferentially at steel-proppant interface. The dense zones (known as compaction bands) will act as barrier to fluid flow from reservoir to the fracture. Issen and Rudnicki, (2001), and Aydin and Ahmadov, (2009) have observed similar compaction band occurrence in highly porous sandstones.  Aydin and Ahmadov, (2009) concluded that the porosity and permeability of the compaction band was significantly lower than the native rock in aeolin sandstones.  Thus, simulation model incorporating permeability of the compaction bands would yield production more accurately. This “banding” might reduce the apparent skin calculated for a completion. 

3. We observe that concentration reduction from 4 lb/ft2 to 1 lb/ft2 significantly reduces σcrit by a factor of 2 for dry 20/40 mesh Ottawa sand. The reason for influence of proppant pack on σcrit is that a higher proppant concentration will distribute the stress among a greater number of grains in comparison to lower proppant concentration and change the pack response. However, we are limited by fracture width in the field which gives rise to the question whether smaller mesh particles would allow better stress distribution across greater number of particles than larger mesh particles? 

4. Proppant crushing, in field, can be interpreted as skin while performing rate transient analysis.  This analysis monitors time dependence of proppant’s performance and allows to alter proppant type and concentration to improve well deliverability for the next well completion.  
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Flat face	2.2000000000000002	2.4	2.7	2.9	3.2	3.5	3.9	4.2	4.7	5.0999999999999996	5.6	6.2	6.8	7.4	8.1	8.9	9.8000000000000007	10.8	11.8	13	14.3	15.7	17.2	18.899999999999999	20.7	22.7	25	27.4	30.1	33	36.200000000000003	39.799999999999997	43.7	47.9	52.6	57.8	63.4	69.599999999999994	76.400000000000006	83.9	92.1	101.1	111	121.8	133.69999999999999	146.80000000000001	161.19999999999999	176.9	194.2	213.2	234.1	256.89999999999998	282.10000000000002	309.60000000000002	339.9	373.1	409.6	449.7	493.6	541.9	594.9	653	716.9	786.9	863.9	1.8980829E-3	7.6958809999999999E-3	1.104641E-2	1.3847027E-2	1.0563728E-2	1.0566162E-2	1.0101914E-2	1.3248249E-2	1.7373922999999999E-2	1.9020303999999998E-2	1.902477E-2	1.8189037000000002E-2	1.8193226E-2	1.7394176000000001E-2	1.7398182000000002E-2	2.3870459E-2	3.1304717000000003E-2	3.2757732999999997E-2	3.2765422000000002E-2	3.1325939999999997E-2	2.9949964999999999E-2	2.9957263000000001E-2	4.1100896999999997E-2	5.8995374000000003E-2	7.3953569999999996E-2	7.0704249999999996E-2	5.3939649999999999E-2	7.0738090000000003E-2	7.4022069999999995E-2	0.10624973	0.10158097000000001	0.13321693000000001	0.13940269999999999	0.17474727000000001	0.18285902000000001	0.18290276999999999	0.23986526999999999	0.25100198000000001	0.32917014	0.34445473999999998	0.47259909999999999	0.47270167000000002	0.61991525000000003	0.64870879999999997	0.85072504999999998	0.89023129999999995	1.2213889	1.2216758000000001	1.6021494999999999	1.6765506999999999	2.0087904999999999	2.3007517000000002	2.1996533999999999	2.1030625999999999	2.1035659999999998	2.7586553	4.1425896	5.6836184999999997	8.1581840000000003	7.7997709999999998	11.195677999999999	10.703676	7.4607052999999999	4.9705176	4.3418830000000002	Curved face	2.2000000000000002	2.4	2.7	2.9	3.2	3.5	3.9	4.2	4.7	5.0999999999999996	5.6	6.2	6.8	7.4	8.1	8.9	9.8000000000000007	10.8	11.8	13	14.3	15.7	17.2	18.899999999999999	20.7	22.7	25	27.4	30.1	33	36.200000000000003	39.799999999999997	43.7	47.9	52.6	57.8	63.4	69.599999999999994	76.400000000000006	83.9	92.1	101.1	111	121.8	133.69999999999999	146.80000000000001	161.19999999999999	176.9	194.2	213.2	234.1	256.89999999999998	282.10000000000002	309.60000000000002	339.9	373.1	409.6	449.7	493.6	541.9	594.9	653	716.9	786.9	863.9	1.888802E-3	7.0128619999999999E-3	1.1526140000000001E-2	1.0549301000000001E-2	5.1624779999999999E-3	1.5845066000000001E-3	1.9713311999999998E-3	7.0331585999999996E-3	1.5855879E-2	2.2759048E-2	2.3815553999999999E-2	1.9007487E-2	1.4500354999999999E-2	1.2666485E-2	1.4507101999999999E-2	1.7382261999999999E-2	1.9908456000000001E-2	2.2801076999999999E-2	2.990222E-2	3.5829092999999999E-2	3.27432E-2	2.6132480999999999E-2	2.7345870000000001E-2	4.2960684999999998E-2	5.8500435000000003E-2	5.6353416000000003E-2	4.2990223000000001E-2	4.9238062999999999E-2	7.7351980000000001E-2	0.110862054	0.13813616000000001	0.13816829999999999	0.13924428999999999	0.17454908999999999	0.21903868000000001	0.20941660000000001	0.20946948000000001	0.26257437	0.34435710000000003	0.43165880000000001	0.54110290000000005	0.59237342999999998	0.64851060000000005	0.64865419999999996	0.77722820000000004	1.1671246	1.3984369000000001	1.4633910000000001	1.6760235000000001	1.7538475	1.9200025000000001	2.1019450000000002	2.0096183000000001	2.2000432000000001	2.4085016000000001	2.7584841	3.7846475000000002	5.9456334000000002	8.1576050000000002	8.9304749999999995	9.7768289999999993	11.714394	10.705479	7.8064765999999999	4.7519169999999997	Particle size (µm)


Volume (%)




Flat face	32.795833999999999	65.524410000000003	90.056269999999998	130.99052	171.93823	229.25246999999999	294.75894	368.43524000000002	499.25537000000003	556.81169999999997	699.29114000000004	856.63220000000001	1026.9446	1177.8681999999999	1416.8526999999999	1613.8833	1802.3762999999999	2064.5771	2294.2197000000001	2564.7426999999998	2859.9140000000002	3122.0880999999999	3417.2370000000001	3712.848	3999.4549999999999	4270.4755999999998	4565.4453000000003	4819.8530000000001	5082.6234999999997	5385.5654000000004	5607.7690000000002	5804.5529999999999	6009.8519999999999	6165.9755999999998	6273.0214999999998	6395.7344000000003	6567.87	6634.0129999999999	6667.3159999999998	6797.5309999999999	6863.8622999999998	6962.0073000000002	7060.5474000000004	7126.0673999999999	7248.8879999999999	7412.8360000000002	7323.049	7544.1313	7618.3725999999997	7683.8249999999998	7806.5739999999996	7913.0730000000003	8011.8193000000001	8142.8505999999998	8241.2420000000002	8315.2369999999992	8438.1919999999991	8602.2705000000005	8700.7520000000004	8798.7669999999998	8930.0580000000009	9061.2009999999991	9159.732	9290.9339999999993	9397.7099999999991	9520.616	9651.5580000000009	9782.9699999999993	9914.0499999999993	10045.116	10209.307000000001	10307.846	10471.529	10603.013000000001	10791.215	10930.963	11094.839	11258.691999999999	11430.949000000001	11619.55	11783.596	11939.441000000001	12177.002	12341.263999999999	12505.328	12734.742	12931.262000000001	13128.503000000001	13366.123	13562.808000000001	13784.236000000001	14013.928	14243.477000000001	14448.493	14678.252	14932.225	2.0400725000000001E-2	0.19363975999999999	0.356684	0.51973939999999996	0.65222709999999995	0.86623969999999995	1.1006364	1.4063631000000001	2.3132929999999998	1.9770875999999999	2.4805320000000002	2.7577858000000002	3.3774063999999999	3.3286004	4.4434639999999996	3.9850826000000001	4.2908873999999999	4.8310943000000002	4.8108719999999998	5.0759753999999999	5.2392035000000003	5.8405456999999998	6.0547199999999997	5.2194047000000001	6.207954	5.3420540000000001	5.9637969999999996	5.5767794000000004	4.8229550000000003	5.9643540000000002	4.2119584000000003	4.3139843999999998	3.7027705000000002	3.0201986000000001	2.042106	2.7350563999999999	2.9389577	1.7264851000000001	0.59550389999999997	2.8779786000000001	1.2375585	1.8489785999999999	1.5637473	1.7675761999999999	2.2159854999999999	2.3893137000000002	1.4212765000000001	2.216186	1.2380711	1.5947384	2.206175	2.4711672999999998	1.7172319	2.1452681999999998	2.1962812	1.7785732999999999	1.9213058999999999	1.7991467000000001	1.6463752	2.5532827	2.3903444	2.5636500999999998	2.2987974000000002	2.3396431999999998	1.9729038000000001	2.2277179	2.8595388000000002	2.4214913999999998	2.7374463000000002	3.0839688999999999	2.7070791999999999	2.4218478000000001	3.1963400000000002	2.5952652	3.5633693000000002	2.8196509999999999	3.1560066	3.5433083000000001	3.4721006999999999	3.5333643000000001	3.4825295999999999	3.4316892999999999	4.0533934	3.5134761000000001	3.4218845	3.9213122999999999	4.6245019999999997	3.6872277000000002	4.1764716999999996	4.5026608000000001	4.5129999999999999	4.3806963000000003	4.5744476000000001	4.6051545000000003	4.3200120000000002	4.9213490000000002	Curved face	54.704594	131.29103000000001	142.23195000000001	207.87746000000001	284.46390000000002	350.10939999999999	459.51859999999999	547.04596000000004	689.27790000000005	820.56889999999999	984.68273999999997	1323.8512000000001	1148.7964999999999	1542.6695999999999	1728.6651999999999	1969.3655000000001	2188.1837999999998	2417.9430000000002	2647.7024000000001	2921.2253000000001	3172.8665000000001	3413.5666999999999	3665.2078000000001	3894.9672999999998	4091.9038	4332.6040000000003	4573.3040000000001	4715.5360000000001	4989.0590000000002	5109.4089999999997	5185.9956000000002	5306.3456999999999	5415.7550000000001	5547.0460000000003	5634.5730000000003	5743.9823999999999	5842.4507000000003	5929.9780000000001	5995.6234999999997	6039.3869999999997	6137.8554999999997	6225.3829999999998	6203.5010000000002	6367.6147000000001	6433.2602999999999	6312.91	6520.7875999999997	6411.3783999999996	6575.4920000000002	7768.0527000000002	6739.6059999999998	6772.4287000000004	6881.8379999999997	7078.7744000000002	6936.5424999999996	7024.07	7210.0654000000004	7385.12	7177.2426999999998	7341.3563999999997	7505.4706999999999	7571.116	7702.4070000000002	7899.3437999999996	7975.93	8085.3393999999998	8161.9260000000004	8227.5709999999999	8501.0939999999991	8413.5660000000007	8610.5030000000006	8796.4989999999998	8698.0300000000007	9146.6080000000002	8927.7900000000009	9288.84	9059.0810000000001	9452.9539999999997	9584.2450000000008	9748.3580000000002	9890.5910000000003	10306.346	10021.882	10175.055	10459.519	10601.751	10765.864	10919.037	11105.032999999999	11323.852000000001	11838.074000000001	11477.023999999999	11684.901	12035.011	12242.888999999999	12417.942999999999	12625.82	13019.692999999999	12844.638999999999	13271.334999999999	13501.093999999999	13708.972	13960.611999999999	14168.49	14420.130999999999	14638.949000000001	14868.709000000001	0.31740197999999997	0.96936274	1.1409313999999999	1.2009803999999999	1.372549	1.5183823000000001	1.7843137	2.1102940000000001	2.3247550000000001	3.2169118000000001	3.0968136999999998	3.2683822999999999	3.6286763999999998	4.2377453000000003	4.4436273999999996	4.8468137000000002	4.5551469999999998	4.6151960000000001	5.1985292000000003	4.8982843999999996	5.1556373000000004	5.0870100000000003	5.026961	5.1299020000000004	4.1262255000000003	4.5036763999999998	4.7181373000000004	3.7230392000000001	4.7267156000000004	2.6164215	1.810049	2.6078432	2.1274510000000002	2.5220587000000001	1.9558823000000001	1.9387255000000001	2.1360294999999998	1.7071079	1.3553921	1.1752450000000001	1.7156863	0.42034313000000001	1.5955881999999999	0.66911759999999998	0.36887255000000002	1.9558823000000001	1.9644607000000001	1.3382353	1.4926470000000001	1.9901960999999999	1.3897059	1.629902	1.5612744999999999	1.4411764	0.81495099999999998	0.94362749999999995	0.78921569999999996	1.0637255000000001	2.3247550000000001	2.3590686000000001	2.1531863000000002	1.9558823000000001	2.2732842	2.0416666999999999	1.8272059	1.9901960999999999	2.1274510000000002	1.2610294	2.1360294999999998	2.7107842	2.5134804000000002	2.2475489999999998	1.9044118000000001	1.9644607000000001	2.4448528	2.5134804000000002	2.7794118000000001	2.942402	3.1911763999999998	3.2426472	2.8995099999999998	2.7022059999999999	3.0539215	3.0882353999999999	3.1397059999999999	3.0539215	3.1654412999999999	3.6458333000000001	3.7659313999999999	3.5514705000000002	3.2598039999999999	3.8860294999999998	4.1176469999999998	4.0061273999999996	4.0404410000000004	3.8602940000000001	3.8774510000000002	3.9203432	4.6323530000000002	4.8296570000000001	4.5294119999999998	4.7867645999999997	4.4522057000000004	5.1299020000000004	4.1090684	4.9754899999999997	4.8811273999999996	Load (psi)


Loading rate (psi/sec)




Flat face	340	373	410	450	494	542	595	653	717	787	864	948	1041	0.28386109999999998	1.3430318999999999	3.5260367000000001	6.3635086999999997	9.7806169999999995	12.801221999999999	15.052711	15.072314	13.561097	10.389906	6.7788209999999998	3.7666018000000001	1.1612011	Curved face	340	373	410	450	494	542	595	653	717	787	864	948	1041	3.4902534999999998E-2	0.56997220000000004	2.2966630000000001	5.0801414999999999	8.3258500000000009	12.128724	14.261934	15.067233999999999	14.301124	11.55969	8.3947380000000003	4.9208270000000001	2.1834959999999999	Particle size (µm)


Volume (%)




Flat face	3.2	3.5	3.9	4.2	4.7	5.0999999999999996	5.6	6.2	6.8	7.4	8.1	8.9	9.8000000000000007	10.8	11.8	13	14.3	15.7	17.2	18.899999999999999	20.7	22.7	25	27.4	30.1	33	36.200000000000003	39.799999999999997	43.7	47.9	52.6	57.8	63.4	69.599999999999994	76.400000000000006	83.9	92.1	101.1	111	121.8	133.69999999999999	146.80000000000001	161.19999999999999	176.9	194.2	213.2	234.1	256.89999999999998	282.10000000000002	309.60000000000002	339.9	373.1	409.6	449.7	493.6	541.9	594.9	653	716.9	786.9	863.9	1.3920093999999999E-2	1.9229420000000001E-2	1.8369449999999999E-2	1.2707235000000001E-2	1.4607805999999999E-2	2.2129467E-2	2.318216E-2	3.0581506000000001E-2	3.0592208999999999E-2	2.6649058E-2	2.0215744000000001E-2	2.9244939000000001E-2	4.0399940000000002E-2	5.0891909999999999E-2	5.5829745E-2	5.0928590000000003E-2	5.0947810000000003E-2	7.3701199999999994E-2	6.4201560000000005E-2	4.441171E-2	9.2905970000000004E-2	0.14074776	0.1344533	0.12843768	0.17742933	0.17749265	0.16955255999999999	0.24528348	0.33883819999999998	0.33896375000000001	0.44714597	0.44729940000000001	0.44747130000000002	0.53826890000000005	0.81544970000000006	0.85423459999999996	1.1800439	1.1804975	1.5572277999999999	1.5577836	1.5583715	2.1527571999999999	2.1535696999999998	2.5905209	1.9651873	2.8429022000000002	3.9272535	5.6813282999999997	7.8482700000000003	7.4972824999999998	10.774526	13.13242	9.4510889999999996	6.5378322999999998	4.5226673999999996	Curved face	3.2	3.5	3.9	4.2	4.7	5.0999999999999996	5.6	6.2	6.8	7.4	8.1	8.9	9.8000000000000007	10.8	11.8	13	14.3	15.7	17.2	18.899999999999999	20.7	22.7	25	27.4	30.1	33	36.200000000000003	39.799999999999997	43.7	47.9	52.6	57.8	63.4	69.599999999999994	76.400000000000006	83.9	92.1	101.1	111	121.8	133.69999999999999	146.80000000000001	161.19999999999999	176.9	194.2	213.2	234.1	256.89999999999998	282.10000000000002	309.60000000000002	339.9	373.1	409.6	449.7	493.6	541.9	594.9	653	716.9	786.9	863.9	1.2103183999999999E-2	1.3277234000000001E-2	1.5252483000000001E-2	1.752159E-2	2.0128130000000001E-2	2.2079870000000001E-2	2.3130202999999998E-2	2.4230334999999999E-2	2.4238816E-2	2.4247965E-2	2.6599368000000002E-2	2.9179594999999999E-2	3.3520403999999997E-2	3.8506165000000002E-2	4.2241389999999997E-2	4.2256175999999999E-2	4.4266593E-2	4.8559933999999999E-2	5.8414965999999999E-2	7.4074340000000002E-2	8.4535100000000002E-2	8.4563520000000003E-2	7.714414E-2	8.4625049999999993E-2	0.10660606	0.14063287999999999	0.16155036	0.1692341	0.16929448999999999	0.19320486000000001	0.22341315	0.25664320000000002	0.26885164	0.30884440000000002	0.35478130000000002	0.42679729999999999	0.51342460000000001	0.56322839999999996	0.61785500000000004	0.70976824000000005	0.85946710000000004	1.0755870000000001	1.3549663000000001	1.5565335	1.7074872999999999	1.7887120000000001	1.9622096	2.0554806999999999	2.1532743000000001	2.2556894000000001	2.4744818	3.117197	4.4797377999999997	6.8311887000000002	9.0115250000000007	10.352237000000001	10.355861000000001	10.359272000000001	8.6176750000000002	6.2426652999999996	4.3183613000000003	Particle size (µm)


Volume (%)




Shale 2 (Barnett)









Quartz	Mixed clay	Feldspar	Others	Illite	Siderite	Dolomite	Calcite 	33	31	7	2	13	7	3	1	
Shale 1 (Barnett)








Illite	Siderite	Dolomite	Calcite 	Quartz 	Feldspar	Quartz 	13	7	44	24	2	2	2	
0	0.96697765999999996	2.0159044000000002	3.0649397	4.0335479999999997	5.0025899999999996	7.0217549999999997	8.9588619999999999	11.059868	14.047205999999999	17.034434999999998	21.072222	25.028929000000002	30.036518000000001	2.2204459999999999E-16	0.12538121999999999	0.17824382999999999	0.22451304	0.25099315999999999	0.25109965000000001	0.23154127999999999	0.29109489999999999	0.20561135	0.23890673000000001	0.27879549999999997	0.27264579999999999	0.28626742999999999	0.23407037999999999	Time (days)


Si (mmol/L)



8.8817839999999996E-16	1.0190216999999999	2.0380435000000001	3.0163042999999998	3.9945651999999998	4.9728260000000004	6.9701085000000003	9.0489130000000007	11.046196	14.0625	17.078804000000002	21.032608	31.019022	59.0625	0	0.11162791	8.7209300000000003E-2	5.5813952999999999E-2	3.8372091999999997E-2	1.3953488E-2	6.976744E-3	8.0232559999999994E-2	8.7209300000000003E-2	9.4186044999999996E-2	0.13255813999999999	0.12558140000000001	0.11162791	4.8837209999999999E-2	Time (days)


Si (mmol/L)



Sand	0.25	0.5	1	2	4	8	47	35	28	19	11	6.5	Light Weight Ceramics	0.25	0.5	1	2	4	8	29.7	10	6	4	2.5	1.2	Resin Coated Sand 	0.25	0.5	1	2	4	8	26.5	5	3	2.5	2	1.2	Proppant Concentration (lb/ft2)

Percent Crush (wt %)



Native proppant	339.916	373.14699999999999	409.62599999999998	449.67200000000003	493.63299999999998	541.89200000000005	594.86900000000003	653.02499999999998	716.86599999999999	786.94899999999996	863.88300000000004	948.33799999999997	1041.05	1142.83	5.1177500000000001E-2	0.80582200000000004	3.1148699999999998	6.59152	10.620100000000001	14.2105	16.249500000000001	16.099799999999998	13.767300000000001	9.9741300000000006	5.8618399999999999	2.2718799999999999	0.36986599999999997	1.16813E-2	at 3000 psi	339.916	373.14699999999999	409.62599999999998	449.67200000000003	493.63299999999998	541.89200000000005	594.86900000000003	653.02499999999998	716.86599999999999	786.94899999999996	863.88300000000004	948.33799999999997	1041.05	1142.83	3.4124700000000001E-2	0.60095900000000002	2.5929600000000002	5.8871900000000004	9.7939699999999998	13.3878	15.626899999999999	15.8301	13.994199999999999	10.699199999999999	6.9098499999999996	3.54033	1.02948	7.2925199999999996E-2	Particle Size (μm)


Volume (%) 
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Pressure (psi)

AE rate (sec-1)


Dry proppant test	2057.0825	2285.4124000000002	2532.7694999999999	2818.1819999999998	3084.5666999999999	3389.0063	3674.4187000000002	3983.6152000000002	4226.2160000000003	4554.4399999999996	4820.8247000000001	5044.3975	5386.8919999999998	5581.924	5791.2259999999997	5995.7714999999998	6147.9916999999996	6243.1289999999999	6395.3486000000003	6533.2983000000004	6623.6787000000004	6790.1689999999999	6790.1689999999999	6661.7334000000001	6852.0083000000004	6951.9030000000002	7028.0127000000002	7118.393	7232.558	7232.558	7303.9110000000001	7589.3230000000003	7427.59	7541.7550000000001	7670.1904000000004	7803.3829999999998	7917.5474000000004	7988.9004000000004	8107.8222999999998	8221.9869999999992	8312.3680000000004	8407.5049999999992	8497.8860000000004	8588.2669999999998	8678.6460000000006	8792.8119999999999	8792.8119999999999	8930.7610000000004	8930.7610000000004	9059.1959999999999	9178.1180000000004	9282.77	9382.6640000000007	9506.3430000000008	9634.7780000000002	9763.2139999999999	9896.4060000000009	10048.626	10200.846	10315.011	10315.011	10467.23	10619.45	10771.67	10923.89	4.8433979999999996	4.836233	5.1371545999999997	5.2661210000000001	5.8966219999999998	6.1115659999999998	5.2732853999999998	6.2405324000000002	5.3879222999999996	6.0184236000000002	5.6171955999999996	4.8720574000000001	5.9969289999999997	4.2630499999999998	4.3848514999999999	3.7830092999999998	3.0665301999999999	2.1279428	2.8085977999999998	2.9805527000000001	1.7697031000000001	2.9232345	2.9232345	0.66632550000000001	1.2896622	1.8843398	1.604913	1.7768679999999999	2.2640736000000001	2.2640736000000001	1.432958	1.3111565999999999	2.4360287	2.2640736000000001	1.6120778	2.2354145000000001	2.5148413000000001	1.7625383999999999	2.1780963	2.2354145000000001	1.7983624	1.9631525000000001	1.8341863	1.841351	1.6837257000000001	2.5649948	2.5649948	2.4216989999999998	2.4216989999999998	2.5793244999999998	2.3428863999999998	2.4002047000000002	1.9989764999999999	2.2784032999999999	2.9160694999999999	2.4503582000000002	2.7727737000000001	3.0880245999999998	2.7441146000000001	2.4646878000000001	2.4646878000000001	3.2313204	2.6294780000000002	3.6325485999999998	2.8659159999999999	Saturated proppant test	2206.1309999999999	2418.6046999999999	2567.6532999999999	2704.0167999999999	2894.2917000000002	3062.3679999999999	3255.8139999999999	3404.8625000000002	3595.1374999999998	3747.3571999999999	3902.7485000000001	7416.4907000000003	4089.8519999999999	4245.2430000000004	4397.4629999999997	4584.5663999999997	4701.9030000000002	4908.0337	5025.37	5177.59	5310.7820000000002	5310.7820000000002	5463.0020000000004	5577.1670000000004	5745.2430000000004	5878.4354999999996	5992.6005999999998	6167.0190000000002	6167.0190000000002	6246.3002999999999	6246.3002999999999	6338.2665999999999	6471.4589999999998	6601.48	6737.8437999999996	6890.0635000000002	7077.1670000000004	6947.1459999999997	7197.6742999999997	7308.6679999999997	7536.9979999999996	7651.1625999999997	7651.1625999999997	7746.3002999999999	7857.2939999999999	7952.4309999999996	8047.5690000000004	8164.9049999999997	8275.8979999999992	8275.8979999999992	8374.2070000000003	8488.3719999999994	8488.3719999999994	8488.3719999999994	8602.5370000000003	8602.5370000000003	8735.7294999999995	8735.7294999999995	8881.6059999999998	9021.1419999999998	9021.1419999999998	9173.3610000000008	9287.5259999999998	9404.8619999999992	9550.74	9706.1309999999994	9706.1309999999994	9839.3230000000003	9972.5159999999996	10124.735000000001	10276.956	10394.291999999999	10559.196	10698.731	10889.005999999999	10889.005999999999	4.2896175000000003	4.115437	2.9132514	3.0362022	3.5450819	3.6680329999999999	3.9446720000000002	2.7424862000000001	3.9515028000000001	3.1933060000000002	2.9303279999999998	2.4624316999999998	3.999317	3.0771858999999999	2.8517760000000001	3.9036884000000001	2.7561475999999998	3.8080601999999999	2.5239072	3.0157104000000001	2.5819670000000001	2.5819670000000001	3.2547815	2.3599727000000001	2.9713115999999999	3.0566939999999998	2.3804645999999998	2.9747267000000002	2.9747267000000002	1.8886611	1.8886611	2.0150272999999999	2.5341529999999999	2.5409837	2.7356558	2.9474043999999999	2.8346993999999999	1.2329235000000001	2.0560109999999998	2.4112022	2.1550546000000002	2.4863388999999998	2.4863388999999998	1.806694	2.3019124999999998	2.0457649999999998	1.7657103999999999	2.1072403999999998	2.2540984000000002	2.2540984000000002	2.2404373	2.2814207	2.2814207	2.2814207	2.2575137999999999	2.2575137999999999	2.7117486	2.7117486	2.7356558	3.0225409999999999	3.0225409999999999	3.1045082000000002	2.4316939999999998	2.3292350000000002	3.0054645999999998	2.9678962000000002	2.9678962000000002	2.5887978	2.8176230000000002	2.9610655000000001	3.3128413999999999	2.4453551999999998	3.0259564000000001	2.9576501999999998	4.0642075999999996	4.0642075999999996	Load (psi)


Loading rate (psi/sec)




Dry proppant test	0	5000	9000	11000	100	98.36	90.983599999999996	88.524000000000001	Saturated proppant test	0	2000	4000	5000	8000	10000	11000	100	99.25	95.221999999999994	94.584999999999994	94.584999999999994	93.629000000000005	92.99	Load (psi)


Compaction (%)




Dry proppant test	0.38	0.41	0.45	0.5	0.54	0.6	0.66	0.72	0.79	0.87	0.95	1.05	1.1499999999999999	1.26	1.38	1.52	1.67	1.83	2.0099999999999998	2.21	2.42	2.66	2.92	3.21	3.52	3.86	4.24	4.66	5.1100000000000003	5.61	6.16	6.76	7.42	8.15	8.94	9.82	10.78	11.83	12.99	14.26	15.65	17.18	18.86	20.71	22.73	24.95	27.39	30.07	33.01	36.24	39.78	43.67	47.94	52.63	57.77	63.42	69.62	76.430000000000007	83.9	92.1	101.1	110.99	121.84	133.75	146.82	161.18	176.94	194.23	213.22	234.07	256.95	282.07	309.64	339.92	373.15	409.63	449.67	493.63	541.89	594.87	653.03	716.87	786.95	863.88	948.34	1041.05	1142.83	4.4418068000000001E-4	5.8775273999999997E-3	1.8026107999999999E-2	2.9341376999999998E-2	3.7431800000000001E-2	4.5481349999999997E-2	4.7746440000000001E-2	5.0124742E-2	4.7733656999999999E-2	4.3294903000000003E-2	3.926843E-2	3.2309297000000001E-2	2.6583463000000002E-2	2.0831859000000001E-2	1.6324737999999998E-2	1.3431623E-2	1.1603166E-2	1.1049664000000001E-2	1.1599870999999999E-2	1.3424214E-2	1.6311299000000001E-2	1.9819057000000001E-2	2.4081258000000001E-2	2.7868126999999999E-2	3.2250762000000002E-2	3.5547134000000001E-2	3.7317019999999999E-2	4.1131380000000002E-2	4.3179307E-2	4.5329195000000003E-2	4.7586127999999998E-2	4.9956242999999997E-2	5.5062752E-2	5.7804785999999997E-2	6.3713565E-2	7.0226060000000007E-2	7.7404219999999996E-2	8.5315764000000002E-2	9.4036326000000003E-2	0.10364827	0.11424268999999999	0.12592002999999999	0.13879095	0.15297749999999999	0.16861615999999999	0.19513567000000001	0.22582150000000001	0.24890488	0.27434673999999998	0.31749137999999999	0.34994382000000002	0.38571337	0.44637009999999999	0.49199589999999999	0.56936412999999997	0.65890150000000003	0.80059880000000005	0.88244639999999996	0.97266160000000002	1.1256164	1.2406714000000001	1.4357777	1.7445427	2.0188950999999999	2.2252567000000001	2.4527017999999998	2.5748316999999998	2.4520054	2.3350569999999999	2.2236774000000001	2.4510010000000002	2.9781387000000001	4.1882215	5.6098610000000004	6.8162659999999997	7.8881819999999996	8.2809329999999992	8.2797575000000005	7.1525990000000004	5.6050839999999997	3.7949693	1.9180075000000001	0.51447003999999996	3.3583059999999998E-2	Saturated proppant test	0.38	0.41	0.45	0.5	0.54	0.6	0.66	0.72	0.79	0.87	0.95	1.05	1.1499999999999999	1.26	1.38	1.52	1.67	1.83	2.0099999999999998	2.21	2.42	2.66	2.92	3.21	3.52	3.86	4.24	4.66	5.1100000000000003	5.61	6.16	6.76	7.42	8.15	8.94	9.82	10.78	11.83	12.99	14.26	15.65	17.18	18.86	20.71	22.73	24.95	27.39	30.07	33.01	36.24	39.78	43.67	47.94	52.63	57.77	63.42	69.62	76.430000000000007	83.9	92.1	101.1	110.99	121.84	133.75	146.82	161.18	176.94	194.23	213.22	234.07	256.95	282.07	309.64	339.92	373.15	409.63	449.67	493.63	541.89	594.87	653.03	716.87	786.95	863.88	948.34	1041.05	1142.83	3.9819972999999998E-3	7.5019355999999997E-3	1.2211315E-2	1.7173178000000001E-2	2.1908232999999999E-2	2.5353594E-2	2.4144157999999999E-2	3.0801404000000001E-2	2.6608387000000001E-2	3.3944953E-2	2.9323882999999999E-2	3.7409329999999998E-2	3.2316640000000001E-2	3.7398707000000003E-2	3.5614979999999997E-2	2.9304024000000001E-2	3.3912193E-2	3.2294620000000003E-2	2.7898217999999999E-2	2.4100317E-2	3.0745597999999999E-2	2.6560070000000002E-2	3.0736743E-2	2.9270516999999999E-2	3.3873554E-2	3.2258090000000003E-2	3.9195056999999998E-2	3.5550162000000003E-2	4.3196476999999997E-2	4.9989693000000002E-2	4.7605242999999998E-2	6.0731146E-2	5.2463558E-2	6.6929290000000002E-2	7.7454485000000003E-2	7.3760290000000006E-2	8.9622505000000005E-2	8.1287509999999993E-2	0.10370168	0.11430435	0.11428487	0.13226144000000001	0.11996147	0.15303895000000001	0.13220510999999999	0.16865721	0.2049279	0.18587090000000001	0.23711993000000001	0.28811392000000002	0.26132113000000001	0.33337495	0.36746135000000002	0.36739727999999999	0.44641900000000001	0.38564765000000001	0.49198192000000002	0.5977806	0.54219293999999996	0.69169130000000001	0.88241064999999996	1.021169	0.97246429999999995	1.2406010000000001	1.5826707	1.8315889000000001	1.6612827999999999	2.1193553999999999	1.8308312	1.5815988000000001	2.0176832999999998	1.7430075	2.1178427000000002	1.9208888	2.4505336	3.1262295	3.9882216000000001	5.0879107000000001	6.1821450000000002	5.34063	6.8131694999999999	5.885688	5.0844440000000004	4.3922771999999997	3.7943226999999999	2.2195585000000002	1.917424	Particle size (µm)


Volume (%)
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AE rate (sec-1)
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Loading rate (psi/sec)

AE rate (sec-1) 


Dry proppant test	103.99160000000001	154.41175999999999	217.43698000000001	311.97480000000002	469.5378	620.79834000000005	847.68910000000005	847.68910000000005	1061.9747	1351.8906999999999	1698.5293999999999	1988.4454000000001	2303.5715	2706.9328999999998	3022.0587999999998	3400.2102	3816.1765	4188.0254000000004	4572.4790000000003	4912.8149999999996	4912.8149999999996	5290.9663	5637.6049999999996	6078.7816999999995	6337.1850000000004	6646.0083000000004	6929.6220000000003	7219.5375999999997	7433.8236999999999	7685.9242999999997	7906.5127000000002	8133.4032999999999	8442.2270000000008	8725.8410000000003	8977.9410000000007	9293.0669999999991	9608.1929999999993	9608.1929999999993	9898.1090000000004	10276.261	10276.261	10622.898999999999	10969.538	11316.177	11688.025	12034.664000000001	12034.664000000001	12438.025	12853.991	13225.841	13679.621999999999	0.54696129999999998	0.81215470000000001	0.95580109999999996	2.2265193000000001	2.7127072999999999	3.4861879999999998	4.1381215999999998	4.1381215999999998	4.6132600000000004	5.8839779999999999	6.3259670000000003	6.1160220000000001	6.1160220000000001	7.5414367000000002	6.9889502999999999	7.6629833999999999	7.2099447000000003	8.2044200000000007	7.7624310000000003	6.9005523000000002	6.9005523000000002	7.3314919999999999	7.1325965	8.1602209999999999	5.8176794000000003	5.9281769999999998	5.5966849999999999	5.3867399999999996	4.8342542999999996	4.7900552999999997	4.723757	4.5911603000000003	5.5414367000000002	5.8176794000000003	5.3093925000000004	5.8618784000000002	6.2707179999999996	6.2707179999999996	6.3480663000000002	6.8674035	6.8674035	7.0110497000000001	6.8784533000000003	6.7458562999999998	7.7845300000000002	7.2651934999999996	7.2651934999999996	7.6408839999999998	8.1933699999999998	7.6961326999999997	8.5248620000000006	Heat and water treated proppant test	36.764705999999997	78.781509999999997	141.80672000000001	225.84032999999999	309.87396000000001	404.41176999999999	404.41176999999999	540.96640000000002	698.52940000000001	856.0924	856.0924	1076.6806999999999	1297.2689	1538.8656000000001	1790.9664	1790.9664	2053.5715	2389.7058000000002	2715.3362000000002	2715.3362000000002	3061.9749000000002	3377.1008000000002	3755.2521999999999	3975.8402999999998	4259.4535999999998	4595.5883999999996	4837.1850000000004	4984.2437	5194.3275999999996	5456.9326000000001	5677.5209999999997	5898.1094000000003	6087.1850000000004	6234.2437	6475.8402999999998	6685.9242999999997	6906.5127000000002	7127.1009999999997	7379.2016999999996	7620.7983000000004	7914.9160000000002	8230.0419999999995	8534.6640000000007	8818.277	9133.4030000000002	9448.5290000000005	9795.1679999999997	10152.311	10530.462	10929.621999999999	11349.79	11349.79	11727.941000000001	12137.605	12578.781000000001	12977.941000000001	13471.638999999999	13860.294	14311.975	14805.672	0.11970533999999999	0.80110495999999998	0.93001840000000002	1.3351748999999999	1.5930017999999999	2.0902395	2.0902395	2.5874769999999998	3.3977900000000001	3.3057091000000001	3.3057091000000001	4.0239409999999998	5.2394109999999996	5.0184164000000004	4.8342542999999996	4.8342542999999996	5.8655615000000001	6.8232045000000001	6.0681399999999996	6.0681399999999996	7.7624310000000003	6.7311234000000004	7.3204419999999999	4.3554329999999997	6.0865559999999999	6.5837935999999999	4.7974220000000001	3.3057091000000001	4.5027622999999997	5.1104975000000001	4.9631676999999996	4.1528543999999998	3.6924492999999998	3.5451198000000002	3.9502761	4.7605890000000004	5	3.9686925	5.3499080000000001	5.6998157999999997	5.5709023000000002	6.4548800000000002	6.5653777	5.5709023000000002	6.7311234000000004	6.7311234000000004	6.7863720000000001	7.3388580000000001	8.0018419999999999	7.8913444999999998	8.5359119999999997	8.5359119999999997	7.8913444999999998	7.946593	9.3646410000000007	8.6648250000000004	8.7569064999999995	9.3646410000000007	8.9410679999999996	9.5856349999999999	Load (psi)


Loading rate (psi/sec)




Dry proppant test	70	76	84	92	101	111	122	134	147	161	177	194	213	234	257	282	310	340	373	410	450	494	542	565	653	717	787	864	948	5.4274549999999998E-2	0.14626347000000001	0.19052257	0.24817439999999999	0.20353967000000001	0.30259720000000001	0.54851519999999998	0.5859915	0.51343565999999996	0.62602829999999998	0.62602829999999998	0.81546350000000001	2.0570339999999998	3.9835281	6.3268332000000003	8.2413229999999995	13.98357	14.938971499999999	15.959649000000001	13.98357	9.4059399999999993	3.2670815000000002	Heat and water treated proppant test	70	76	84	92	101	111	122	134	147	161	177	194	213	234	257	282	310	340	373	410	450	494	542	565	653	717	787	864	948	1.7510358E-3	2.3119831E-2	6.6643040000000001E-2	9.2775430000000006E-2	9.912166E-2	0.11314616	0.11314616	0.12915497000000001	0.19209892000000001	0.32614442999999999	0.45403373000000002	0.51827394999999998	0.55372613999999998	0.67530805000000005	0.82358575000000001	0.87992256999999996	0.94011307	1.0731275	1.5961186000000001	2.7098808000000001	4.6008199999999997	7.3111329999999999	10.874228499999999	13.2618885	14.169059000000001	14.169059000000001	11.6180725	7.8112459999999997	4.306254	Particle size (µm)


Volume (%)




Dry proppant test	3.9	4.2	4.7	5.0999999999999996	5.6	6.2	6.8	7.4	8.1	8.9	9.8000000000000007	10.8	11.8	13	14.3	15.7	17.2	18.899999999999999	20.7	22.7	25	27.4	30.1	33	36.200000000000003	39.799999999999997	43.7	47.9	52.6	57.8	63.4	69.599999999999994	76.400000000000006	83.9	92.1	101.1	111	121.8	133.69999999999999	146.80000000000001	161.19999999999999	176.9	194.2	213.2	234.1	256.89999999999998	282.10000000000002	309.60000000000002	339.9	373.1	409.6	449.7	493.6	541.9	594.9	653	716.9	786.9	863.9	4.8973130000000004E-3	1.501397E-2	1.8300417999999999E-2	1.8305479E-2	1.0809429000000001E-2	6.3829630000000002E-3	6.3846972999999996E-3	1.1555368E-2	1.9579342E-2	2.7224683999999999E-2	3.1068643999999999E-2	3.1077688999999999E-2	2.0936163000000001E-2	2.0941852E-2	2.9119368999999999E-2	3.5493728000000002E-2	3.7922289999999997E-2	5.6322798E-2	3.7942898000000003E-2	5.2759609999999998E-2	6.4308299999999999E-2	6.4326709999999995E-2	4.0572289999999997E-2	6.8746100000000004E-2	0.16192635999999999	0.11651459	0.124487996	0.17309891999999999	0.21099001000000001	0.21104734	0.22548768	0.3577031	0.38216867999999998	0.38227623999999999	0.38237824999999998	0.40854143999999998	0.40865445	0.69242482999999999	1.0284006999999999	1.1735647	1.2538625999999999	1.2542032999999999	1.7439701999999999	1.7444440000000001	2.1263413	2.2717754999999999	2.2724036999999999	2.2730212000000001	2.2736386999999998	4.1149535000000004	6.5277066000000001	6.9742455000000003	9.697597	11.066784	12.629286	7.4576235000000004	6.5387050000000002	4.404941	Heat and water treated proppant test	3.9	4.2	4.7	5.0999999999999996	5.6	6.2	6.8	7.4	8.1	8.9	9.8000000000000007	10.8	11.8	13	14.3	15.7	17.2	18.899999999999999	20.7	22.7	25	27.4	30.1	33	36.200000000000003	39.799999999999997	43.7	47.9	52.6	57.8	63.4	69.599999999999994	76.400000000000006	83.9	92.1	101.1	111	121.8	133.69999999999999	146.80000000000001	161.19999999999999	176.9	194.2	213.2	234.1	256.89999999999998	282.10000000000002	309.60000000000002	339.9	373.1	409.6	449.7	493.6	541.9	594.9	653	716.9	786.9	863.9	5.2290232999999998E-3	1.9533894999999999E-2	3.7759818000000001E-2	4.602382E-2	4.3101937E-2	3.1014278999999999E-2	2.383584E-2	2.9052763999999998E-2	3.7822519999999998E-2	4.0410812999999997E-2	4.0421993000000003E-2	5.2623614999999999E-2	7.3174929999999999E-2	7.818058E-2	6.4178330000000006E-2	4.6179037999999999E-2	4.9337037E-2	6.8604163999999995E-2	0.10883413	0.10886582	7.8333589999999995E-2	9.5477909999999999E-2	0.14180603999999999	0.19719185	0.19724543	0.18471946	0.21079254	0.21085288999999999	0.27450812000000002	0.33458778	0.31333994999999998	0.38192034000000002	0.46551534999999999	0.53123039999999999	0.69158889999999995	0.69177679999999997	0.73908823999999995	1.0277373000000001	0.96249929999999995	0.9013719	1.6160146	1.9883261999999999	1.7433949	2.1050537	2.5900344999999998	2.5907382999999999	2.5672039999999998	2.7687547000000001	2.5929513000000002	2.770273	4.3946953000000004	7.9535627	9.6943979999999996	8.4999900000000004	11.065818	13.487781999999999	6.5363259999999999	2.7765026000000002	3.8608023999999999	Particle size (µm)


Volume (%)




Dry proppant test	10.966132	247.56371999999999	68.498339999999999	132.45444000000001	177.19737000000001	298.71298000000002	529.00760000000002	432.93790000000001	656.91790000000003	816.86760000000004	976.74130000000002	1398.9589000000001	1559.0588	1776.6285	2038.9257	2256.5441999999998	2512.5050999999999	2800.4978000000001	3088.3908999999999	3376.3757000000001	3677.3665000000001	3958.7946999999999	4208.5834999999997	4560.4834000000001	4816.5829999999996	5047.1566999999995	5360.5464000000002	5584.9224000000004	5783.308	6001.0513000000001	6129.2114000000001	6231.8203000000003	6398.0864000000001	6513.2602999999999	6609.5190000000002	6641.7539999999999	6775.6997000000001	6833.6454999999996	6929.5259999999998	7019.1934000000001	7089.5556999999999	7223.8563999999997	7288.0370000000003	7409.4434000000001	7537.4823999999999	7608.0946999999996	7665.6289999999999	7793.5272999999997	7895.8609999999999	7985.6239999999998	8119.9480000000003	8209.5429999999997	8312.0390000000007	8401.616	8568.0570000000007	8651.2960000000003	8785.5190000000002	8907.1550000000007	9041.5360000000001	9169.6029999999992	9259.1959999999999	9368.0820000000003	9496.0329999999994	9623.9179999999997	9739.2150000000001	9873.5550000000003	10033.507	10193.591	10289.655000000001	10455.915000000001	10616.045	10775.859	10897.625	11089.566999999999	11249.5	11403.123	11601.528	11761.540999999999	11953.5625	12177.467000000001	12337.585999999999	12491.218000000001	12721.537	12913.406000000001	13112.002	13329.521000000001	13553.472	13777.486999999999	14007.924000000001	14231.912	14455.927	14680.003000000001	14935.886	2.9495532000000001E-2	1.0899235	0.3767064	0.61131953999999999	0.90222440000000004	1.352681	1.9439371000000001	2.2441623000000002	2.4225468999999999	2.7228865999999998	3.3891779999999998	4.4215390000000001	3.9993582000000001	4.2246566000000003	4.8159270000000003	4.8066405999999997	5.0882563999999997	5.2291359999999996	5.8485680000000002	6.0269810000000001	5.2201443000000003	6.1492250000000004	5.3329825	5.9430594000000001	5.5584555	4.8078875999999999	5.9340333999999997	4.2075915000000004	4.3484306000000004	3.7386083999999999	3.0161449999999999	2.0497024000000001	2.7535305000000001	2.9224827000000002	1.7120694999999999	0.59546129999999997	2.8287662999999998	1.1867002	1.7966629000000001	1.5058180999999999	1.7122839999999999	2.2378135000000001	1.3933376	2.3692636	2.2285702000000001	1.2339631	1.5717905999999999	2.1067007000000002	2.4633148	1.7126844000000001	2.1256132000000001	2.1819533999999998	1.7597471	1.9005377999999999	1.7692448999999999	1.6097646000000001	2.5106291999999999	2.3793163000000002	2.520127	2.2480661999999998	2.3137897999999999	1.9385033	2.2200617999999999	2.8206555999999998	2.3984549999999998	2.7363167000000002	3.0272730000000001	2.6801593000000001	2.4080841999999998	3.1400622999999999	2.5771307999999999	3.5249239999999999	2.7743077	3.1215787000000002	3.5063689	3.4501371000000001	3.4971428000000002	3.4972143	3.4597666	4.0041026999999998	3.4880881000000001	3.394323	3.8635950000000001	4.5674349999999997	3.6948688000000001	4.1641349999999999	4.4832700000000001	4.4927535000000001	4.3990226000000003	4.5398736	4.5493569999999997	4.2679559999999999	4.9249067000000002	Heat and water treated proppant test	85.348500000000001	149.35990000000001	250.71124	362.73113999999998	474.75107000000003	634.77954	762.80224999999996	946.83500000000004	1170.8749	1362.9088999999999	1554.9431	1778.9829	2075.0356000000002	2299.0754000000002	2587.1266999999998	2875.1777000000002	3171.2305000000001	3435.2773000000002	3683.3215	3979.3739999999998	4507.4679999999998	4211.4155000000001	4803.5204999999996	5227.5959999999995	4955.5479999999998	5331.6147000000001	5507.6459999999997	5499.6445000000003	5627.6670000000004	5755.69	5843.7056000000002	5939.7227000000003	6163.7619999999997	6043.741	6339.7939999999999	6235.7754000000004	6347.7950000000001	6451.8135000000002	6611.8423000000003	6563.8334999999997	6755.8676999999998	6883.8905999999997	6947.902	7003.9116000000004	7139.9359999999997	7227.9516999999996	7379.9785000000002	7123.933	7267.9589999999998	7251.9560000000001	7459.9926999999998	7636.0244000000002	8428.1650000000009	7780.05	7508.0015000000003	7700.0356000000002	7740.0424999999996	7852.0625	7908.0727999999999	8004.09	8164.1180000000004	8372.1550000000007	8084.1040000000003	8252.134	8516.1810000000005	8220.1280000000006	8604.1959999999999	8764.2250000000004	8860.2420000000002	8940.2559999999994	9028.2710000000006	9156.2950000000001	9252.3119999999999	9404.3389999999999	9500.3549999999996	9676.3870000000006	9812.4110000000001	10108.464	9988.4419999999991	10268.492	10388.513999999999	10588.549000000001	10756.579	10900.604499999999	11100.64	11260.669	11396.691999999999	11588.727000000001	11740.754000000001	11940.789000000001	12132.823	12316.856	12484.886	12708.925999999999	12908.962	13076.991	13285.028	13509.067999999999	13725.106	13957.147000000001	14165.184999999999	14373.222	14621.266	14853.308000000001	0.9375	1.53125	2.0820311999999999	1.9765625	2.4453125	3.3007811999999999	2.9726561999999999	3.4296875	4.6953125	4.4023437999999997	3.5234375	4.9648437999999997	5.6210937999999997	4.7304687999999997	5.8671875	5.7265625	5.4921875	5.9726562000000003	4.9296875	5.9609375	6.1367187999999997	5.0117187999999997	5.2109375	5.0703125	4.0390625	2.3867188000000001	3.4765625	0.40625	2.1640625	2.7617188000000001	1.9179687999999999	2.1171875	2.84375	1.6015625	2.1640625	1.3554687999999999	1.4492187999999999	1.6484375	1.8945312000000001	1.5429687999999999	1.7070312000000001	1.90625	2.140625	1.53125	1.6953125	1.8476562000000001	2.046875	0.8515625	0.8515625	0.1953125	1.4140625	1.1914062000000001	1.0859375	0.96875	1.8242187999999999	1.5078125	1.625	1.4492187999999999	1.6835937999999999	1.9882812000000001	2.1171875	2.3046875	1.2382812000000001	1.6132812000000001	1.8828125	2.140625	2.6445311999999999	2.7265625	2.65625	2.5507811999999999	2.4570311999999999	2.421875	2.6679688000000001	2.609375	2.8554688000000001	3.1015625	2.5859375	2.5390625	3.1953125	3.4648438000000001	2.9960938000000001	3.6054688000000001	3.0664061999999999	3.2539061999999999	3.7929688000000001	3.3476561999999999	3.1015625	3.4765625	3.6640625	3.5234375	4.015625	4.0273437999999997	3.6992188000000001	3.8515625	3.9453125	4.1679687999999997	4.0039062000000003	4.5546875	4.5898437999999997	4.3554687999999997	4.6015625	4.3203125	4.484375	5.4804687999999997	Load (psi)


Loading rate (psi/sec)




Dry proppant test	309.64400000000001	339.916	373.14699999999999	409.62599999999998	449.67200000000003	493.63299999999998	541.89200000000005	594.86900000000003	653.02499999999998	716.86599999999999	786.94899999999996	863.88300000000004	948.33799999999997	1041.05	1142.83	1.43E-2	0.28000000000000003	1.3560000000000001	3.4769999999999999	6.49	9.92	12.983000000000001	14.856	14.995100000000001	13.358000000000001	10.401999999999999	6.9080000000000004	3.7189999999999999	1.151	8.5999999999999993E-2	Heat and water treated proppant test	309.64400000000001	339.916	373.14699999999999	409.62599999999998	449.67200000000003	493.63299999999998	541.89200000000005	594.86900000000003	653.02499999999998	716.86599999999999	786.94899999999996	863.88300000000004	948.33799999999997	1041.05	1142.83	4.1924999999999997E-2	0.69635899999999995	2.8249499999999999	6.1565000000000003	10.077400000000001	13.6616	15.8194	15.8901	13.8757	10.4108	6.52841	3.1372	0.82643699999999998	5.3194100000000001E-2	0	Particle size (µm)


Volume (%)




Dry proppant test	2.7	2.9	3.2	3.5	3.9	4.2	4.7	5.0999999999999996	5.6	6.2	6.8	7.4	8.1	8.9	9.8000000000000007	10.8	11.8	13	14.3	15.7	17.2	18.899999999999999	20.7	22.7	25	27.4	30.1	33	36.200000000000003	39.799999999999997	43.7	47.9	52.6	57.8	63.4	69.599999999999994	76.400000000000006	83.9	92.1	101.1	111	121.8	133.69999999999999	146.80000000000001	161.19999999999999	176.9	194.2	213.2	234.1	256.89999999999998	282.10000000000002	309.60000000000002	339.9	373.1	409.6	449.7	493.6	541.9	594.9	653	716.9	786.9	863.9	948.3	1.3511497500000001E-2	1.665494E-2	1.7669125000000001E-2	1.7156267999999999E-2	2.1095736E-2	2.0483358E-2	1.9888755000000001E-2	1.9311443000000001E-2	2.3055017000000001E-2	2.305652E-2	2.6725341999999999E-2	2.7527877999999999E-2	3.3848802999999997E-2	3.9235043999999997E-2	4.0413049999999999E-2	4.9692805999999999E-2	4.8250300000000003E-2	5.9329569999999998E-2	6.8770479999999995E-2	7.2958185999999994E-2	8.210692E-2	8.7106729999999993E-2	0.10710857	0.12787145	0.12787998	0.15724365000000001	0.18772544999999999	0.21759559000000001	0.23084582000000001	0.28385284999999999	0.3194476	0.33890053999999997	0.41671849999999999	0.49749900000000002	0.59394044000000001	0.61177592999999997	0.75225352999999995	0.87195307	0.893729	1.0989477999999999	1.351289	1.6697683000000001	2.0531852000000002	1.9935841999999999	1.9357221	1.8795310000000001	1.8249736999999999	2.2440256999999999	3.3926778	5.1292920000000004	6.6906604999999999	9.8211565000000007	10.116061	10.116781	9.8231509999999993	7.5317030000000003	4.5600696000000003	2.5268934000000001	0.64994160000000001	Heat and water treated proppant test	2.7	2.9	3.2	3.5	3.9	4.2	4.7	5.0999999999999996	5.6	6.2	6.8	7.4	8.1	8.9	9.8000000000000007	10.8	11.8	13	14.3	15.7	17.2	18.899999999999999	20.7	22.7	25	27.4	30.1	33	36.200000000000003	39.799999999999997	43.7	47.9	52.6	57.8	63.4	69.599999999999994	76.400000000000006	83.9	92.1	101.1	111	121.8	133.69999999999999	146.80000000000001	161.19999999999999	176.9	194.2	213.2	234.1	256.89999999999998	282.10000000000002	309.60000000000002	339.9	373.1	409.6	449.7	493.6	541.9	594.9	653	716.9	786.9	863.9	948.3	1.2040677499999999E-2	1.3156526E-2	1.1021601000000001E-2	1.135398E-2	1.6181615999999999E-2	2.0493379999999999E-2	2.1108849999999998E-2	1.9320997999999999E-2	1.6670774999999999E-2	1.6186849999999999E-2	1.8216796E-2	2.1748170000000001E-2	2.5208810000000002E-2	2.7544992000000001E-2	2.9222054000000001E-2	3.0099396E-2	2.9974674999999999E-2	3.2890852999999998E-2	4.2902972999999997E-2	5.5962897999999997E-2	6.2715999999999994E-2	5.7647202000000002E-2	5.2764736E-2	5.2764736E-2	6.2993235999999994E-2	8.716612E-2	0.11039218000000001	0.12795882	0.13180073	0.13982533999999999	0.18238973999999999	0.24503689000000001	0.25239402	0.24506807	0.31036907000000002	0.38163581000000002	0.40487307	0.52811754	0.68887880000000001	0.70956300000000005	0.92561479999999996	1.2435558	1.4846261999999999	1.6708068	1.7725352999999999	1.9367943000000001	2.1796850000000001	2.2451289999999999	2.3125412000000001	2.5268451999999999	2.680698	3.0168808	4.4284452999999999	6.8958396999999998	8.9949510000000004	9.7871684999999999	10.739357	10.740068000000001	7.9952050000000003	5.6106305000000001	4.1767035000000003	1.4012108000000001	Particle size (µm)


Volume (%)




1 stress cycle	0	1000	2000	3000	4000	5000	6000	7000	100	99.516120000000001	99.155690000000007	98.919659999999993	97.695419999999999	92.890754999999999	76.111014999999995	68.467039999999997	5 stress cycle	0	1000	2000	3000	4000	5000	6000	7000	100	99.392849999999996	99.032616000000004	98.549109999999999	96.460480000000004	85.360290000000006	75.123360000000005	60.44238	20 stress cycle	0	1000	2000	3000	4000	5000	6000	7000	100	99.392660000000006	98.90916	97.561454999999995	95.596100000000007	82.767334000000005	68.086349999999996	59.08417	Closure stress (psi)


Retained MPD (%)




30/50 Ohio sand	0.49185982000000039	0.9994741999999992	1.9972695	2.9983759999999977	3.9992315999999999	1542.3743999999986	6575.0137000000004	6524.6025000000054	6533.3760000000002	7547.7856000000002	30/50 Resin coated	0.49098470000000066	0.99553864999999919	1.9963944	2.9967389999999972	3.9986023999999971	5052.2407000000003	9020.06	10034.468999999981	13099.587	10071.734000000011	40/70 Ohio sand	0.49188440000000067	0.99629575000000004	1.9999809000000013	2.9977564999999977	3.9987449999999987	1443.7826	5983.4335999999985	8989.4259999999795	9017.8889999999792	9499.902	40/70 Resin coated 	0.493701	0.99542063000000003	1.9924489000000019	3.0000844	4.0047626000000003	7497.3457000000008	9493.2999999999884	12518.951999999981	13020.743000000011	12043.628000000002	Proppant concentration (lb/ft2)

 Failure Pressure (psi)
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Pressure	0	11.373000000000006	17.457000000000001	23.541	29.625	34.695000000000043	40.779000000000003	46.863	52.947000000000003	58.017000000000003	64.554000000000002	71.573999999999998	77.657999999999987	83.742000000000004	89.825999999999979	94.896000000000001	100.98	107.06399999999999	113.148	118.218	124.754	131.79	137.874	143.95800000000017	149.02800000000016	155.11199999999999	161.196	167.28	173.364	178.434	184.87700000000001	191.85000000000016	197.934	204.01900000000001	209.089	215.17299999999997	221.25700000000001	227.34100000000001	233.42500000000001	238.495	244.953	251.92600000000004	258.01	264.09500000000003	270.17899999999969	275.24900000000002	281.33300000000003	287.41699999999935	293.50099999999969	298.57100000000003	305.09199999999947	312.08	318.16399999999999	324.24900000000002	330.33300000000003	335.40299999999968	341.48699999999945	347.57100000000003	353.65499999999997	358.72499999999968	365.27699999999953	372.28099999999961	378.36500000000001	384.44900000000001	390.53299999999967	395.60300000000001	401.68700000000001	407.77099999999967	413.85500000000002	418.92599999999953	425.47799999999961	432.49799999999954	438.58199999999954	444.666	449.73599999999954	455.82	461.904	467.9879999999996	474.072	479.14200000000034	485.6	492.55799999999999	498.64200000000034	504.7259999999996	510.81	515.88	521.96400000000006	528.048	534.13199999999949	539.202	545.67600000000004	552.68100000000004	558.76499999999999	564.84899999999948	570.9329999999992	576.00300000000004	582.08699999999999	588.17100000000005	594.255	599.32499999999948	605.87699999999938	612.83499999999947	618.91899999999998	625.00300000000004	631.08699999999999	636.15699999999947	642.24099999999999	648.32499999999948	654.40899999999999	659.47900000000004	666.01499999999999	673.00400000000002	679.08799999999997	685.17200000000003	691.25599999999997	696.32599999999934	702.41099999999949	708.495	714.57899999999995	719.649	726.20100000000002	733.17400000000055	739.25800000000004	745.34199999999919	750.41199999999947	756.49599999999998	762.58	768.66399999999999	774.74800000000005	779.81799999999919	786.29200000000003	793.29700000000003	799.38099999999997	805.46499999999946	810.53499999999997	816.61900000000003	822.70299999999997	828.78700000000003	834.87099999999998	839.94099999999946	846.399	853.37300000000005	859.4569999999992	865.54099999999949	871.625	876.69500000000005	882.77900000000068	888.86300000000006	894.94699999999921	900.01699999999948	906.49099999999999	913.48	919.56399999999996	925.64800000000002	931.73199999999997	936.80199999999934	942.88599999999997	948.97	955.05399999999997	960.12400000000002	966.61400000000003	973.60299999999938	979.68700000000001	985.77100000000053	991.85499999999934	996.92499999999939	1003.009	1009.0930000000005	1015.177	1020.247	1026.799	1033.8029999999999	1039.8869999999999	1045.972	1052.056	1057.126	1063.21	1069.2939999999999	1075.3779999999999	1080.4480000000001	1087	1094.0039999999999	1100.088	1106.1719999999998	1112.2560000000001	1117.326	1123.4100000000001	1129.4939999999999	1135.579	1140.6489999999999	1147.1229999999998	1154.096	1160.1799999999998	1166.2639999999999	1171.3339999999998	1177.4180000000001	1183.502	1189.586	1195.6699999999998	1200.74	1207.1989999999998	1214.1869999999999	1220.271	1226.355	1231.4260000000011	1237.51	1243.5939999999998	1249.6779999999999	1255.7619999999999	1260.8319999999999	1267.29	1274.279	1280.3629999999998	1286.4470000000001	1292.5309999999999	1297.6009999999999	1303.6849999999986	1309.769	1315.8529999999998	1320.923	1327.413	1334.402	1340.4860000000001	1346.57	1352.6689999999999	1357.74	1363.8239999999998	1369.9080000000001	1375.992	1381.0619999999999	1387.598	1394.5709999999999	1400.655	1406.739	1412.8229999999999	1417.8939999999998	1423.9780000000001	1430.0619999999999	1436.146	1441.2160000000001	1447.721	1454.6939999999986	1460.778	1466.8619999999999	1471.932	1478.0160000000001	1484.1	1490.1839999999986	1496.268	1501.338	1507.8119999999999	1514.8009999999999	1520.885	1526.9690000000001	1533.0529999999999	1538.1229999999998	1544.2080000000001	1550.2919999999999	1556.376	1561.4460000000001	1567.998	1575.002	1581.086	1587.1699999999998	1593.2539999999999	1598.3239999999998	1604.424	1610.508	1616.5919999999999	1621.6619999999998	1628.027	1635.0309999999999	1641.115	1647.1989999999998	1653.2829999999999	1658.3529999999998	1664.4370000000001	1670.5219999999999	1676.606	1681.6759999999999	1688.1959999999999	1695.201	1701.2850000000001	1707.3689999999999	1713.453	1718.5229999999999	1724.607	1730.6909999999998	1736.7750000000001	70	73	93	97	108	143	145	155	176	182	210	220	234	250	286	297	331	353	391	418	463	503	536	580	648	664	747	800	820	894	960	1043	1110	1167	1224	1343	1342	1441	1537	1581	1675	1783	1851	1931	1996	2103	2166	2277	2344	2446	2534	2699	2749	2837	2932	3008	3123	3280	3277	3406	3497	3607	3681	3800	3895	4044	4100	4196	4253	4341	4446	4521	4615	4726	4784	4837	4920	4972	5110	5166	5268	5326	5411	5474	5566	5625	5684	5771	5851	5926	5943	6028	6080	6160	6206	6300	6333	6439	6450	6501	6596	6649	6733	6745	6793	6826	6864	6925	7004	7012	7055	7107	7159	7189	7220	7272	7274	7348	7410	7420	7461	7491	7494	7539	7579	7607	7650	7689	7763	7744	7814	7812	7817	7846	7885	7887	7947	7950	8000	8047	8077	8094	8124	8152	8155	8193	8244	8259	8271	8320	8389	8390	8409	8433	8492	8500	8536	8592	8645	8693	8722	8773	8788	8815	8865	8861	8928	8958	8991	9040	9041	9077	9129	9172	9207	9255	9301	9353	9392	9432	9469	9562	9571	9617	9632	9684	9730	9790	9824	9870	9945	9972	10017	10045	10110	10152	10228	10240	10322	10377	10398	10473	10546	10624	10626	10675	10774	10817	10880	10938	11010	11036	11096	11196	11220	11330	11318	11427	11476	11518	11599	11674	11726	11798	11862	11939	12015	12107	12152	12209	12294	12359	12455	12520	12578	12639	12726	12761	12847	12913	13006	13073	13170	13220	13303	13364	13435	13493	13572	13658	13776	13859	13956	14019	14080	14158	14242	14358	14428	14501	14590	14707	14756	14859	14955	15021	15100	15100	15100	15100	15098	15098	15098	15098	15098	15095	15095	15095	15095	15095	15090	15090	15090	15090	15090	15088	15088	15088	15088	Acoustic	0	1.1859999999999986	2.2000000000000002	3.2139999999999995	4.2280000000000006	5.242	6.2559999999999985	7.2700000000000014	8.2839999999999989	9.2979999999999983	10.312000000000006	11.326000000000002	12.34	13.354000000000006	14.368000000000002	15.38200000000001	16.396000000000001	17.41	18.423999999999989	19.437999999999999	20.451999999999988	21.465999999999969	22.479999999999986	23.494	24.507999999999999	25.521999999999988	26.535999999999987	27.55	28.563999999999989	29.577999999999999	30.592000000000002	31.605999999999987	32.620000000000012	33.634	34.648000000000003	35.662000000000013	36.676000000000002	37.690000000000012	38.704000000000001	39.718000000000011	40.732000000000042	41.746000000000002	42.760000000000012	43.774000000000001	44.788000000000011	45.802	46.816000000000003	47.830000000000005	48.844000000000001	49.858000000000004	50.872	51.886000000000003	52.900000000000006	54.367000000000004	55.380999999999993	56.395000000000003	57.409000000000006	58.423000000000002	59.437000000000005	61.386999999999993	62.401000000000003	63.414999999999999	64.429000000000002	65.443000000000026	66.456999999999994	67.471000000000004	68.485000000000014	69.498999999999995	70.512999999999991	71.527000000000001	72.540999999999997	73.554999999999993	74.569000000000003	75.582999999999998	76.596999999999994	77.61099999999999	78.624999999999986	79.638999999999982	80.652999999999949	81.667000000000002	82.680999999999983	83.694999999999993	84.709000000000003	85.722999999999999	86.736999999999995	87.750999999999991	88.765000000000001	89.778999999999982	90.792999999999992	91.807000000000002	92.820999999999998	93.834999999999994	94.84899999999999	95.863	96.876999999999981	97.890999999999991	98.905000000000001	99.918999999999997	100.93299999999999	101.94700000000009	102.96100000000008	103.97499999999999	104.98899999999999	106.003	107.01700000000002	108.03099999999999	109.045	110.059	111.07299999999998	112.08699999999999	113.101	114.56699999999999	115.58099999999999	116.595	117.60899999999998	118.62299999999998	119.637	121.60299999999998	122.61699999999999	123.63099999999999	124.645	125.65900000000001	126.6729999999999	127.687	128.70100000000002	129.71499999999995	130.72900000000001	131.74299999999999	132.75700000000001	133.77100000000002	134.785	135.79900000000001	136.81300000000002	137.82700000000017	138.84100000000001	139.85500000000019	140.869	141.88300000000001	142.89700000000019	143.911	144.92500000000001	145.93900000000002	146.953	147.96700000000001	148.98100000000019	149.995	151.00900000000001	152.023	153.03700000000001	154.05100000000004	155.065	156.07900000000001	157.09300000000002	158.107	159.12100000000001	160.13500000000002	161.14899999999997	162.16300000000001	163.17700000000002	164.191	165.20499999999998	166.21899999999999	167.233	168.24699999999999	169.261	170.27499999999998	171.28900000000002	172.303	173.31700000000001	174.69	175.70399999999998	176.71800000000002	177.732	178.74599999999998	179.76000000000002	181.66300000000001	182.67700000000002	183.691	184.70499999999998	185.71899999999999	186.733	187.74699999999999	188.761	189.77499999999998	190.78900000000002	191.803	192.81700000000001	193.83100000000007	194.846	195.86	196.87400000000002	197.88800000000023	198.90200000000004	199.916	200.93	201.94400000000002	202.95800000000017	203.97200000000001	204.98600000000019	206	207.01399999999998	208.02800000000019	209.042	210.05600000000001	211.07000000000002	212.084	213.09800000000001	214.11200000000002	215.126	216.14	217.154	218.16800000000001	219.18200000000004	220.196	221.20999999999998	222.22400000000002	223.238	224.25200000000001	225.26600000000002	226.28	227.29399999999998	228.30800000000019	229.3220000000002	230.33600000000001	231.35000000000019	232.364	233.37800000000001	234.76600000000002	235.78	236.79399999999998	237.80800000000019	238.8220000000002	239.83600000000001	241.739	242.75300000000001	243.767	244.78100000000001	245.79500000000002	246.809	247.82300000000001	248.83700000000007	249.85100000000017	250.86500000000001	251.87900000000002	252.893	253.90700000000001	254.92100000000019	255.93500000000003	256.95	257.964	258.97799999999961	259.99199999999928	261.00599999999969	262.02	263.03399999999954	264.048	265.06199999999956	266.07599999999962	267.08999999999969	268.10399999999993	269.11799999999999	270.13200000000001	271.14599999999996	272.15999999999997	273.17399999999969	274.18799999999999	275.202	276.21599999999961	277.22999999999962	278.24399999999969	279.25799999999964	280.27199999999954	281.2859999999996	282.29999999999956	283.31399999999962	284.32799999999969	285.34199999999993	286.35599999999999	287.37	288.38399999999962	289.39799999999963	290.41199999999935	291.42599999999953	292.44	293.45400000000001	294.88899999999956	295.91899999999936	296.93299999999954	297.947	298.96099999999961	299.97499999999962	301.89299999999969	302.90699999999936	303.92099999999954	304.9349999999996	305.94899999999956	306.96299999999962	307.97699999999935	308.99099999999953	310.005	311.01900000000001	312.03299999999962	313.04699999999963	314.06099999999969	315.07499999999999	316.089	317.10300000000001	318.11699999999962	319.13200000000001	320.14599999999996	321.15999999999997	322.17399999999969	323.18799999999999	324.202	325.21599999999961	326.22999999999962	327.24399999999969	328.25799999999964	329.27199999999954	330.2859999999996	331.29999999999956	332.31399999999962	333.32799999999969	334.34199999999993	335.35599999999999	336.37	337.38399999999962	338.39799999999963	339.41199999999935	340.42599999999953	341.44	342.45400000000001	343.46799999999962	344.48199999999935	345.49599999999936	346.51	347.524	348.53799999999956	349.55199999999962	350.56599999999969	351.58	352.59399999999954	353.608	355.09	356.10399999999993	357.11799999999999	358.13200000000001	359.14599999999996	360.15999999999997	362.07900000000001	363.108	364.12199999999962	365.13599999999963	366.15000000000032	367.16399999999999	368.178	369.19200000000001	370.20599999999962	371.21999999999969	372.23399999999936	373.24799999999999	374.262	375.27599999999956	376.28999999999962	377.30399999999969	378.31799999999993	379.33199999999954	380.346	381.35999999999996	382.37399999999963	383.38799999999969	384.40199999999953	385.41599999999954	386.42999999999961	387.44399999999962	388.45799999999969	389.47199999999935	390.48599999999954	391.5	392.51399999999956	393.52799999999962	394.54199999999969	395.55599999999993	396.57	397.584	398.59799999999962	399.61199999999963	400.62599999999969	401.64000000000033	402.65400000000034	403.66800000000001	404.68199999999962	405.69599999999969	406.71	407.72399999999953	408.7379999999996	409.75200000000001	410.76599999999962	411.78	412.79499999999962	413.80899999999963	415.29099999999954	416.30500000000001	417.31899999999962	418.33299999999969	419.34699999999964	420.36099999999999	422.31099999999969	423.32499999999999	424.339	425.35300000000001	426.36699999999962	427.38099999999969	428.39499999999964	429.40899999999954	430.4229999999996	431.43699999999927	432.45099999999962	433.46499999999969	434.47899999999947	435.49299999999954	436.50700000000001	437.52099999999962	438.53499999999963	439.54899999999969	440.56299999999999	441.577	442.59099999999961	443.60499999999996	444.61899999999969	445.63299999999964	446.64699999999999	447.661	448.67499999999995	449.68899999999962	450.70299999999969	451.71699999999947	452.73099999999954	453.745	454.75899999999962	455.77299999999963	456.78699999999935	457.80099999999999	458.815	459.82900000000001	460.84299999999996	461.85699999999969	462.87099999999964	463.88499999999999	464.899	465.91299999999956	466.92699999999928	467.94099999999969	468.95499999999993	469.96899999999954	470.98299999999961	471.99699999999928	473.01099999999963	474.02499999999969	475.41299999999956	476.42699999999928	477.44099999999969	478.45499999999993	479.46899999999954	480.48299999999961	482.37099999999964	483.38499999999999	484.399	485.41299999999956	486.42699999999928	487.44099999999969	488.45499999999993	489.46899999999954	490.48299999999961	491.49699999999928	492.51099999999963	493.52499999999969	494.53899999999953	495.553	496.56700000000001	497.58099999999962	498.59499999999969	499.60899999999964	500.62299999999999	501.637	502.65099999999995	503.66499999999996	504.67899999999969	505.69299999999993	506.70699999999954	507.72099999999955	508.73499999999962	509.74899999999963	510.76299999999969	511.77699999999953	512.79100000000005	513.80500000000006	514.81900000000007	515.83300000000008	516.84699999999918	517.86099999999919	518.875	519.88900000000001	520.90300000000002	521.91699999999946	522.93099999999947	523.94499999999948	524.95900000000006	525.97300000000052	526.98700000000008	528.00100000000009	529.01499999999999	530.029	531.04300000000001	532.05699999999933	533.07100000000003	534.08500000000004	535.48900000000003	536.50300000000004	537.51699999999948	538.53100000000006	539.54500000000007	540.55900000000008	542.49400000000003	543.50800000000004	544.52199999999948	545.53600000000006	546.55000000000007	547.56400000000008	548.57800000000054	549.59199999999998	550.60599999999999	551.62	552.63400000000001	553.64800000000002	554.66199999999947	555.67600000000004	556.69000000000005	557.70400000000052	558.71800000000053	559.73200000000008	560.74600000000009	561.76	562.7740000000008	563.78800000000081	564.80199999999934	565.81599999999946	566.82999999999947	567.84399999999948	568.85800000000006	569.87200000000007	570.88600000000008	571.90000000000009	572.91399999999999	573.928	574.94199999999921	575.95599999999934	576.97	577.98400000000004	578.99800000000005	580.01200000000006	581.02600000000007	582.04000000000008	583.05400000000009	584.06799999999919	585.08199999999999	586.096	587.11	588.12400000000002	589.13800000000003	590.15199999999948	591.16599999999949	592.18000000000052	593.19400000000053	594.20800000000054	595.69000000000005	596.70400000000052	597.71800000000053	598.73200000000008	599.74600000000009	600.76	602.64800000000002	603.66199999999947	604.67600000000004	605.69000000000005	606.70400000000052	607.71800000000053	608.73200000000008	609.74600000000009	610.76	611.7740000000008	612.78800000000081	613.80199999999934	614.81599999999946	615.82999999999947	616.84399999999948	617.85800000000006	618.87200000000007	619.88600000000008	620.90000000000009	621.91399999999999	622.928	623.94199999999921	624.95599999999934	625.97	626.98400000000004	627.99800000000005	629.01200000000006	630.02600000000007	631.04000000000008	632.05400000000009	633.06799999999919	634.08199999999999	635.096	636.11	637.12400000000002	638.13800000000003	639.15199999999948	640.16599999999949	641.18000000000052	642.19400000000053	643.20800000000054	644.22200000000009	645.23599999999999	646.25	647.26400000000001	648.27800000000082	649.29200000000003	650.30599999999947	651.31999999999948	652.33400000000006	653.34800000000007	654.36199999999917	655.81299999999919	656.84199999999919	657.8559999999992	658.87	659.88400000000001	660.89800000000002	662.81699999999921	663.83099999999934	664.84499999999946	665.85899999999947	666.87300000000005	667.88700000000006	668.90100000000007	669.91500000000008	670.92900000000009	671.94299999999919	672.9569999999992	673.971	674.98500000000001	675.99900000000002	677.01300000000003	678.02699999999948	679.04099999999949	680.05500000000006	681.06900000000007	682.08300000000054	683.09700000000009	684.11099999999999	685.125	686.13900000000001	687.15300000000002	688.16699999999946	689.18100000000004	690.19500000000005	691.20900000000051	692.22300000000052	693.23700000000008	694.25200000000007	695.26600000000008	696.28000000000054	697.29400000000055	698.3079999999992	699.32199999999921	700.33599999999933	701.34999999999934	702.36399999999946	703.37800000000004	704.39199999999948	705.40600000000006	706.42000000000007	707.43400000000008	708.44800000000009	709.46199999999919	710.476	711.49	712.50400000000002	713.51800000000003	714.53199999999947	716.01400000000001	717.02800000000002	718.04199999999946	719.05599999999947	720.07	721.08400000000051	722.98700000000008	724.00100000000009	725.01499999999999	726.029	727.04300000000001	728.05699999999933	729.07100000000003	730.08500000000004	731.09900000000005	732.11300000000051	733.12700000000007	734.14100000000008	735.15500000000009	736.16899999999998	737.18299999999999	738.197	739.21100000000001	740.22500000000002	741.23900000000003	742.25300000000004	743.26699999999948	744.28100000000052	745.29500000000053	746.30900000000008	747.32300000000009	748.33699999999919	749.3509999999992	750.36499999999921	751.37900000000002	752.39300000000003	753.40699999999947	754.42099999999948	755.43500000000006	756.44900000000007	757.46300000000008	758.47700000000009	759.49099999999999	760.505	761.51900000000001	762.53300000000002	763.54699999999946	764.56099999999947	765.57500000000005	766.58900000000051	767.60300000000052	768.61700000000008	769.63100000000009	770.64499999999998	771.65899999999999	772.6730000000008	773.68700000000001	774.70100000000002	776.09	777.11900000000003	778.13300000000004	779.14699999999948	780.16100000000006	781.17500000000052	783.11	784.12400000000002	785.13800000000003	786.15199999999948	787.16599999999949	788.18000000000052	789.19400000000053	790.20800000000054	791.22200000000009	792.23599999999999	793.25	794.26400000000001	795.27800000000082	796.29200000000003	797.30599999999947	798.31999999999948	799.33400000000006	800.34800000000007	801.36199999999917	802.37600000000009	803.39	804.404	805.41800000000001	806.43199999999933	807.44599999999946	808.45999999999947	809.47400000000005	810.48800000000051	811.50200000000007	812.51600000000008	813.53000000000009	814.54399999999998	815.5579999999992	816.572	817.58600000000001	818.6	819.61400000000003	820.62800000000004	821.64199999999948	822.65600000000006	823.67000000000053	824.68400000000054	825.69800000000055	826.71199999999999	827.726	828.74	829.75400000000002	830.76800000000003	831.78200000000004	832.79600000000005	833.81000000000006	834.82400000000007	836.21199999999999	837.226	838.24	839.25400000000002	840.26800000000003	841.28200000000004	843.17000000000053	844.2	845.21400000000051	846.22800000000052	847.24200000000008	848.25600000000009	849.27000000000055	850.28400000000067	851.2980000000008	852.31199999999933	853.32599999999934	854.33999999999946	855.35399999999947	856.36799999999914	857.38200000000006	858.39600000000007	859.41000000000008	860.42400000000009	861.43799999999919	862.4519999999992	863.46599999999921	864.48	865.49400000000003	866.50800000000004	867.52199999999948	868.53600000000006	869.55000000000007	870.56400000000008	871.57800000000054	872.59199999999998	873.60599999999999	874.62	875.63400000000001	876.64800000000002	877.66199999999947	878.67600000000004	879.69	880.70400000000052	881.71800000000053	882.73200000000008	883.74600000000009	884.76	885.7740000000008	886.78800000000081	887.80199999999934	888.81599999999946	889.82999999999947	890.84399999999948	891.85800000000006	892.87200000000007	893.88600000000008	894.90000000000009	896.28800000000081	897.31799999999919	898.3319999999992	899.34599999999921	900.35999999999933	901.37400000000002	903.2930000000008	904.30699999999933	905.32099999999946	906.33499999999947	907.34899999999948	908.36300000000006	909.37700000000007	910.39100000000008	911.40500000000009	912.41899999999998	913.4329999999992	914.44699999999921	915.46099999999933	916.47500000000002	917.48900000000003	918.50300000000004	919.51699999999948	920.53100000000006	921.54500000000007	922.55900000000008	923.57300000000055	924.58699999999999	925.601	926.61500000000001	927.62900000000002	928.64300000000003	929.65699999999947	930.67100000000005	931.68500000000051	932.69900000000052	933.71300000000053	934.72700000000009	935.74099999999999	936.755	937.76900000000001	938.78300000000081	939.79700000000003	940.81099999999947	941.82499999999948	942.83900000000006	943.85300000000007	944.86699999999917	945.88100000000009	946.89499999999998	947.90899999999999	948.923	949.93699999999933	950.95099999999934	951.96499999999946	952.97900000000004	953.99300000000005	955.00700000000006	956.41100000000006	957.44099999999946	958.45499999999947	959.46899999999948	960.48300000000052	961.49700000000007	963.40000000000009	964.43000000000006	965.44400000000007	966.45800000000008	967.47200000000009	968.48599999999999	969.5	970.51400000000001	971.52800000000002	972.54199999999946	973.55599999999947	974.57	975.58400000000051	976.59800000000052	977.61200000000008	978.62600000000009	979.64	980.654	981.66800000000001	982.68200000000002	983.69600000000003	984.71	985.72400000000005	986.73800000000051	987.75200000000007	988.76600000000008	989.78000000000054	990.79400000000055	991.8079999999992	992.82199999999921	993.83599999999933	994.84999999999934	995.86399999999946	996.87800000000004	997.89199999999948	998.90600000000006	999.92000000000007	1000.9340000000001	1001.9480000000001	1002.9619999999992	1003.976	1004.99	1006.004	1007.018	1008.0319999999994	1009.0459999999994	1010.0600000000001	1011.0740000000005	1012.0880000000005	1013.1020000000001	1014.116	1015.13	1016.6120000000001	1017.6260000000001	1018.64	1019.654	1020.6680000000001	1021.682	1023.616	1024.6299999999999	1025.6439999999998	1026.6579999999999	1027.6719999999998	1028.6859999999999	1029.7	1030.7139999999999	1031.7280000000001	1032.742	1033.7560000000001	1034.77	1035.7839999999999	1036.799	1037.8129999999999	1038.827	1039.8409999999999	1040.855	1041.8689999999999	1042.8829999999998	1043.8969999999999	1044.9110000000001	1045.9250000000011	1046.9390000000001	1047.953	1048.9670000000001	1049.981	1050.9950000000001	1052.009	1053.0229999999999	1054.037	1055.0509999999999	1056.0650000000001	1057.079	1058.0929999999998	1059.107	1060.1209999999999	1061.135	1062.1489999999999	1063.1629999999998	1064.1769999999999	1065.1909999999998	1066.2049999999999	1067.2190000000001	1068.2329999999999	1069.2470000000001	1070.261	1071.2750000000001	1072.289	1073.3029999999999	1074.317	1075.3309999999999	1076.8129999999999	1077.827	1078.8409999999999	1079.855	1080.8689999999999	1081.8829999999998	1083.817	1084.8309999999999	1085.845	1086.8590000000002	1087.8729999999998	1088.8869999999999	1089.9010000000001	1090.9150000000011	1091.9290000000001	1092.943	1093.9570000000001	1094.971	1095.9850000000001	1096.999	1098.0129999999999	1099.027	1100.0409999999999	1101.0550000000001	1102.069	1103.0829999999999	1104.097	1105.1109999999999	1106.125	1107.1389999999999	1108.1529999999998	1109.1669999999999	1110.1809999999998	1111.1949999999986	1112.2090000000001	1113.223	1114.2370000000001	1115.251	1116.2650000000001	1117.279	1118.2929999999999	1119.307	1120.3209999999999	1121.335	1122.3489999999999	1123.3629999999998	1124.377	1125.3909999999998	1126.4050000000011	1127.4190000000001	1128.433	1129.4470000000001	1130.462	1131.4760000000001	1132.49	1133.5039999999999	1134.518	1135.5319999999999	1136.9360000000001	1137.95	1138.9639999999999	1139.9780000000001	1140.992	1142.0060000000001	1143.9090000000001	1144.923	1145.9370000000001	1146.951	1147.9650000000001	1148.979	1149.9929999999999	1151.0070000000001	1152.021	1153.0350000000001	1154.049	1155.0629999999999	1156.077	1157.0909999999999	1158.105	1159.1189999999999	1160.1329999999998	1161.1469999999999	1162.1609999999998	1163.175	1164.1889999999999	1165.203	1166.2170000000001	1167.231	1168.2450000000001	1169.259	1170.2729999999999	1171.287	1172.3009999999999	1173.3150000000001	1174.329	1175.3429999999998	1176.357	1177.3709999999999	1178.385	1179.3989999999999	1180.413	1181.4270000000001	1182.441	1183.4549999999999	1184.4690000000001	1185.4829999999999	1186.4970000000001	1187.511	1188.5250000000001	1189.539	1190.5529999999999	1191.567	1192.5809999999999	1193.595	1194.6090000000002	1195.6229999999998	1197.0119999999999	1198.0260000000001	1199.04	1200.0539999999999	1201.068	1202.0819999999999	1204	1205.0139999999999	1206.028	1207.0419999999999	1208.056	1209.07	1210.0839999999998	1211.098	1212.1119999999999	1213.126	1214.1399999999999	1215.1539999999998	1216.1679999999999	1217.1819999999998	1218.1959999999999	1219.21	1220.2239999999999	1221.2380000000001	1222.252	1223.2660000000001	1224.2809999999999	1225.2950000000001	1226.309	1227.3229999999999	1228.337	1229.3509999999999	1230.365	1231.3789999999999	1232.3929999999998	1233.4070000000011	1234.421	1235.4349999999999	1236.4490000000001	1237.463	1238.4770000000001	1239.491	1240.5050000000001	1241.519	1242.5329999999999	1243.547	1244.5609999999999	1245.575	1246.5889999999999	1247.6029999999998	1248.617	1249.6309999999999	1250.645	1251.6589999999999	1252.6729999999998	1253.6869999999999	1254.701	1255.7150000000001	1257.088	1258.117	1259.1309999999999	1260.145	1261.1589999999999	1262.1729999999998	1264.0919999999999	1265.106	1266.1199999999999	1267.1339999999998	1268.1479999999999	1269.1619999999998	1270.1759999999999	1271.1899999999998	1272.204	1273.2180000000001	1274.232	1275.2460000000001	1276.26	1277.2739999999999	1278.288	1279.3019999999999	1280.316	1281.33	1282.3439999999998	1283.3579999999999	1284.3719999999998	1285.386	1286.4000000000001	1287.414	1288.4280000000001	1289.442	1290.4560000000001	1291.47	1292.4840000000002	1293.498	1294.5119999999999	1295.5260000000001	1296.54	1297.5539999999999	1298.568	1299.5819999999999	1300.596	1301.6099999999999	1302.6239999999998	1303.6379999999999	1304.6519999999998	1305.6659999999999	1306.6799999999998	1307.6939999999986	1308.7080000000001	1309.722	1310.7360000000001	1311.75	1312.7639999999999	1313.778	1314.7919999999999	1315.806	1317.21	1318.24	1319.2539999999999	1320.268	1321.2819999999999	1322.296	1324.2150000000001	1325.229	1326.2429999999999	1327.2570000000001	1328.271	1329.2850000000001	1330.299	1331.3129999999999	1332.327	1333.3409999999999	1334.355	1335.3689999999999	1336.3829999999998	1337.3969999999999	1338.4110000000001	1339.4250000000011	1340.4390000000001	1341.453	1342.482	1343.4960000000001	1344.51	1345.5239999999999	1346.538	1347.5519999999999	1348.566	1349.5809999999999	1350.595	1351.6090000000002	1352.6229999999998	1353.6369999999999	1354.6509999999998	1355.665	1356.6789999999999	1357.6929999999998	1358.7070000000001	1359.721	1360.7350000000001	1361.749	1362.7629999999999	1363.777	1364.7909999999999	1365.8050000000001	1366.819	1367.8329999999999	1368.847	1369.8609999999999	1370.875	1371.8889999999999	1372.903	1373.9170000000001	1374.931	1375.9449999999999	1377.4110000000001	1378.4250000000011	1379.4390000000001	1380.453	1381.4670000000001	1382.481	1384.3839999999998	1385.3979999999999	1386.412	1387.4260000000011	1388.44	1389.454	1390.4680000000001	1391.482	1392.4960000000001	1393.51	1394.5239999999999	1395.538	1396.5519999999999	1397.566	1398.58	1399.5939999999998	1400.6079999999999	1401.6219999999998	1402.636	1403.6499999999999	1404.6639999999998	1405.6779999999999	1406.6919999999998	1407.7060000000001	1408.72	1409.7340000000002	1410.748	1411.7629999999999	1412.777	1413.7909999999999	1414.8050000000001	1415.819	1416.8329999999999	1417.847	1418.8609999999999	1419.875	1420.8889999999999	1421.903	1422.9170000000001	1423.931	1424.9449999999999	1425.9590000000001	1426.973	1427.9870000000001	1429.001	1430.0150000000001	1431.029	1432.0429999999999	1433.057	1434.0709999999999	1435.085	1436.0989999999999	1437.5339999999999	1438.548	1439.5619999999999	1440.576	1441.59	1442.6039999999998	1444.5070000000001	1445.521	1446.5350000000001	1447.549	1448.5629999999999	1449.577	1450.5909999999999	1451.605	1452.6189999999999	1453.6329999999998	1454.6469999999999	1455.6609999999998	1456.675	1457.6889999999999	1458.703	1459.7170000000001	1460.731	1461.7450000000001	1462.759	1463.7729999999999	1464.787	1465.8009999999999	1466.8150000000001	1467.829	1468.8429999999998	1469.857	1470.8709999999999	1471.885	1472.8989999999999	1473.913	1474.9270000000001	1475.941	1476.9549999999999	1477.9690000000001	1478.9829999999999	1479.9970000000001	1481.011	1482.0250000000001	1483.039	1484.0529999999999	1485.067	1486.0809999999999	1487.095	1488.1090000000002	1489.1229999999998	1490.1369999999999	1491.1509999999998	1492.165	1493.1789999999999	1494.1929999999998	1495.2070000000001	1496.221	1497.61	1498.6389999999999	1499.6529999999998	1500.6669999999999	1501.6809999999998	1502.6949999999986	1504.5989999999999	1505.6279999999999	1506.6419999999998	1507.6559999999999	1508.6699999999998	1509.6839999999986	1510.6979999999999	1511.712	1512.7260000000001	1513.74	1514.7539999999999	1515.768	1516.7819999999999	1517.796	1518.81	1519.8239999999998	1520.838	1521.8519999999999	1522.866	1523.8799999999999	1524.8939999999998	1525.9080000000001	1526.922	1527.9360000000001	1528.95	1529.9639999999999	1530.9780000000001	1531.992	1533.0060000000001	1534.02	1535.0339999999999	1536.049	1537.0629999999999	1538.077	1539.0909999999999	1540.105	1541.1189999999999	1542.1329999999998	1543.1469999999999	1544.1609999999998	1545.175	1546.1889999999999	1547.203	1548.2170000000001	1549.231	1550.2450000000001	1551.259	1552.2729999999999	1553.287	1554.3009999999999	1555.3150000000001	1556.329	1557.8109999999999	1558.825	1559.8389999999999	1560.8529999999998	1561.867	1562.8809999999999	1564.8150000000001	1565.829	1566.8429999999998	1567.857	1568.8709999999999	1569.885	1570.8989999999999	1571.913	1572.9270000000001	1573.941	1574.9549999999999	1575.9690000000001	1576.9829999999999	1577.9970000000001	1579.011	1580.0250000000001	1581.039	1582.0529999999999	1583.067	1584.0809999999999	1585.095	1586.1090000000002	1587.1229999999998	1588.1369999999999	1589.1509999999998	1590.165	1591.1789999999999	1592.1929999999998	1593.2070000000001	1594.221	1595.2350000000001	1596.249	1597.2629999999999	1598.2929999999999	1599.307	1600.3209999999999	1601.335	1602.3489999999999	1603.3629999999998	1604.377	1605.3909999999998	1606.4050000000011	1607.4190000000001	1608.433	1609.4470000000001	1610.461	1611.4750000000001	1612.489	1613.5029999999999	1614.5170000000001	1615.5309999999999	1616.5450000000001	1617.84	1618.8539999999998	1619.8679999999999	1620.8819999999998	1621.896	1622.91	1624.8439999999998	1625.8579999999999	1626.8719999999998	1627.886	1628.9	1629.914	1630.9280000000001	1631.942	1632.9560000000001	1633.97	1634.9840000000002	1635.998	1637.0119999999999	1638.0260000000001	1639.04	1640.0539999999999	1641.068	1642.0819999999999	1643.096	1644.11	1645.1239999999998	1646.1379999999999	1647.1519999999998	1648.1659999999999	1649.1799999999998	1650.1939999999986	1651.2080000000001	1652.222	1653.2360000000001	1654.25	1655.2639999999999	1656.278	1657.2919999999999	1658.306	1659.32	1660.3339999999998	1661.3489999999999	1662.3629999999998	1663.377	1664.3909999999998	1665.4050000000011	1666.4190000000001	1667.433	1668.4470000000001	1669.461	1670.4750000000001	1671.489	1672.5029999999999	1673.5170000000001	1674.5309999999999	1675.5450000000001	1676.559	1678.009	1679.0229999999999	1680.037	1681.0509999999999	1682.0650000000001	1683.079	1684.998	1686.028	1687.0419999999999	1688.056	1689.07	1690.0839999999998	1691.098	1692.1119999999999	1693.126	1694.1399999999999	1695.1539999999998	1696.1679999999999	1697.1819999999998	1698.1959999999999	1699.21	1700.2239999999999	1701.2380000000001	1702.252	1703.2660000000001	1704.28	1705.2939999999999	1706.308	1707.3219999999999	1708.336	1709.35	1710.3639999999998	1711.3779999999999	1712.3919999999998	1713.4060000000011	1714.42	1715.434	1716.4480000000001	1717.462	1718.4760000000001	1719.49	1720.5039999999999	1721.518	1722.5319999999999	1723.546	1724.56	1725.5739999999998	1726.588	1727.6019999999999	1728.616	1729.6299999999999	1730.6439999999998	1731.6579999999999	1732.6719999999998	1733.6859999999999	1734.7	1735.7139999999999	1736.7280000000001	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	1	1	1	1	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	1	1	1	1	0	1	0	0	0	0	0	0	0	0	1	1	1	1	0	0	0	0	0	1	1	1	1	1	1	1	2	2	2	2	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	2	2	2	2	2	2	2	2	3	3	3	3	3	3	3	4	5	5	4	4	4	5	4	4	3	4	4	4	4	4	4	4	4	5	5	5	5	5	5	5	6	6	6	6	5	5	6	6	6	6	6	6	5	6	5	5	6	5	5	6	4	4	4	4	4	5	6	6	7	8	8	8	8	7	7	7	7	7	7	8	9	9	9	9	9	9	10	10	10	10	10	9	9	9	9	10	10	10	9	10	10	10	10	10	10	10	9	9	10	10	9	9	9	10	9	9	10	10	10	11	11	11	12	12	12	12	12	12	12	12	12	13	13	12	12	13	13	13	13	13	13	13	13	13	15	15	13	13	15	15	15	14	14	14	14	14	14	14	15	15	14	15	16	16	15	14	14	16	16	16	13	13	13	13	13	13	14	14	14	14	14	15	16	17	17	17	17	17	17	17	18	18	17	16	16	16	16	16	16	16	16	14	14	14	14	14	15	15	15	15	15	15	15	15	17	18	18	18	18	20	21	21	21	21	21	21	21	21	21	21	20	19	19	19	19	17	17	17	15	15	15	15	17	18	18	18	18	18	18	18	18	18	17	16	16	16	16	17	18	19	20	21	20	20	21	21	22	21	21	21	22	22	21	21	21	21	21	20	20	19	19	19	19	18	18	17	18	18	18	18	19	19	19	19	19	20	20	20	20	20	20	19	19	19	18	18	18	20	20	20	20	21	21	21	20	21	20	20	20	21	20	20	20	20	19	18	18	18	18	19	18	19	19	19	19	19	19	20	20	20	20	20	20	20	20	20	20	20	20	21	21	21	20	21	21	21	21	21	21	21	21	21	21	21	21	21	21	20	20	21	21	21	20	20	20	20	20	20	20	20	20	20	21	21	21	21	21	21	21	21	22	21	21	21	21	21	21	21	20	20	20	20	19	19	20	20	20	20	20	20	20	20	20	20	20	20	20	22	21	23	23	23	23	23	23	22	21	21	21	20	20	20	20	21	20	20	20	21	21	21	21	21	21	21	21	21	21	22	22	21	21	21	21	21	21	21	21	21	20	20	21	21	20	20	20	20	20	20	20	20	20	20	20	19	20	19	19	19	19	19	19	19	19	19	19	19	19	19	19	19	19	19	19	19	19	19	19	20	20	20	20	20	20	20	20	20	20	19	19	18	18	18	19	19	19	18	19	19	20	20	20	20	20	20	19	20	20	20	20	19	19	19	19	19	18	17	17	17	17	17	17	17	18	18	18	18	18	19	19	19	19	19	19	18	18	18	18	18	17	17	17	17	17	17	17	17	17	18	18	18	17	17	17	18	18	19	19	19	17	17	17	17	17	17	17	17	17	17	17	16	16	16	16	16	15	15	15	15	15	15	15	15	15	16	17	17	17	17	17	17	17	17	18	18	17	17	17	17	17	17	17	17	17	17	17	17	17	17	17	17	17	17	17	17	17	17	17	16	15	15	15	16	17	17	17	17	15	15	15	17	15	15	14	14	14	14	14	14	14	14	14	14	14	14	14	14	13	13	13	14	14	14	14	14	15	15	16	16	16	16	15	14	14	14	14	13	14	13	13	13	13	16	16	16	15	16	16	15	16	16	16	15	15	15	15	15	13	15	13	13	13	13	13	13	13	12	13	13	13	14	14	14	12	12	12	12	12	12	15	16	15	15	15	17	17	18	18	17	15	15	15	14	14	14	12	11	11	11	11	11	11	11	11	11	11	12	12	12	12	13	12	11	10	10	10	11	11	13	13	12	11	12	13	13	14	13	13	12	12	11	12	12	12	11	11	11	11	12	12	12	12	12	12	12	12	12	10	10	10	10	10	10	10	10	10	10	11	12	13	12	12	12	12	11	11	12	12	12	11	11	12	12	11	11	11	12	12	12	11	11	11	11	11	11	11	11	11	11	11	11	11	11	10	10	10	10	10	10	10	10	10	10	10	10	10	10	10	10	10	10	10	10	10	10	11	10	11	11	11	11	11	11	11	11	11	11	11	11	11	11	11	10	10	10	10	9	9	10	10	10	10	9	9	9	9	9	9	9	9	9	9	9	9	9	9	9	9	9	9	9	9	9	9	9	10	9	10	10	10	9	9	9	9	9	9	9	8	8	9	9	9	9	9	9	9	9	9	9	9	9	9	9	8	8	8	8	8	9	9	9	10	10	10	10	10	10	10	10	10	10	10	8	8	8	7	7	7	7	7	7	7	7	7	8	9	10	10	9	8	8	8	8	8	9	9	8	8	8	8	8	9	10	9	9	8	8	8	8	8	9	9	9	8	8	8	8	7	7	7	7	7	7	7	7	7	7	7	8	7	8	8	8	8	8	8	8	7	8	7	8	7	7	7	8	8	7	7	7	6	7	5	5	5	5	5	7	7	8	8	8	8	8	8	7	7	7	7	7	7	7	6	6	6	6	6	6	6	6	6	7	7	7	7	7	7	7	7	7	7	7	7	7	7	7	6	6	6	6	6	6	6	6	6	6	6	6	6	6	6	5	5	6	6	5	5	5	5	6	6	6	6	7	7	7	7	7	7	7	7	7	7	8	7	7	7	7	6	7	8	6	6	5	5	5	5	6	6	7	7	6	7	7	7	7	7	7	6	6	6	6	8	8	8	8	8	8	8	8	8	8	8	8	6	6	6	6	6	6	7	6	6	6	6	6	6	6	6	6	6	5	5	5	4	4	4	4	4	4	4	4	4	4	4	4	5	5	5	5	6	6	5	5	5	5	5	5	5	5	5	5	5	5	6	6	6	6	6	6	5	5	6	6	6	6	6	6	6	6	6	6	6	6	6	6	6	6	6	6	5	5	5	6	6	6	5	5	5	5	5	5	5	5	5	5	4	4	5	5	4	4	6	6	6	4	4	4	6	6	6	6	4	4	4	4	4	5	5	5	4	4	5	5	4	4	5	5	5	4	4	4	5	4	4	5	4	4	4	4	4	4	4	4	4	4	4	4	4	4	4	4	4	4	4	4	4	4	3	1	1	1	1	2	2	1	1	1	1	1	1	1	1	1	1	1	0	0	0	1	1	1	1	0	0	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	0	1	1	1	1	0	0	0	0	0	0	1	1	1	0	1	1	1	1	1	1	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	1	1	1	1	1	1	1	0	0	0	0	0	0	0	0	0	0	0	0	Time (seconds)

Pressure (psi)

AE rate (sec-1)


Native	339.91599999999954	373.14699999999999	409.62599999999969	449.67200000000008	493.63299999999964	541.89199999999948	594.86899999999946	653.02499999999998	716.86599999999919	786.94899999999996	863.88300000000004	948.33799999999906	1041.05	1142.83	5.1177499999999987E-2	0.80582200000000004	3.1148699999999971	6.59152	10.620100000000001	14.2105	16.249499999999973	16.09979999999997	13.767300000000001	9.9741300000000006	5.8618399999999955	2.2718799999999977	0.36986600000000047	1.1681300000000014E-2	at 2500 psi	339.91599999999954	373.14699999999999	409.62599999999969	449.67200000000008	493.63299999999964	541.89199999999948	594.86899999999946	653.02499999999998	716.86599999999919	786.94899999999996	863.88300000000004	948.33799999999906	1041.05	1142.83	5.3093200000000071E-3	0.23724300000000023	1.7605199999999999	5.0457200000000002	9.0970400000000016	13.0685	15.811500000000002	16.443399999999972	14.8215	11.4617	7.4184400000000004	3.7244000000000002	1.03495	6.9837399999999994E-2	at 3000 psi	339.91599999999954	373.14699999999999	409.62599999999969	449.67200000000008	493.63299999999964	541.89199999999948	594.86899999999946	653.02499999999998	716.86599999999919	786.94899999999996	863.88300000000004	948.33799999999906	1041.05	1142.83	3.4124700000000001E-2	0.6009590000000008	2.5929599999999975	5.887189999999995	9.7939699999999998	13.3878	15.626900000000001	15.8301	13.994200000000001	10.699200000000001	6.9098500000000014	3.5403300000000026	1.02948	7.2925199999999996E-2	at 3500 psi	339.91599999999954	373.14699999999999	409.62599999999969	449.67200000000008	493.63299999999964	541.89199999999948	594.86899999999946	653.02499999999998	716.86599999999919	786.94899999999996	863.88300000000004	948.33799999999906	1041.05	1142.83	3.6541499999999998E-2	0.64004600000000078	2.7398699999999971	6.1661399999999951	10.1867	13.8447	16.040800000000001	16.090499999999974	13.988300000000001	10.378500000000004	6.3578799999999944	2.8434200000000001	0.65102800000000094	3.5519900000000014E-2	at 4000 psi	339.91599999999954	373.14699999999999	409.62599999999969	449.67200000000008	493.63299999999964	541.89199999999948	594.86899999999946	653.02499999999998	716.86599999999919	786.94899999999996	863.88300000000004	948.33799999999906	1041.05	1142.83	6.2889E-2	0.91218399999999933	3.2238300000000026	6.4076599999999999	10.020300000000001	13.221500000000001	15.136200000000001	15.235100000000001	13.510200000000001	10.462200000000006	6.9055099999999996	3.6845599999999998	1.1335199999999999	8.4442299999999998E-2	at 4500 psi	309.6440000000004	339.91599999999954	373.14699999999999	409.62599999999969	449.67200000000008	493.63299999999964	541.89199999999948	594.86899999999946	653.02499999999998	716.86599999999919	786.94899999999996	863.88300000000004	948.33799999999906	1041.05	1142.83	2.7495200000000057E-3	0.13722699999999999	1.10884	3.452499999999997	6.7406300000000003	10.443300000000001	13.661100000000001	15.450500000000011	15.3003	13.2699	9.9770100000000035	6.3365400000000003	3.1660399999999997	0.89183599999999996	6.1462600000000076E-2	at 5000 psi	309.6440000000004	339.91599999999954	373.14699999999999	409.62599999999969	449.67200000000008	493.63299999999964	541.89199999999948	594.86899999999946	653.02499999999998	716.86599999999919	786.94899999999996	863.88300000000004	948.33799999999906	1041.05	1142.83	1.4638599999999998E-2	0.28095100000000001	1.3568199999999999	3.4776799999999977	6.4912100000000024	9.9204300000000067	12.983000000000002	14.85680000000001	14.995100000000004	13.358700000000002	10.402900000000002	6.9087300000000003	3.7149299999999998	1.1518199999999998	8.6281399999999994E-2	at 5500 psi	76.425299999999993	83.896900000000002	92.098799999999983	101.10299999999998	110.98699999999999	121.837	133.74799999999999	146.82400000000001	161.17699999999999	176.935	194.232	213.221	234.066	256.94799999999969	282.06799999999993	309.6440000000004	339.91599999999954	373.14699999999999	409.62599999999969	449.67200000000008	493.63299999999964	541.89199999999948	594.86899999999946	653.02499999999998	716.86599999999919	786.94899999999996	863.88300000000004	948.33799999999906	1041.05	1142.83	1254.55	9.587480000000021E-4	1.27866E-2	3.7609200000000058E-2	5.3778300000000001E-2	5.2753100000000004E-2	4.1246799999999986E-2	3.63944E-2	5.3362600000000107E-2	0.10716299999999999	0.20792900000000017	0.34345100000000001	0.46758200000000033	0.51019899999999996	0.41807300000000008	0.22089900000000001	0.1122940000000001	0.26182700000000031	1.0558099999999986	2.8707199999999977	5.6629199999999891	9.02867	12.208	14.3437	14.792200000000001	13.4313	10.661800000000001	7.2444499999999996	4.0370699999999999	1.4928699999999986	0.22606899999999999	6.1494200000000053E-3	at 6000 psi	69.619200000000006	76.425299999999993	83.896900000000002	92.098799999999983	101.10299999999998	110.98699999999999	121.837	133.74799999999999	146.82400000000001	161.17699999999999	176.935	194.232	213.221	234.066	256.94799999999969	282.06799999999993	309.6440000000004	339.91599999999954	373.14699999999999	409.62599999999969	449.67200000000008	493.63299999999964	541.89199999999948	594.86899999999946	653.02499999999998	716.86599999999919	786.94899999999996	863.88300000000004	948.33799999999906	1041.05	1142.83	1254.55	3.1695900000000061E-4	4.0364200000000076E-3	1.0946600000000001E-2	1.41049E-2	1.3038299999999996E-2	1.0947800000000013E-2	1.0973999999999998E-2	1.6264400000000019E-2	3.4756299999999997E-2	8.2203699999999977E-2	0.17048199999999999	0.28514400000000001	0.37856700000000032	0.38720600000000038	0.27577000000000002	0.10724900000000002	6.5490999999999994E-2	0.32416200000000039	1.3290500000000001	3.2622599999999977	6.0553299999999997	9.2941000000000003	12.2722	14.2255	14.586600000000002	13.247299999999999	10.5587	7.2182300000000001	4.0457400000000003	1.48915	0.21874500000000027	5.5000500000000063E-3	at 8000 psi	2.92042	3.2059199999999999	3.5193399999999997	3.8633999999999999	4.2411000000000003	4.6557199999999943	5.1108699999999985	5.610519999999994	6.1590199999999955	6.7611400000000001	7.4221199999999943	8.1477299999999993	8.9442699999999995	9.8186900000000001	10.778600000000001	11.8323	12.989100000000002	14.258900000000001	15.652900000000002	17.183199999999989	18.863	20.707100000000001	22.7315	24.953800000000001	27.3934	30.071400000000001	33.011299999999999	36.238500000000045	39.781300000000002	43.670400000000001	47.939700000000002	52.626400000000011	57.771300000000011	63.419200000000004	69.619200000000006	76.425299999999993	83.896900000000002	92.098799999999983	101.10299999999998	110.98699999999999	121.837	133.74799999999999	146.82400000000001	161.17699999999999	176.935	194.232	213.221	234.066	256.94799999999969	282.06799999999993	309.6440000000004	339.91599999999954	373.14699999999999	409.62599999999969	449.67200000000008	493.63299999999964	541.89199999999948	594.86899999999946	653.02499999999998	716.86599999999919	786.94899999999996	863.88300000000004	948.33799999999906	1041.05	5.4865500000000065E-4	2.1594499999999977E-3	4.69068E-3	7.7259199999999998E-3	1.0583400000000001E-2	1.25743E-2	1.32389E-2	1.2577199999999998E-2	1.1150000000000005E-2	9.8695600000000185E-3	9.5583600000000001E-3	1.0580100000000014E-2	1.27139E-2	1.5305500000000015E-2	1.7615200000000001E-2	1.9052699999999999E-2	1.9420300000000022E-2	1.9425100000000028E-2	2.0749199999999999E-2	2.4657399999999999E-2	3.0176700000000001E-2	3.4141800000000014E-2	3.47745E-2	3.5063200000000044E-2	4.0326700000000056E-2	5.2747600000000068E-2	6.7324899999999993E-2	7.4931200000000031E-2	7.4891300000000077E-2	7.8644000000000006E-2	9.4963600000000023E-2	0.11883199999999998	0.13908799999999999	0.15451500000000026	0.17209800000000017	0.19546600000000017	0.23311599999999999	0.29884500000000008	0.36770700000000001	0.39733100000000032	0.43135100000000032	0.53444800000000003	0.67943799999999999	0.81235299999999933	0.9363679999999992	1.06748	1.2203999999999986	1.3855599999999999	1.5162100000000001	1.6137699999999986	1.7319899999999986	1.9548099999999999	2.5501999999999998	3.9575999999999998	6.3163499999999999	9.0247600000000006	11.2342	12.517800000000001	12.5238	10.76240000000001	7.6633699999999996	4.5305299999999997	1.8077299999999985	0.27799000000000001	at 9000 psi	2.4234200000000001	2.6603300000000032	2.92042	3.2059199999999999	3.5193399999999997	3.8633999999999999	4.2411000000000003	4.6557199999999943	5.1108699999999985	5.610519999999994	6.1590199999999955	6.7611400000000001	7.4221199999999943	8.1477299999999993	8.9442699999999995	9.8186900000000001	10.778600000000001	11.8323	12.989100000000002	14.258900000000001	15.652900000000002	17.183199999999989	18.863	20.707100000000001	22.7315	24.953800000000001	27.3934	30.071400000000001	33.011299999999999	36.238500000000045	39.781300000000002	43.670400000000001	47.939700000000002	52.626400000000011	57.771300000000011	63.419200000000004	69.619200000000006	76.425299999999993	83.896900000000002	92.098799999999983	101.10299999999998	110.98699999999999	121.837	133.74799999999999	146.82400000000001	161.17699999999999	176.935	194.232	213.221	234.066	256.94799999999969	282.06799999999993	309.6440000000004	339.91599999999954	373.14699999999999	409.62599999999969	449.67200000000008	493.63299999999964	541.89199999999948	594.86899999999946	653.02499999999998	716.86599999999919	786.94899999999996	863.88300000000004	948.33799999999906	1.1954500000000013E-3	3.9238099999999998E-3	7.1531500000000013E-3	1.0556400000000001E-2	1.40178E-2	1.7413999999999999E-2	2.0350399999999998E-2	2.2185000000000028E-2	2.2341500000000011E-2	2.0827399999999999E-2	1.860170000000002E-2	1.7311900000000002E-2	1.84916E-2	2.2786100000000011E-2	2.9343100000000011E-2	3.5912699999999999E-2	4.0055399999999977E-2	4.0575099999999996E-2	3.854790000000001E-2	3.7219300000000038E-2	4.0427400000000023E-2	5.0018899999999998E-2	6.3187599999999997E-2	7.2027499999999994E-2	7.0956099999999994E-2	6.7641499999999993E-2	7.6676900000000006E-2	0.102883	0.13295899999999999	0.14643200000000023	0.14423100000000016	0.14936600000000017	0.17591000000000026	0.21447400000000016	0.24439300000000017	0.26309300000000002	0.29427900000000001	0.352047	0.42240700000000031	0.48991500000000032	0.54965200000000003	0.6209390000000008	0.73474200000000078	0.87068800000000079	1.0256099999999986	1.2410999999999988	1.4692199999999986	1.65303	1.83649	2.04305	2.2323499999999972	2.374059999999997	2.4533900000000002	2.57239	3.172469999999997	4.7779099999999985	7.1904999999999966	9.2300799999999992	10.156600000000006	10.340400000000002	9.8426800000000068	8.2284600000000001	6.0685099999999945	3.8998099999999964	1.4037199999999983	at 10000 psi	2.2076000000000002	2.4234200000000001	2.6603300000000032	2.92042	3.2059199999999999	3.5193399999999997	3.8633999999999999	4.2411000000000003	4.6557199999999943	5.1108699999999985	5.610519999999994	6.1590199999999955	6.7611400000000001	7.4221199999999943	8.1477299999999993	8.9442699999999995	9.8186900000000001	10.778600000000001	11.8323	12.989100000000002	14.258900000000001	15.652900000000002	17.183199999999989	18.863	20.707100000000001	22.7315	24.953800000000001	27.3934	30.071400000000001	33.011299999999999	36.238500000000045	39.781300000000002	43.670400000000001	47.939700000000002	52.626400000000011	57.771300000000011	63.419200000000004	69.619200000000006	76.425299999999993	83.896900000000002	92.098799999999983	101.10299999999998	110.98699999999999	121.837	133.74799999999999	146.82400000000001	161.17699999999999	176.935	194.232	213.221	234.066	256.94799999999969	282.06799999999993	309.6440000000004	339.91599999999954	373.14699999999999	409.62599999999969	449.67200000000008	493.63299999999964	541.89199999999948	594.86899999999946	653.02499999999998	716.86599999999919	786.94899999999996	863.88300000000004	948.33799999999906	2.1867400000000026E-3	6.7486000000000108E-3	1.0407300000000001E-2	1.1539799999999999E-2	1.0856899999999999E-2	1.0522000000000005E-2	1.2297899999999999E-2	1.6649700000000003E-2	2.2348300000000012E-2	2.6846000000000012E-2	2.7964699999999988E-2	2.5567699999999988E-2	2.1735700000000028E-2	1.932540000000002E-2	2.0240700000000011E-2	2.4883900000000039E-2	3.2580699999999997E-2	4.13385E-2	4.7077399999999998E-2	4.589280000000006E-2	3.9895900000000012E-2	3.8476499999999997E-2	4.9532400000000067E-2	7.113700000000002E-2	8.7638200000000041E-2	8.5229600000000003E-2	7.5609099999999999E-2	8.0293300000000026E-2	0.10358600000000008	0.13276499999999999	0.15287400000000001	0.16552800000000001	0.18257699999999999	0.20322200000000001	0.225857	0.25854100000000002	0.30238400000000065	0.34692100000000031	0.39238500000000065	0.46158400000000038	0.55203500000000005	0.62211899999999998	0.67708600000000063	0.764266	0.91281500000000004	1.1414	1.4041199999999998	1.59744	1.7168899999999998	1.8771100000000001	2.1049000000000002	2.2757399999999999	2.3862099999999975	2.45953	2.4316399999999971	2.716659999999997	4.0677599999999945	6.4712500000000066	8.4648700000000012	9.3646100000000008	10.2302	10.5831	8.8136100000000006	6.5101699999999996	4.4237099999999998	1.5376799999999986	at 12000 psi	0.49634700000000032	0.54487200000000002	0.59814000000000001	0.65661499999999995	0.72080699999999998	0.79127499999999951	0.86863200000000063	0.95355199999999996	1.04677	1.1491100000000001	1.26145	1.3847700000000001	1.5201499999999999	1.66876	1.8318999999999988	2.0109999999999997	2.2076000000000002	2.4234200000000001	2.6603300000000032	2.92042	3.2059199999999999	3.5193399999999997	3.8633999999999999	4.2411000000000003	4.6557199999999943	5.1108699999999985	5.610519999999994	6.1590199999999955	6.7611400000000001	7.4221199999999943	8.1477299999999993	8.9442699999999995	9.8186900000000001	10.778600000000001	11.8323	12.989100000000002	14.258900000000001	15.652900000000002	17.183199999999989	18.863	20.707100000000001	22.7315	24.953800000000001	27.3934	30.071400000000001	33.011299999999999	36.238500000000045	39.781300000000002	43.670400000000001	47.939700000000002	52.626400000000011	57.771300000000011	63.419200000000004	69.619200000000006	76.425299999999993	83.896900000000002	92.098799999999983	101.10299999999998	110.98699999999999	121.837	133.74799999999999	146.82400000000001	161.17699999999999	176.935	194.232	213.221	234.066	256.94799999999969	282.06799999999993	309.6440000000004	339.91599999999954	373.14699999999999	409.62599999999969	449.67200000000008	493.63299999999964	541.89199999999948	594.86899999999946	653.02499999999998	716.86599999999919	786.94899999999996	863.88300000000004	948.33799999999906	1041.05	1142.83	4.5624000000000001E-4	6.1031700000000024E-3	1.8481600000000001E-2	2.9905000000000001E-2	3.9026999999999999E-2	4.5668799999999996E-2	4.9548000000000002E-2	5.0594700000000013E-2	4.8932600000000076E-2	4.5101299999999997E-2	3.9757300000000002E-2	3.3615600000000002E-2	2.7375000000000038E-2	2.1659899999999999E-2	1.6957200000000002E-2	1.3582500000000022E-2	1.1667000000000012E-2	1.1186400000000015E-2	1.2029700000000001E-2	1.4020599999999999E-2	1.69336E-2	2.0494000000000002E-2	2.4407700000000011E-2	2.83956E-2	3.2221400000000011E-2	3.57267E-2	3.8843900000000042E-2	4.16119E-2	4.4154199999999998E-2	4.6641699999999967E-2	4.9274600000000002E-2	5.2247099999999998E-2	5.5734700000000061E-2	5.9889100000000001E-2	6.4855399999999994E-2	7.08231E-2	7.8063700000000014E-2	8.6850100000000027E-2	9.7122E-2	0.10823600000000017	0.11916700000000002	0.12950300000000001	0.14061000000000001	0.15520500000000026	0.17540300000000017	0.20086999999999999	0.22905500000000001	0.25776700000000002	0.28740900000000008	0.32071200000000033	0.35995400000000033	0.40472400000000008	0.45472900000000011	0.5147129999999992	0.59289999999999998	0.69292100000000079	0.80741299999999916	0.921234	1.0274199999999998	1.14317	1.30115	1.5194099999999986	1.7859499999999986	2.0711599999999977	2.3424599999999964	2.5577200000000002	2.6539799999999998	2.5859299999999998	2.4082300000000001	2.29921	2.4881000000000002	3.1565799999999977	4.3347999999999995	5.8135599999999945	7.2197600000000053	8.2291699999999999	8.6655000000000122	8.4115200000000012	7.4093200000000063	5.8009399999999944	3.8747999999999987	1.9736400000000001	0.53879200000000005	3.5282700000000014E-2	at 14000 psi	0.37519800000000031	0.41187800000000047	0.45214500000000002	0.49634700000000032	0.54487200000000002	0.59814000000000001	0.65661499999999995	0.72080699999999998	0.79127499999999951	0.86863200000000063	0.95355199999999996	1.04677	1.1491100000000001	1.26145	1.3847700000000001	1.5201499999999999	1.66876	1.8318999999999988	2.0109999999999997	2.2076000000000002	2.4234200000000001	2.6603300000000032	2.92042	3.2059199999999999	3.5193399999999997	3.8633999999999999	4.2411000000000003	4.6557199999999943	5.1108699999999985	5.610519999999994	6.1590199999999955	6.7611400000000001	7.4221199999999943	8.1477299999999993	8.9442699999999995	9.8186900000000001	10.778600000000001	11.8323	12.989100000000002	14.258900000000001	15.652900000000002	17.183199999999989	18.863	20.707100000000001	22.7315	24.953800000000001	27.3934	30.071400000000001	33.011299999999999	36.238500000000045	39.781300000000002	43.670400000000001	47.939700000000002	52.626400000000011	57.771300000000011	63.419200000000004	69.619200000000006	76.425299999999993	83.896900000000002	92.098799999999983	101.10299999999998	110.98699999999999	121.837	133.74799999999999	146.82400000000001	161.17699999999999	176.935	194.232	213.221	234.066	256.94799999999969	282.06799999999993	309.6440000000004	339.91599999999954	373.14699999999999	409.62599999999969	449.67200000000008	493.63299999999964	541.89199999999948	594.86899999999946	653.02499999999998	716.86599999999919	786.94899999999996	863.88300000000004	948.33799999999906	1041.05	1142.83	7.2095400000000117E-3	1.3598300000000001E-2	2.2409100000000036E-2	3.0032800000000012E-2	3.6403200000000045E-2	4.1313000000000023E-2	4.46357E-2	4.6296700000000003E-2	4.6327500000000001E-2	4.4848000000000013E-2	4.209190000000005E-2	3.8391399999999999E-2	3.4213899999999998E-2	3.0006000000000001E-2	2.61663E-2	2.2999599999999999E-2	2.0696800000000001E-2	1.9329200000000001E-2	1.8855400000000001E-2	1.9165999999999999E-2	2.0107300000000012E-2	2.1539400000000011E-2	2.3352499999999971E-2	2.5485100000000038E-2	2.7907100000000032E-2	3.0596999999999999E-2	3.35296E-2	3.6664900000000042E-2	3.9964199999999998E-2	4.3401700000000001E-2	4.6988799999999997E-2	5.0770099999999999E-2	5.4812400000000108E-2	5.9171899999999986E-2	6.3841400000000006E-2	6.8777099999999994E-2	7.3946999999999999E-2	7.9428400000000024E-2	8.5511000000000004E-2	9.268860000000001E-2	0.101449	0.11185100000000001	0.123307	0.13494800000000026	0.14684500000000017	0.16116800000000001	0.18123400000000023	0.20861499999999999	0.24088499999999999	0.27296700000000002	0.3016880000000004	0.32895500000000033	0.36058900000000038	0.40142400000000039	0.45163199999999998	0.51045599999999958	0.58185799999999921	0.6711460000000008	0.77794700000000105	0.89513599999999949	1.01288	1.12947	1.2624	1.4377799999999985	1.66489	1.9304600000000001	2.2145999999999999	2.4969899999999972	2.7360199999999977	2.8495300000000001	2.7622599999999977	2.5135900000000002	2.3056999999999972	2.4184499999999964	3.06969	4.2809099999999995	5.7719199999999997	7.0939699999999997	7.9396300000000064	8.2271199999999993	7.8993200000000003	6.9215	5.4596300000000024	3.6997399999999998	1.8513899999999999	0.47390100000000002	2.8693199999999999E-2	Particle size (μm)

Volume (%)
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Pressure (psi)
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Pressure (psi)

Porosity	0	5000	7000	9000	11000	13000	0.39410124721888817	0.38438764109582191	0.37432314011296247	0.33826105744188456	0.31659695614887573	0.29778770878213484	Width	0	5000	7000	9000	11000	13000	1.22	1.2007498999999986	1.1814349	1.1170515000000001	1.0816405999999998	1.0526681	Pressure (psi)
Porosity (fraction)

4 lb/sq.ft.	0	5000	7000	9000	11000	13000	100	98.360655737704889	96.721311475409749	90.983606557377158	88.524590163934349	86.065573770491667	Pressure (psi)
ΔFc (%)

86.064999999999998	88.524000000000001	90.983000000000004	96.721000000000004	98.36	100	13000	11000	9000	7000	5000	0	ΔFc (%)


Pressure (psi)



Bed-parallel bands	9.6425219999999996	9.8294239999999995	11.815357000000001	9.921189	11.101941	11.410947	12.590574999999999	13.242832	12.71621	151.57771	105.88545999999999	123.86154999999999	193.84334999999999	99.098945999999998	187.09929	166.22423000000001	131.17570000000001	67.756020000000007	Host rock	21.552237000000002	22.141515999999999	24.561129000000001	24.869973999999999	24.341854000000001	24.154043000000001	25.422599999999999	646.36890000000005	671.10724000000005	741.93206999999995	840.48517000000004	875.55799999999999	981.04920000000004	1234.5642	Φ, %


k, md




Native proppant	339.91599999999954	373.14699999999999	409.62599999999969	449.67200000000008	493.63299999999964	541.89199999999948	594.86899999999946	653.02499999999998	716.86599999999919	786.94899999999996	863.88300000000004	948.33799999999906	1041.05	1142.83	5.1177499999999987E-2	0.80582200000000004	3.1148699999999971	6.59152	10.620100000000001	14.2105	16.249499999999973	16.09979999999997	13.767300000000001	9.9741300000000006	5.8618399999999955	2.2718799999999977	0.36986600000000047	1.1681300000000014E-2	at 2000 psi	282.06799999999993	309.6440000000004	339.91599999999954	373.14699999999999	409.62599999999969	449.67200000000008	493.63299999999964	541.89199999999948	594.86899999999946	653.02499999999998	716.86599999999919	786.94899999999996	863.88300000000004	948.33799999999906	0.21039099999999999	0.51875700000000002	0.82242499999999996	1.65734	3.890949999999997	7.6567299999999996	12.2369	16.378499999999974	17.821200000000001	15.3771	11.058400000000002	7.5119600000000002	3.9691900000000002	0.89020100000000002	at 2500 psi	176.935	194.232	213.221	234.066	256.94799999999969	282.06799999999993	309.6440000000004	339.91599999999954	373.14699999999999	409.62599999999969	449.67200000000008	493.63299999999964	541.89199999999948	594.86899999999946	653.02499999999998	716.86599999999919	786.94899999999996	863.88300000000004	948.33799999999906	1041.05	7.7704899999999993E-2	0.12237500000000008	0.14274900000000024	0.21078800000000017	0.19051699999999999	0.21206200000000017	0.54384200000000005	1.2917099999999986	2.7753700000000001	5.7258999999999975	9.8214600000000001	13.687200000000001	16.082799999999956	16.06319999999997	13.302200000000004	8.97438	5.2403599999999999	3.1545899999999998	1.8285800000000001	0.55225400000000002	Particle size (μm)
Volume (%)
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Time (seconds)

AE rate (sec-1)


Native proppant	339.91599999999954	373.14699999999999	409.62599999999969	449.67200000000008	493.63299999999964	541.89199999999948	594.86899999999946	653.02499999999998	716.86599999999919	786.94899999999996	863.88300000000004	948.33799999999906	1041.05	1142.83	5.1177499999999987E-2	0.80582200000000004	3.1148699999999971	6.59152	10.620100000000001	14.2105	16.249499999999973	16.09979999999997	13.767300000000001	9.9741300000000006	5.8618399999999955	2.2718799999999977	0.36986600000000047	1.1681300000000014E-2	at 3000 psi	309.6440000000004	339.91599999999954	373.14699999999999	409.62599999999969	449.67200000000008	493.63299999999964	541.89199999999948	594.86899999999946	653.02499999999998	716.86599999999919	786.94899999999996	863.88300000000004	948.33799999999906	1041.05	1.4825700000000001E-2	0.31376200000000032	1.65012	4.4355399999999996	8.3465500000000006	12.5139	15.6995	16.793900000000001	15.395400000000015	11.9879	7.7576000000000001	3.9110199999999975	1.1040300000000001	7.5941400000000006E-2	at 3500 psi	309.6440000000004	339.91599999999954	373.14699999999999	409.62599999999969	449.67200000000008	493.63299999999964	541.89199999999948	594.86899999999946	653.02499999999998	716.86599999999919	786.94899999999996	863.88300000000004	948.33799999999906	1041.05	1142.83	1.3508500000000024E-3	0.113473	1.09581	3.6785299999999999	7.4138299999999999	11.5601	14.940800000000001	16.42909999999997	15.571200000000001	12.713800000000001	8.8631300000000106	5.10006	2.0827399999999998	0.41654600000000008	1.9441800000000026E-2	at 4000 psi	133.74799999999999	146.82400000000001	161.17699999999999	176.935	194.232	213.221	234.066	256.94799999999969	282.06799999999993	309.6440000000004	339.91599999999954	373.14699999999999	409.62599999999969	449.67200000000008	493.63299999999964	541.89199999999948	594.86899999999946	653.02499999999998	716.86599999999919	786.94899999999996	863.88300000000004	948.33799999999906	1041.05	2.9501800000000012E-2	3.9675000000000051E-2	5.7329000000000012E-2	0.11324200000000002	0.20495900000000017	0.25974700000000001	0.18906000000000023	0.17828200000000016	0.34338300000000038	0.54363300000000003	0.72100900000000079	1.3221499999999999	3.0013899999999998	6.1047099999999945	10.2879	14.4718	16.994	16.403300000000002	12.8049	8.2520900000000008	4.6795999999999998	2.316179999999997	0.68210499999999996	Particle Size (μm)

Volume (%)
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Native proppant	339.916	373.14699999999999	409.62599999999998	449.67200000000003	493.63299999999998	541.89200000000005	594.86900000000003	653.02499999999998	716.86599999999999	786.94899999999996	863.88300000000004	948.33799999999997	1041.05	1142.83	5.1177500000000001E-2	0.80582200000000004	3.1148699999999998	6.59152	10.620100000000001	14.2105	16.249500000000001	16.099799999999998	13.767300000000001	9.9741300000000006	5.8618399999999999	2.2718799999999999	0.36986599999999997	1.16813E-2	at 3000 psi	339.916	373.14699999999999	409.62599999999998	449.67200000000003	493.63299999999998	541.89200000000005	594.86900000000003	653.02499999999998	716.86599999999999	786.94899999999996	863.88300000000004	948.33799999999997	1041.05	1142.83	3.4124700000000001E-2	0.60095900000000002	2.5929600000000002	5.8871900000000004	9.7939699999999998	13.3878	15.626899999999999	15.8301	13.994199999999999	10.699199999999999	6.9098499999999996	3.54033	1.02948	7.2925199999999996E-2	at 4000 psi	339.916	373.14699999999999	409.62599999999998	449.67200000000003	493.63299999999998	541.89200000000005	594.86900000000003	653.02499999999998	716.86599999999999	786.94899999999996	863.88300000000004	948.33799999999997	1041.05	1142.83	6.2889E-2	0.91218399999999999	3.22383	6.4076599999999999	10.020300000000001	13.221500000000001	15.136200000000001	15.235099999999999	13.510199999999999	10.462199999999999	6.9055099999999996	3.6845599999999998	1.1335200000000001	8.4442299999999998E-2	at 5000 psi	309.64400000000001	339.916	373.14699999999999	409.62599999999998	449.67200000000003	493.63299999999998	541.89200000000005	594.86900000000003	653.02499999999998	716.86599999999999	786.94899999999996	863.88300000000004	948.33799999999997	1041.05	1142.83	1.46386E-2	0.28095100000000001	1.3568199999999999	3.4776799999999999	6.4912099999999997	9.9204299999999996	12.983000000000001	14.8568	14.995100000000001	13.358700000000001	10.402900000000001	6.9087300000000003	3.7149299999999998	1.1518200000000001	8.6281399999999994E-2	at 5500 psi	76.425299999999993	83.896900000000002	92.098799999999997	101.10299999999999	110.98699999999999	121.837	133.74799999999999	146.82400000000001	161.17699999999999	176.935	194.232	213.221	234.066	256.94799999999998	282.06799999999998	309.64400000000001	339.916	373.14699999999999	409.62599999999998	449.67200000000003	493.63299999999998	541.89200000000005	594.86900000000003	653.02499999999998	716.86599999999999	786.94899999999996	863.88300000000004	948.33799999999997	1041.05	1142.83	1254.55	9.5874800000000004E-4	1.27866E-2	3.7609200000000002E-2	5.3778300000000001E-2	5.2753099999999997E-2	4.12468E-2	3.63944E-2	5.3362600000000003E-2	0.10716299999999999	0.207929	0.34345100000000001	0.467582	0.51019899999999996	0.41807299999999997	0.22089900000000001	0.112294	0.26182699999999998	1.0558099999999999	2.8707199999999999	5.6629199999999997	9.02867	12.208	14.3437	14.792199999999999	13.4313	10.661799999999999	7.2444499999999996	4.0370699999999999	1.4928699999999999	0.22606899999999999	6.1494200000000001E-3	Particle Size (μm)


Volume (%) 
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Time (seconds)

AE rate (sec-1)


1 lb/sq. ft	0	2000	3000	5000	9000	11000	15000	0	0.7291480000000008	1.4042952999999982	9.258951999999999	24.177636100000001	31.076665918000021	37.486870959999997	2 lb/sq. ft	0	2000	3000	4000	6000	9000	11000	15000	0	0	0.58602299999999907	1.9588118000000001	3.1265500999999998	23.116455610000035	28.609952280000005	35.897131380000012	4 lb/sq. ft	0	3000	4000	4500	5000	6000	9000	12000	15000	0	0	0	2.7495200000000057E-3	1.4638599999999998E-2	1.8674983789999986	23.077892189200025	32.048275110000013	34.864145840000013	Pressure (psi)

Percent Crush (vol %)



1 lb/sq. ft	43	45	47	49	57	63	65	73	81	89	93	100	103	111	112	125	129	145	148	175	177	178	184	187	212	214	225	238	249	279	287	326	326	333	359	368	403	404	442	443	483	484	504	534	569	570	600	627	664	673	718	738	766	779	810	839	865	896	941	969	983	1026	1062	1107	1112	1157	1169	1218	1270	1306	1350	1361	1422	1425	1466	1508	1537	1578	1630	1633	1693	1740	1748	1820	1852	1939	1924	1978	2014	2067	2130	2123	2182	2227	2240	2302	2346	2377	2407	2467	2509	2575	2615	2654	2682	2724	2761	2794	2861	2911	2961	3008	3048	3088	3124	3161	3226	3280	3320	3370	3423	3466	3515	3554	3604	3639	3670	3713	3752	3794	3874	3893	3928	3973	4008	4085	4113	4177	4213	4266	4304	4348	4389	4448	4489	4552	4550	4595	4633	4678	4756	4757	4820	4874	4887	4967	4968	5013	5062	5109	5156	5162	5207	5260	5309	5363	5367	5404	5451	5493	5537	5558	5597	5639	5668	5676	5721	5768	5800	5832	5887	5895	5937	5980	5987	6047	6088	6091	6155	6213	6222	6249	6276	6311	6338	6340	6375	6384	6411	6458	6492	6497	6531	6573	6587	6632	6655	6693	6722	6757	6790	6820	6865	6888	6954	6938	6942	6980	6982	7023	7050	7090	7124	7137	7170	7206	7239	7248	7290	7316	7355	7395	7444	7489	7503	7529	7574	7606	7615	7634	7667	7713	7745	7760	7774	7801	7837	7866	7898	7942	7958	8000	8025	8079	8119	8135	8177	8217	8238	8282	8331	8353	8397	8447	8470	8486	8527	8568	8610	8643	8684	8724	8756	8791	8824	8866	8908	8955	8959	9026	9050	9109	9124	9160	9209	9254	9280	9320	9375	9412	9482	9485	9530	9593	9627	9689	9688	9737	9774	9818	9869	9925	9928	9971	10033	10070	10105	10151	10210	10243	10289	10329	10387	10401	10449	10479	10556	10595	10611	10666	10722	10765	10807	10857	10905	10950	11008	11061	11109	11152	11214	11259	11316	11362	11379	11419	11484	11519	11576	11614	11651	11706	11747	11801	11853	11896	11914	11971	12014	12080	12117	12161	12228	12291	12321	12364	12401	12447	12490	12536	12614	12664	12704	12734	12782	12850	12905	12927	12991	13031	13119	13156	13201	13241	13286	13339	13381	13482	13495	13572	13597	13660	13696	13735	13794	13851	13896	13939	13996	14059	14128	14143	14187	14254	14295	14374	14425	14460	14499	14568	14622	14679	14729	14791	14845	14893	14940	14990	15040	0.8079261810605094	1.1822732898601591	1.4291040139182301	2.4638701395502918	3.1589448015960997	4.5986891586977547	4.6186028208686274	5.121567902375892	5.994708119728787	6.4598948196612698	6.6911887026117816	7.019878923189216	7.2810011376564239	7.7403384319810904	7.4377939378871609	6.9154002236117433	7.6826475585432643	7.8733400553493569	6.3295066708035952	6.3106616968668163	5.6262281518254182	6.2921720412302751	5.46498532208334	4.6339004140476003	4.7651604615990166	4.7674483064471458	4.6762813217736809	5.8500082685628989	4.7291805216877405	4.5710116314004932	5.8011850992416933	6.0960966508414414	6.1660700614537918	6.0872085800654272	6.8331240304350862	7.2751464686567839	7.0603337612323491	7.1265942283842181	7.3502008364735598	8.5303739285270606	7.1184247018582116	7.9402549465641599	7.7228870760694388	8.0774847045340952	8.5386831361008504	8.19383806824057	8.3570609769626483	9.3321605560679934	8.6601611867321679	4 lb/sq. ft	34	33	34	34	34	35	36	37	37	39	40	41	42	43	45	47	48	50	53	54	56	58	60	61	65	69	70	72	80	80	81	81	84	87	90	91	94	106	106	107	109	111	117	118	120	122	128	128	130	133	135	136	138	141	148	150	152	156	167	172	179	180	182	190	193	202	211	218	225	227	237	257	257	259	265	274	282	291	296	303	318	323	342	343	353	364	369	397	403	420	423	437	469	468	470	508	509	511	521	530	563	570	595	595	632	627	638	685	685	687	722	727	740	774	798	804	817	837	863	891	900	923	949	971	978	1003	1006	1055	1057	1088	1113	1123	1151	1167	1192	1231	1233	1270	1276	1296	1335	1356	1410	1416	1439	1484	1484	1510	1552	1553	1598	1602	1652	1658	1687	1719	1746	1764	1806	1834	1849	1898	1919	1956	1972	1991	2027	2068	2130	2115	2177	2176	2200	2248	2260	2302	2331	2361	2397	2434	2469	2506	2509	2550	2588	2627	2657	2676	2705	2739	2785	2830	2834	2889	2896	2928	2965	3022	3054	3063	3109	3160	3165	3233	3244	3267	3317	3344	3403	3417	3466	3507	3509	3568	3608	3612	3651	3688	3730	3773	3811	3843	3876	3912	3949	3989	4028	4032	4067	4122	4159	4172	4238	4249	4279	4312	4358	4372	4405	4457	4500	4540	4574	4587	4628	4661	4680	4724	4766	4771	4835	4863	4906	4911	4970	5009	5049	5053	5070	5107	5169	5207	5219	5263	5282	5318	5359	5394	5412	5439	5443	5486	5547	5548	5587	5599	5635	5675	5686	5700	5765	5766	5800	5810	5852	5854	5892	5893	5932	5933	5942	5966	6014	6015	6016	6052	6117	6099	6101	6153	6156	6169	6204	6216	6244	6245	6246	6247	6257	6288	6311	6314	6355	6355	6357	6389	6397	6408	6419	6448	6459	6462	6503	6504	6507	6551	6554	6555	6556	6559	6586	6587	6598	6636	6636	6634	6634	6637	6638	6640	6648	6651	6670	6689	6689	6698	6732	6743	6767	6769	6805	6807	6808	6811	6851	6851	6852	6862	6866	6878	6911	6912	6921	6956	6956	6958	6965	6967	6998	6998	7000	7027	7027	7029	7042	7043	7044	7057	7063	7065	7095	7097	7127	7128	7135	7145	7176	7175	7177	7203	7223	7249	7250	7252	7265	7277	7280	7286	7289	7314	7316	7325	7348	7350	7362	7370	7381	7401	7433	7434	7441	7462	7464	7475	7500	7512	7524	7555	7556	7558	7569	7578	7607	7603	7609	7617	7628	7632	7653	7656	7680	7681	7686	7694	7712	7723	7747	7748	7751	7770	7783	7812	7813	7819	7827	7842	7849	7876	7878	7899	7929	7929	7937	7967	7966	7991	7992	7995	8014	8031	8034	8045	8064	8068	8075	8085	8094	8131	8136	8146	8162	8165	8178	8203	8212	8238	8248	8250	8254	8274	8283	8315	8322	8324	8326	8330	8347	8360	8364	8387	8395	8428	8429	8451	8460	8490	8488	8491	8499	8508	8513	8544	8545	8549	8572	8574	8581	8591	8601	8609	8620	8629	8659	8661	8676	8679	8688	8692	8701	8736	8738	8761	8768	8776	8789	8816	8818	8829	8849	8860	8873	8904	8907	8932	8950	8952	8978	8975	8985	9016	9019	9046	9070	9070	9101	9103	9114	9139	9142	9172	9179	9189	9205	9225	9228	9253	9256	9270	9294	9299	9316	9320	9340	9370	9371	9375	9392	9402	9410	9421	9435	9454	9482	9485	9508	9511	9530	9557	9560	9590	9597	9617	9637	9651	9663	9684	9695	9713	9723	9743	9758	9781	9784	9812	9814	9831	9859	9861	9878	9910	9913	9941	9945	9959	9980	10011	10013	10041	10062	10071	10082	10110	10113	10148	10149	10155	10178	10210	10221	10248	10254	10285	10288	10317	10325	10328	10361	10364	10396	10398	10431	10436	10451	10483	10513	10513	10522	10560	10560	10590	10618	10620	10625	10655	10659	10682	10689	10727	10753	10756	10793	10803	10822	10827	10868	10877	10897	10928	10930	10937	10994	10991	11005	11027	11056	11071	11083	11101	11131	11136	11168	11197	11202	11228	11263	11272	11286	11313	11323	11353	11364	11397	11402	11441	11450	11502	11503	11532	11536	11566	11589	11639	11633	11645	11687	11694	11722	11735	11753	11816	11797	11832	11835	11865	11897	11901	11930	11935	11965	12001	12013	12044	12049	12093	12095	12127	12155	12185	12189	12214	12246	12275	12279	12313	12332	12357	12368	12390	12420	12431	12480	12482	12504	12523	12546	12568	12600	12625	12660	12663	12695	12723	12736	12767	12777	12805	12830	12865	12895	12901	12952	12954	12988	13020	13025	13061	13095	13103	13131	13153	13188	13223	13238	13262	13295	13325	13350	13358	13385	13421	13453	13484	13489	13526	13534	13577	13598	13633	13667	13691	13723	13754	13762	13796	13827	13854	13857	13889	13921	13954	13979	14010	14035	14060	14068	14097	14110	14143	14184	14191	14248	14258	14285	14311	14341	14377	14411	14438	14470	14497	14529	14563	14564	14593	14633	14648	14675	14703	14745	14752	14808	14813	14851	14891	14897	14941	14976	15012	6.3571444000000005E-2	0.239808153	0.39326889199999998	0.37172418099999999	0.55324014300000002	0.38461538499999998	0.66148503400000003	0.94050824300000002	1.1587245749999999	1.424942693	2.328977283	2.009878338	2.525984513	2.803083392	3.4292560989999998	3.3944612329999999	4.4890268229999997	4.0345079190000002	4.3065965459999997	4.8386798899999999	4.8371093099999998	5.1149840160000002	5.2508967200000001	5.8818496810000003	6.0892257980000002	5.2663673150000001	6.224152192	5.3832456830000002	5.996863179	5.601218963	4.854669779	5.9836005019999998	4.2430765409999998	4.3631100079999996	3.7696102890000001	3.048387789	2.0898425380000001	2.7903023139999998	2.958824747	1.7593608350000001	0.62772321099999995	2.8971822220000001	1.2617644020000001	1.865258181	1.5735641229999999	1.758778373	2.2543747810000001	1.415914015	2.421708443	2.2537500920000002	1.283697047	1.5927189989999999	2.1983300080000001	2.4893772260000002	1.759907243	2.1613832849999999	2.214678975	1.780612034	1.9397029480000001	1.80269116	1.8208152289999999	1.679617564	2.5665969820000001	2.401755766	2.5485705840000001	2.3384034499999999	2.38026245	1.995123033	2.25537462	2.8986707520000001	2.4562310699999998	2.768418568	3.0829712389999999	2.7309296230000002	2.4415982120000002	3.2071177319999999	2.6239929040000001	3.6053049490000002	2.8347369069999999	3.1598203890000001	3.5382482569999998	3.4968652360000001	3.547868507	3.5171999660000002	3.4761737259999999	4.062938613	3.5600447079999999	3.4347907050000002	3.9336632929999999	4.6354915549999998	3.703703704	4.1898152419999999	4.5314407499999998	4.5299410489999996	4.4139102809999997	4.5710116310000002	4.589052423	4.3005592569999997	4.922949633	6.0928516259999999	Load (psi)


Loading rate (psi/sec)




1 lb/sq. ft Compaction	0	5000	9000	11000	13000	100	96.666666666666671	92.333333333333258	89.333333333333258	82.333333333333258	1 lb/sq. ft Porosity Reduction	0	5000	9000	11000	13000	100	95.090439276485668	87.080103359173137	81.395348837209127	66.666666666666657	Pressure (psi)

Compaction/ Porosity Reduction (%)



4 lb/sq. ft Compaction	0	5000	7000	9000	11000	13000	100	98.360655737704889	96.721311475409749	90.983606557377158	88.524590163934349	86.065573770491667	4 lb/sq.ft Porosity Reduction	0	5000	7000	9000	11000	13000	100	97.455470737913458	94.910941475826974	86.25954198473282	80.152671755725038	75.063613231552196	Pressure (psi)

Compaction/ Porosity Reduction (%)
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Loading rate (psi/sec)
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Loading rate (psi/sec)



Native proppant	339.91599999999954	373.14699999999999	409.62599999999969	449.67200000000008	493.63299999999964	541.89199999999948	594.86899999999946	653.02499999999998	716.86599999999919	786.94899999999996	863.88300000000004	948.33799999999906	1041.05	1142.83	5.1177499999999987E-2	0.80582200000000004	3.1148699999999971	6.59152	10.620100000000001	14.2105	16.249499999999973	16.09979999999997	13.767300000000001	9.9741300000000006	5.8618399999999955	2.2718799999999977	0.36986600000000047	1.1681300000000014E-2	at 3000 psi	309.6440000000004	339.91599999999954	373.14699999999999	409.62599999999969	449.67200000000008	493.63299999999964	541.89199999999948	594.86899999999946	653.02499999999998	716.86599999999919	786.94899999999996	863.88300000000004	948.33799999999906	1041.05	1.4825700000000001E-2	0.31376200000000032	1.65012	4.4355399999999996	8.3465500000000006	12.5139	15.6995	16.793900000000001	15.395400000000015	11.9879	7.7576000000000001	3.9110199999999975	1.1040300000000001	7.5941400000000006E-2	at 3500 psi	309.6440000000004	339.91599999999954	373.14699999999999	409.62599999999969	449.67200000000008	493.63299999999964	541.89199999999948	594.86899999999946	653.02499999999998	716.86599999999919	786.94899999999996	863.88300000000004	948.33799999999906	1041.05	1142.83	1.3508500000000024E-3	0.113473	1.09581	3.6785299999999999	7.4138299999999999	11.5601	14.940800000000001	16.42909999999997	15.571200000000001	12.713800000000001	8.8631300000000106	5.10006	2.0827399999999998	0.41654600000000008	1.9441800000000026E-2	at 4000 psi	133.74799999999999	146.82400000000001	161.17699999999999	176.935	194.232	213.221	234.066	256.94799999999969	282.06799999999993	309.6440000000004	339.91599999999954	373.14699999999999	409.62599999999969	449.67200000000008	493.63299999999964	541.89199999999948	594.86899999999946	653.02499999999998	716.86599999999919	786.94899999999996	863.88300000000004	948.33799999999906	1041.05	2.9501800000000012E-2	3.9675000000000051E-2	5.7329000000000012E-2	0.11324200000000002	0.20495900000000017	0.25974700000000001	0.18906000000000023	0.17828200000000016	0.34338300000000038	0.54363300000000003	0.72100900000000079	1.3221499999999999	3.0013899999999998	6.1047099999999945	10.2879	14.4718	16.994	16.403300000000002	12.8049	8.2520900000000008	4.6795999999999998	2.316179999999997	0.68210499999999996	Particle Size (μm)

Volume (%)



2 lb Pressure derivative	0	5.101	12.059000000000006	17.893000000000001	23.681000000000001	29.484000000000002	35.317999999999998	41.122000000000043	46.972000000000001	52.822000000000003	58.672000000000011	65.021000000000001	72.040999999999997	77.843999999999994	83.694000000000003	89.543999999999997	95.346999999999994	101.197	107.01600000000002	112.866	118.71599999999999	125.066	132.07	137.91999999999999	143.76999999999998	149.62	155.47	161.25800000000001	167.06100000000001	172.864	178.71399999999983	185.095	192.09900000000002	197.91800000000001	203.768	209.61799999999999	215.46800000000007	221.31800000000001	227.12100000000001	232.94	238.74399999999983	245.09300000000002	252.066	257.88499999999999	263.71899999999954	269.52299999999968	275.34100000000001	281.19099999999969	287.041	292.892	298.74200000000002	305.10599999999999	312.09500000000003	317.94499999999999	323.79499999999967	329.61399999999969	335.41699999999935	341.20499999999993	347.03899999999953	352.84300000000002	358.66199999999969	365.04199999999969	372.01499999999999	377.86500000000001	383.66899999999993	389.45599999999968	395.29099999999954	401.14100000000002	406.99099999999953	412.84100000000001	418.69099999999969	425.05599999999993	432.09099999999961	437.89400000000001	443.71299999999968	449.517	455.32	461.10700000000008	466.9109999999996	472.714	478.517	484.86599999999999	491.85500000000002	497.69	503.49299999999954	509.34300000000002	515.14599999999996	520.96499999999946	526.81499999999949	532.66499999999996	538.51499999999999	544.86399999999946	551.86899999999946	557.71900000000005	563.56899999999996	569.3559999999992	575.16	580.96299999999906	586.81299999999919	592.66300000000001	598.48199999999997	604.84699999999907	611.86699999999905	617.71699999999998	623.56699999999921	629.38599999999997	635.23599999999999	641.03899999999999	646.84199999999919	652.66099999999949	658.51099999999997	664.89199999999948	671.86499999999921	677.68400000000054	683.48699999999997	689.29000000000053	695.09299999999996	700.88099999999997	706.68400000000054	712.48699999999997	718.33699999999919	724.68700000000001	731.69100000000003	737.54099999999949	743.35999999999933	749.16300000000001	754.96599999999921	760.75400000000002	766.58900000000051	772.39199999999948	778.24199999999996	784.59100000000001	791.56399999999996	797.38300000000004	803.18600000000004	809.03599999999949	814.88599999999997	820.73699999999997	826.58699999999999	832.39	838.19299999999998	844.54199999999946	851.56199999999933	857.41199999999947	863.23099999999999	869.06599999999946	874.86899999999946	880.68799999999999	886.53800000000001	892.38800000000003	898.23800000000051	904.63400000000001	911.63800000000003	917.48800000000051	923.29200000000003	929.14199999999948	934.99199999999996	940.84199999999919	946.69200000000001	952.51099999999997	958.36099999999919	964.74099999999999	971.76099999999997	977.61099999999999	983.46099999999933	989.26400000000001	995.08299999999997	1000.933	1006.7830000000008	1012.6180000000005	1018.468	1024.817	1031.79	1037.5929999999998	1043.412	1049.2470000000001	1055.066	1060.8839999999998	1066.7339999999999	1072.538	1078.3409999999999	1084.6899999999998	1091.6629999999998	0	2.0011922000000002	3.485477178	9.7474340710000007	15.63211727	20.05614242	23.395320939999973	21.471312919999974	19.259916449999999	11.327931210000004	9.5074004110000008	7.6597943849999997	8.1736854530000027	9.5947063690000007	9.1415459209999987	12.509838030000004	13.33471589	15.171930080000001	18.167795009999999	16.42795228	18.98932542	22.063998009999999	21.963291399999989	2 lb Acoustics	5.1319999999999997	6.3179999999999943	7.3319999999999999	8.3460000000000001	9.3600000000000048	10.374000000000002	11.388	12.402000000000006	13.416	14.43	15.444000000000001	16.457999999999988	17.471999999999987	18.485999999999972	19.5	20.513999999999999	21.527999999999999	22.542000000000002	23.556000000000001	24.57	25.584	26.597999999999999	27.611999999999998	28.626000000000001	29.64	30.654000000000021	31.667999999999999	32.682000000000002	33.696000000000012	34.71	35.724000000000011	36.738000000000042	37.752000000000002	38.766000000000012	39.78	40.794000000000011	41.808	42.822000000000003	43.836000000000006	44.85	45.864000000000004	46.878	47.892000000000003	48.906000000000006	49.92	50.934000000000005	51.948	52.962000000000003	53.976000000000006	54.99	56.004000000000005	57.018000000000001	58.032000000000011	59.295000000000044	60.309000000000005	61.324000000000005	62.338000000000001	63.351999999999997	64.366	66.3	67.313999999999993	68.328000000000003	69.342000000000013	70.35599999999998	71.36999999999999	72.384	73.397999999999996	74.412000000000006	75.426000000000002	76.440000000000026	77.453999999999994	78.468000000000004	79.482000000000014	80.495999999999995	81.510000000000005	82.524000000000001	83.537999999999997	84.551999999999992	85.566000000000003	86.58	87.593999999999994	88.60799999999999	89.621999999999986	90.635999999999981	91.649999999999991	92.664000000000001	93.677999999999983	94.691999999999993	95.706000000000003	96.72	97.733999999999995	98.748000000000005	99.762	100.776	101.79	102.804	103.818	104.83199999999999	105.846	106.86	107.874	108.88800000000001	109.902	110.91600000000008	111.93	112.9440000000001	113.958	114.97199999999999	115.986	117	118.01400000000002	119.27800000000001	120.292	121.306	122.32	123.334	124.348	126.26700000000002	127.28100000000002	128.29499999999999	129.309	130.32300000000001	131.33700000000007	132.35100000000017	133.36500000000001	134.37900000000002	135.393	136.40700000000001	137.42100000000016	138.435	139.44900000000001	140.46300000000002	141.477	142.49100000000001	143.505	144.51900000000001	145.53300000000002	146.547	147.56100000000001	148.57499999999999	149.589	150.60300000000001	151.61699999999999	152.631	153.64499999999998	154.65900000000002	155.67299999999997	156.68700000000001	157.70099999999999	158.71499999999995	159.72900000000001	160.74299999999999	161.75700000000001	162.77099999999999	163.785	164.79900000000001	165.81300000000002	166.82700000000017	167.84100000000001	168.85500000000016	169.869	170.88300000000001	171.89700000000016	172.911	173.92500000000001	174.93900000000002	175.953	176.96700000000001	177.98100000000017	179.24499999999998	180.25899999999999	181.27299999999997	182.28700000000001	183.30100000000004	184.315	186.24899999999997	187.26300000000001	188.27699999999999	189.291	190.30500000000001	191.31900000000002	192.333	193.34700000000001	194.36100000000016	195.375	196.38900000000001	197.40300000000002	198.417	199.43100000000001	200.44499999999999	201.459	202.47300000000001	203.48700000000017	204.501	205.51499999999999	206.529	207.54300000000001	208.55700000000004	209.571	210.58500000000001	211.59900000000002	212.61299999999997	213.62700000000001	214.64099999999999	215.655	216.66900000000001	217.68300000000002	218.697	219.71099999999998	220.72499999999999	221.739	222.75299999999999	223.767	224.78100000000001	225.79499999999999	226.809	227.82300000000001	228.83700000000007	229.85100000000017	230.86500000000001	231.87900000000002	232.893	233.90700000000001	234.92100000000016	235.935	236.94900000000001	237.96300000000002	239.227	240.24099999999999	241.255	242.26900000000001	243.28300000000002	244.297	246.23099999999999	247.24499999999998	248.26	249.27399999999992	250.28800000000001	251.30200000000016	252.316	253.33	254.34399999999999	255.3580000000002	256.37200000000001	257.38599999999968	258.39999999999969	259.41399999999953	260.42799999999954	261.44200000000001	262.45599999999968	263.47000000000003	264.48399999999936	265.49799999999954	266.512	267.52599999999961	268.54000000000002	269.55399999999969	270.56799999999993	271.58199999999954	272.59599999999961	273.61	274.62400000000002	275.63799999999969	276.65199999999999	277.666	278.68	279.69400000000002	280.70800000000003	281.72199999999935	282.73599999999954	283.75	284.76400000000001	285.77799999999968	286.79199999999935	287.80599999999993	288.82	289.834	290.84800000000001	291.86200000000002	292.87599999999969	293.89	294.904	295.91799999999961	296.93199999999939	297.94600000000003	299.19400000000002	300.20800000000003	301.22199999999935	302.23599999999954	303.25	304.26400000000001	306.19799999999969	307.21199999999953	308.2259999999996	309.24	310.25400000000002	311.26799999999969	312.28199999999936	313.29599999999954	314.31	315.32400000000001	316.33799999999968	317.35199999999969	318.36599999999999	319.38	320.39400000000001	321.40799999999967	322.42200000000003	323.43599999999935	324.45	325.464	326.47799999999961	327.49199999999939	328.50599999999969	329.52	330.53399999999954	331.548	332.56200000000001	333.57599999999968	334.59	335.60399999999993	336.61799999999999	337.63200000000001	338.64600000000002	339.66	340.67399999999969	341.68799999999999	342.70299999999969	343.71699999999947	344.73099999999954	345.745	346.75900000000001	347.77299999999968	348.78699999999935	349.80099999999999	350.815	351.82900000000001	352.84300000000002	353.85700000000008	354.87099999999964	355.88499999999999	356.899	357.91299999999961	359.17599999999999	360.20599999999968	361.21999999999969	362.23399999999936	363.24799999999999	364.262	366.19600000000003	367.21	368.22399999999953	369.2379999999996	370.25200000000001	371.26599999999968	372.28	373.29399999999936	374.30799999999999	375.322	376.33599999999967	377.35	378.36399999999969	379.37799999999999	380.392	381.40599999999961	382.41999999999967	383.43400000000003	384.44799999999969	385.46199999999953	386.4759999999996	387.48999999999961	388.50400000000002	389.51799999999969	390.53199999999936	391.54599999999999	392.56	393.57400000000001	394.58799999999968	395.60199999999969	396.61599999999999	397.63	398.6440000000004	399.65800000000002	400.67200000000008	401.68599999999969	402.7	403.714	404.72899999999947	405.74299999999999	406.75700000000001	407.77099999999967	408.78500000000003	409.79899999999935	410.81299999999999	411.827	412.84100000000001	413.85500000000002	414.86900000000031	415.88299999999964	416.89699999999954	417.9109999999996	419.17399999999969	420.18799999999999	421.202	422.21599999999961	423.22999999999968	424.24400000000031	426.16300000000001	427.17700000000002	428.19099999999969	429.20499999999993	430.21899999999954	431.23299999999961	432.24700000000001	433.26099999999968	434.27499999999969	435.28899999999953	436.303	437.31700000000001	438.33099999999968	439.34500000000008	440.35899999999964	441.37299999999999	442.387	443.40099999999961	444.41499999999968	445.42899999999935	446.44299999999993	447.45699999999954	448.47099999999961	449.48499999999967	450.49899999999946	451.51299999999969	452.52699999999953	453.541	454.55500000000001	455.56900000000002	456.58300000000003	457.59699999999935	458.61099999999999	459.625	460.63900000000001	461.65300000000002	462.66699999999969	463.68099999999993	464.69499999999999	465.709	466.72299999999967	467.73699999999945	468.75099999999969	469.76499999999999	470.779	471.79299999999961	472.80700000000002	473.82100000000003	474.83499999999964	475.84899999999999	476.863	477.87700000000001	479.14100000000002	480.15499999999997	481.16899999999993	482.18299999999999	483.197	484.21099999999967	486.14499999999998	487.15899999999999	488.173	489.18700000000001	490.20099999999968	491.21499999999969	492.22899999999947	493.24299999999999	494.25700000000001	495.27099999999967	496.28500000000003	497.29899999999935	498.31400000000002	499.32799999999969	500.34199999999993	501.35599999999999	502.37	503.38400000000001	504.39799999999968	505.41199999999935	506.42599999999953	507.44	508.45400000000001	509.46799999999968	510.48200000000003	511.49599999999936	512.51	513.524	514.53800000000001	515.55199999999934	516.56599999999946	517.58000000000004	518.59400000000005	519.60799999999949	520.62199999999996	521.63599999999997	522.65	523.66399999999999	524.67800000000068	525.69200000000001	526.70600000000002	527.72	528.73400000000004	529.74800000000005	530.76199999999949	531.77599999999995	532.79000000000053	533.80399999999997	534.81799999999919	535.8319999999992	536.84599999999921	537.85999999999933	539.12300000000005	540.15300000000002	541.16699999999946	542.18100000000004	543.19500000000005	544.20899999999995	546.14300000000003	547.15699999999947	548.17100000000005	549.18499999999995	550.19900000000052	551.21299999999997	552.22699999999998	553.24099999999999	554.255	555.26900000000001	556.28300000000081	557.29700000000003	558.31099999999947	559.32499999999948	560.33999999999946	561.35399999999947	562.36799999999914	563.38199999999949	564.39599999999996	565.41	566.42399999999998	567.43799999999919	568.4519999999992	569.46599999999921	570.48	571.49400000000003	572.50800000000004	573.52199999999948	574.53599999999949	575.54999999999939	576.56399999999996	577.57799999999997	578.59199999999998	579.60599999999999	580.62	581.63400000000001	582.64800000000002	583.66199999999947	584.67600000000004	585.69000000000005	586.70399999999995	587.71799999999996	588.73199999999997	589.74599999999998	590.76	591.7740000000008	592.78800000000081	593.80199999999934	594.81599999999946	595.82999999999947	596.84399999999948	597.85799999999892	599.15300000000002	600.16699999999946	601.18100000000004	602.19500000000005	603.20899999999995	604.22299999999996	606.14099999999996	607.15499999999997	608.16899999999998	609.18299999999999	610.197	611.21100000000001	612.22500000000002	613.23900000000003	614.25300000000004	615.26699999999948	616.28099999999995	617.29500000000053	618.30899999999997	619.32299999999907	620.33699999999919	621.3509999999992	622.36499999999921	623.38	624.39400000000001	625.40800000000002	626.42199999999946	627.43599999999947	628.44999999999948	629.46400000000006	630.47799999999938	631.49199999999996	632.50599999999997	633.52	634.53399999999999	635.548	636.56199999999933	637.57600000000002	638.59	639.60400000000004	640.61800000000005	641.63199999999949	642.64599999999996	643.66	644.67400000000055	645.68799999999999	646.702	647.71600000000001	648.73	649.74400000000003	650.75800000000004	651.77200000000005	652.78599999999994	653.79999999999995	654.81399999999996	655.82799999999907	656.84199999999919	657.8559999999992	659.11900000000003	660.13300000000004	661.14699999999948	662.16099999999949	663.17499999999995	664.18900000000053	666.13900000000001	667.15300000000002	668.16699999999946	669.18100000000004	670.19500000000005	671.20899999999995	672.22299999999996	673.23699999999997	674.25099999999998	675.26499999999999	676.27900000000068	677.2930000000008	678.30699999999933	679.32099999999946	680.33499999999947	681.34899999999948	682.36300000000006	683.37699999999938	684.39099999999996	685.40599999999949	686.42	687.43399999999997	688.44799999999907	689.46199999999919	690.476	691.49	692.50400000000002	693.51800000000003	694.53199999999947	695.54599999999948	696.56	697.57400000000052	698.58799999999997	699.60199999999998	700.61599999999999	701.63	702.64400000000001	703.65800000000002	704.67200000000003	705.68600000000004	706.7	707.71400000000051	708.72799999999938	709.74199999999996	710.75599999999997	711.77000000000055	712.78400000000067	713.7980000000008	714.81199999999933	715.82599999999934	716.83999999999946	717.85399999999947	719.11699999999996	720.13099999999997	721.14499999999998	722.15899999999999	723.1730000000008	724.18700000000001	726.12199999999996	727.13599999999997	728.15	729.16399999999999	730.17800000000068	731.19200000000001	732.20600000000002	733.22	734.23400000000004	735.24800000000005	736.26199999999949	737.38499999999999	738.399	739.41300000000001	740.42699999999934	741.44099999999946	742.45499999999947	743.46899999999948	744.48299999999949	745.49699999999996	746.51099999999997	747.52499999999998	748.53899999999999	749.553	750.56699999999921	751.58100000000002	752.59500000000003	753.60900000000004	754.62300000000005	755.63699999999949	756.65099999999939	757.66499999999996	758.67900000000054	759.69299999999998	760.70699999999999	761.721	762.73500000000001	763.74900000000002	764.76300000000003	765.77700000000004	766.79100000000005	767.80499999999938	768.83499999999947	769.84899999999948	770.86300000000006	771.87699999999938	772.89099999999996	773.90499999999997	774.91899999999998	775.9329999999992	776.94699999999921	777.96099999999933	779.36499999999921	780.37900000000002	781.39300000000003	782.40699999999947	783.42099999999948	784.43499999999949	786.36899999999946	787.38300000000004	788.39699999999948	789.41099999999949	790.42499999999939	791.43899999999996	792.45299999999907	793.46699999999919	794.48099999999999	795.495	796.50900000000001	797.52300000000002	798.53699999999947	799.55099999999948	800.56499999999949	801.57899999999995	802.59299999999996	803.60699999999997	804.62099999999998	805.63499999999999	806.649	807.67900000000054	808.69299999999998	809.70699999999999	810.721	811.73500000000001	812.74900000000002	813.77900000000068	814.7930000000008	815.80699999999933	816.82099999999946	817.83499999999947	818.84899999999948	819.86300000000006	820.87699999999938	821.89099999999996	822.90499999999997	823.91899999999998	824.9329999999992	825.94699999999921	826.96099999999933	827.97500000000002	828.98900000000003	830.00300000000004	831.01699999999948	832.03099999999949	833.04499999999996	834.05899999999997	835.07299999999998	836.08699999999999	837.101	838.11500000000001	839.34699999999907	840.36099999999919	841.375	842.38900000000001	843.40300000000002	844.41699999999946	846.35199999999907	847.36599999999919	848.38	849.39400000000001	850.40800000000002	851.42199999999946	852.43599999999947	853.44999999999948	854.46400000000006	855.47799999999938	856.49199999999996	857.50599999999997	858.52	859.53399999999999	860.548	861.56199999999933	862.57600000000002	863.59	864.60400000000004	865.61800000000005	866.63199999999949	867.64599999999996	868.66	869.67400000000055	870.68799999999999	871.702	872.71600000000001	873.73	874.74400000000003	875.75800000000004	876.77200000000005	877.78599999999994	878.8	879.81399999999996	880.82799999999907	881.84199999999919	882.8559999999992	883.87	884.88400000000001	885.89800000000002	886.91199999999947	887.92599999999948	888.93999999999949	889.95399999999938	890.96799999999905	891.98199999999997	892.99599999999998	894.01	895.024	896.03800000000001	897.05199999999934	898.06599999999946	899.31399999999996	900.32799999999907	901.34199999999919	902.3559999999992	903.37	904.38400000000001	906.303	907.33299999999906	908.34699999999907	909.36099999999919	910.375	911.38900000000001	912.40300000000002	913.41699999999946	914.43099999999947	915.44499999999948	916.45899999999949	917.47299999999996	918.48699999999997	919.50099999999998	920.51499999999999	921.529	922.54300000000001	923.55699999999933	924.57100000000003	925.58500000000004	926.59900000000005	927.61300000000051	928.62699999999938	929.64099999999996	930.65499999999997	931.66899999999998	932.68299999999999	933.697	934.71100000000001	935.72500000000002	936.73900000000003	937.75300000000004	938.76699999999948	939.78099999999995	940.79500000000053	941.80899999999997	942.82299999999907	943.83699999999919	944.8509999999992	945.86499999999921	946.87900000000002	947.89300000000003	948.90699999999947	949.92099999999948	950.93499999999949	951.94899999999996	952.96299999999906	953.97699999999998	954.99099999999999	956.005	957.01900000000001	958.03300000000002	959.29600000000005	960.31	961.32399999999996	962.33799999999906	963.35199999999907	964.36599999999919	966.28500000000054	967.29900000000055	968.31299999999919	969.3269999999992	970.34099999999921	971.35499999999934	972.36899999999946	973.38300000000004	974.39699999999948	975.41099999999949	976.42499999999939	977.43899999999996	978.45299999999907	979.46699999999919	980.48099999999999	981.495	982.50900000000001	983.52300000000002	984.53699999999947	985.55099999999948	986.56499999999949	987.57899999999995	988.59299999999996	989.60699999999997	990.62099999999998	991.63499999999999	992.649	993.66300000000001	994.67700000000002	995.69100000000003	996.70500000000004	997.72	998.73400000000004	999.74800000000005	1000.7619999999994	1001.7760000000005	1002.7900000000005	1003.804	1004.818	1005.8319999999992	1006.8459999999992	1007.8599999999993	1008.874	1009.888	1010.9019999999994	1011.9160000000001	1012.93	1013.944	1014.958	1015.972	1016.986	1018	1019.2940000000007	1020.308	1021.3219999999992	1022.3359999999993	1023.3499999999993	1024.3639999999998	1026.299	1027.3129999999999	1028.327	1029.3409999999999	1030.355	1031.3689999999999	1032.3829999999998	1033.3969999999999	1034.4110000000001	1035.4250000000011	1036.4390000000001	1037.453	1038.4670000000001	1039.481	1040.4949999999999	1041.509	1042.5229999999999	1043.537	1044.5509999999999	1045.5650000000001	1046.579	1047.5929999999998	1048.607	1049.6209999999999	1050.635	1051.6489999999999	1052.6629999999998	1053.6769999999999	1054.6909999999998	1055.7049999999999	1056.7190000000001	1057.7329999999999	1058.7470000000001	1059.761	1060.7750000000001	1061.789	1062.8029999999999	1063.817	1064.8309999999999	1065.845	1066.8589999999999	1067.8729999999998	1068.8869999999999	1069.9010000000001	1070.9150000000011	1071.9290000000001	1072.943	1073.9570000000001	1074.971	1075.9849999999999	1076.999	1078.0129999999999	1079.3239999999998	1080.338	1081.3519999999999	1082.366	1083.3799999999999	1084.3939999999998	1086.3119999999999	1087.326	1088.3399999999999	1089.3539999999998	1090.3679999999999	1091.3829999999998	1092.3969999999999	1093.4110000000001	1094.4250000000011	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	1	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	1	1	1	1	1	1	1	1	0	0	0	0	0	2	2	2	0	0	0	0	0	0	0	0	0	1	1	0	0	0	0	0	1	1	0	0	0	0	0	0	0	0	0	0	1	1	2	2	1	0	0	0	1	1	1	1	1	1	1	2	3	4	4	4	4	2	2	2	2	2	2	2	2	2	2	2	1	1	1	4	1	4	1	4	4	4	3	4	3	2	3	5	2	3	3	3	2	2	2	4	4	4	4	4	4	4	4	4	2	2	2	3	5	5	6	5	5	5	5	5	5	5	4	4	3	3	4	4	5	5	7	4	7	7	8	8	8	8	8	8	8	5	6	5	5	5	6	5	5	5	5	5	5	6	6	6	6	5	5	5	5	8	8	7	9	7	6	7	9	9	9	9	8	8	8	6	7	8	8	8	9	10	10	9	7	7	7	6	9	9	9	8	9	10	10	10	10	8	7	7	8	8	7	9	9	7	9	9	11	9	9	9	12	11	11	11	8	8	8	8	8	9	10	8	10	10	10	10	10	10	10	10	10	10	11	10	10	10	9	6	6	7	6	7	7	7	9	11	14	16	14	12	12	10	9	9	8	8	8	9	10	10	10	10	7	7	9	9	8	9	8	7	7	11	12	12	12	11	10	10	11	12	12	12	12	12	11	11	10	10	10	14	14	14	12	12	10	10	10	10	10	14	14	14	13	11	11	11	11	11	11	11	14	11	11	11	11	10	9	9	9	9	9	9	10	10	10	10	13	16	13	13	11	11	10	10	11	11	10	12	12	10	12	12	12	14	14	16	16	16	16	16	16	14	9	9	9	9	11	11	11	11	11	11	12	14	14	14	14	15	12	9	9	9	9	9	9	8	8	8	14	14	16	18	16	16	15	11	10	11	12	12	12	12	11	11	11	12	12	12	12	12	16	16	16	13	13	10	10	10	10	10	10	14	14	14	13	13	10	10	10	10	10	15	15	16	16	16	15	15	14	13	13	13	12	13	12	13	13	14	13	13	15	15	14	15	15	14	14	15	18	18	18	15	15	12	12	12	12	12	12	12	12	15	16	16	16	16	16	13	11	11	11	9	11	13	13	13	13	15	11	11	11	16	15	15	15	15	13	13	14	13	11	10	10	10	12	12	14	15	15	19	19	15	15	14	13	13	13	13	13	12	12	12	13	13	13	13	13	15	15	14	15	14	14	14	17	17	17	13	14	14	13	14	14	13	12	12	12	13	11	11	13	10	10	13	13	11	13	13	12	12	13	13	13	15	15	14	15	14	14	14	14	13	13	13	12	12	12	12	10	10	10	10	11	12	12	12	15	14	14	14	14	14	13	10	10	10	10	10	11	11	13	13	13	13	13	12	12	12	12	12	12	12	12	12	12	12	15	15	16	15	15	16	16	15	15	13	11	10	10	10	10	12	12	12	14	14	12	12	11	11	12	11	12	13	13	13	13	13	13	11	13	11	11	13	14	13	13	10	10	10	10	10	11	11	11	11	10	10	10	9	9	10	12	12	13	12	13	11	13	13	13	9	13	9	9	9	9	9	10	10	10	12	10	9	10	9	7	7	7	6	7	9	9	9	9	9	8	11	8	8	10	10	10	10	10	10	9	10	10	9	9	9	9	9	9	11	12	12	12	11	11	11	8	8	11	8	12	12	7	7	7	7	10	10	10	10	10	9	9	9	9	9	10	10	10	10	10	10	10	10	9	9	9	11	11	13	13	11	11	11	9	9	6	6	6	6	7	8	10	10	8	6	6	6	6	6	8	8	8	8	8	7	9	9	7	7	7	7	7	7	7	7	7	7	7	7	7	7	7	7	9	9	8	9	9	8	9	9	9	9	9	9	9	10	10	7	7	7	6	5	5	6	5	7	7	7	7	7	7	7	7	7	7	7	7	6	7	7	6	6	6	4	4	5	5	6	6	6	6	7	7	7	7	7	7	7	9	7	7	7	8	7	5	7	7	7	7	7	8	9	9	9	8	8	8	8	8	8	8	8	7	6	5	5	5	3	5	4	5	5	5	4	5	4	4	5	6	6	7	7	7	7	7	6	5	7	5	5	6	7	6	6	6	5	4	3	2	3	3	3	3	5	6	5	5	5	6	6	6	6	6	5	5	5	5	Time (seconds)

Loading rate  (psi/sec)

 AE rate (sec-1)


Native proppant	339.916	373.14699999999999	409.62599999999998	449.67200000000003	493.63299999999998	541.89200000000005	594.86900000000003	653.02499999999998	716.86599999999999	786.94899999999996	863.88300000000004	948.33799999999997	1041.05	1142.83	5.1177500000000001E-2	0.80582200000000004	3.1148699999999998	6.59152	10.620100000000001	14.2105	16.249500000000001	16.099799999999998	13.767300000000001	9.9741300000000006	5.8618399999999999	2.2718799999999999	0.36986599999999997	1.16813E-2	at 4000 psi	339.916	373.14699999999999	409.62599999999998	449.67200000000003	493.63299999999998	541.89200000000005	594.86900000000003	653.02499999999998	716.86599999999999	786.94899999999996	863.88300000000004	948.33799999999997	1041.05	1142.83	6.2889E-2	0.91218399999999999	3.22383	6.4076599999999999	10.020300000000001	13.221500000000001	15.136200000000001	15.235099999999999	13.510199999999999	10.462199999999999	6.9055099999999996	3.6845599999999998	1.1335200000000001	8.4442299999999998E-2	at 5000 psi	309.64400000000001	339.916	373.14699999999999	409.62599999999998	449.67200000000003	493.63299999999998	541.89200000000005	594.86900000000003	653.02499999999998	716.86599999999999	786.94899999999996	863.88300000000004	948.33799999999997	1041.05	1142.83	1.46386E-2	0.28095100000000001	1.3568199999999999	3.4776799999999999	6.4912099999999997	9.9204299999999996	12.983000000000001	14.8568	14.995100000000001	13.358700000000001	10.402900000000001	6.9087300000000003	3.7149299999999998	1.1518200000000001	8.6281399999999994E-2	at 5500 psi	76.425299999999993	83.896900000000002	92.098799999999997	101.10299999999999	110.98699999999999	121.837	133.74799999999999	146.82400000000001	161.17699999999999	176.935	194.232	213.221	234.066	256.94799999999998	282.06799999999998	309.64400000000001	339.916	373.14699999999999	409.62599999999998	449.67200000000003	493.63299999999998	541.89200000000005	594.86900000000003	653.02499999999998	716.86599999999999	786.94899999999996	863.88300000000004	948.33799999999997	1041.05	1142.83	1254.55	9.5874800000000004E-4	1.27866E-2	3.7609200000000002E-2	5.3778300000000001E-2	5.2753099999999997E-2	4.12468E-2	3.63944E-2	5.3362600000000003E-2	0.10716299999999999	0.207929	0.34345100000000001	0.467582	0.51019899999999996	0.41807299999999997	0.22089900000000001	0.112294	0.26182699999999998	1.0558099999999999	2.8707199999999999	5.6629199999999997	9.02867	12.208	14.3437	14.792199999999999	13.4313	10.661799999999999	7.2444499999999996	4.0370699999999999	1.4928699999999999	0.22606899999999999	6.1494200000000001E-3	Particle Size (μm)


Volume (%) 
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Loading rate (psi/sec)

 AE rate (sec-1)
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Loading rate (psi/sec)

AE rate (sec-1)


Native proppant	0.37519799999999998	0.41187800000000002	0.45214500000000002	0.49634699999999998	0.54487200000000002	0.59814000000000001	0.65661499999999995	0.72080699999999998	0.79127499999999995	0.86863199999999996	0.95355199999999996	1.04677	1.1491100000000001	1.26145	1.3847700000000001	1.5201499999999999	1.66876	1.8319000000000001	2.0110000000000001	2.2075999999999998	2.4234200000000001	2.6603300000000001	2.92042	3.2059199999999999	3.5193400000000001	3.8633999999999999	4.2411000000000003	4.6557199999999996	5.1108700000000002	5.6105200000000002	6.1590199999999999	6.7611400000000001	7.4221199999999996	8.1477299999999993	8.9442699999999995	9.8186900000000001	10.778600000000001	11.8323	12.989100000000001	14.258900000000001	15.652900000000001	17.183199999999999	18.863	20.707100000000001	22.7315	24.953800000000001	27.3934	30.071400000000001	33.011299999999999	36.238500000000002	39.781300000000002	43.670400000000001	47.939700000000002	52.626399999999997	57.771299999999997	63.419199999999996	69.619200000000006	76.425299999999993	83.896900000000002	92.098799999999997	101.10299999999999	110.98699999999999	121.837	133.74799999999999	146.82400000000001	161.17699999999999	176.935	194.232	213.221	234.066	256.94799999999998	282.06799999999998	309.64400000000001	339.916	373.14699999999999	409.62599999999998	449.67200000000003	493.63299999999998	541.89200000000005	594.86900000000003	653.02499999999998	716.86599999999999	786.94899999999996	863.88300000000004	948.33799999999997	1041.05	11.937099999999999	36.508600000000001	38.042499999999997	13.511900000000001	at 15000 psi	0.37519799999999998	0.41187800000000002	0.45214500000000002	0.49634699999999998	0.54487200000000002	0.59814000000000001	0.65661499999999995	0.72080699999999998	0.79127499999999995	0.86863199999999996	0.95355199999999996	1.04677	1.1491100000000001	1.26145	1.3847700000000001	1.5201499999999999	1.66876	1.8319000000000001	2.0110000000000001	2.2075999999999998	2.4234200000000001	2.6603300000000001	2.92042	3.2059199999999999	3.5193400000000001	3.8633999999999999	4.2411000000000003	4.6557199999999996	5.1108700000000002	5.6105200000000002	6.1590199999999999	6.7611400000000001	7.4221199999999996	8.1477299999999993	8.9442699999999995	9.8186900000000001	10.778600000000001	11.8323	12.989100000000001	14.258900000000001	15.652900000000001	17.183199999999999	18.863	20.707100000000001	22.7315	24.953800000000001	27.3934	30.071400000000001	33.011299999999999	36.238500000000002	39.781300000000002	43.670400000000001	47.939700000000002	52.626399999999997	57.771299999999997	63.419199999999996	69.619200000000006	76.425299999999993	83.896900000000002	92.098799999999997	101.10299999999999	110.98699999999999	121.837	133.74799999999999	146.82400000000001	161.17699999999999	176.935	194.232	213.221	234.066	256.94799999999998	282.06799999999998	309.64400000000001	339.916	373.14699999999999	409.62599999999998	449.67200000000003	493.63299999999998	541.89200000000005	594.86900000000003	653.02499999999998	716.86599999999999	786.94899999999996	863.88300000000004	948.33799999999997	1041.05	2.9032200000000002E-3	1.40045E-2	3.0516000000000001E-2	4.3278299999999999E-2	4.8300599999999999E-2	4.7300500000000002E-2	4.4873299999999998E-2	4.4262999999999997E-2	4.5743800000000001E-2	4.9959499999999997E-2	5.7370400000000002E-2	6.3586799999999999E-2	6.0239399999999999E-2	4.3515600000000002E-2	3.5496100000000003E-2	6.3463900000000004E-2	0.12486999999999999	0.14372599999999999	8.5383299999999995E-2	4.8800099999999999E-2	7.9863000000000003E-2	0.142371	0.17186399999999999	0.17549500000000001	0.18218799999999999	0.192602	0.19553400000000001	0.238985	0.30538399999999999	0.31896600000000003	0.35103800000000002	0.43805500000000003	0.483292	0.52612899999999996	0.65904300000000005	0.79905000000000004	0.86185599999999996	0.93258399999999997	1.17014	1.48797	1.6662300000000001	1.8103499999999999	1.95712	2.0663299999999998	2.2039599999999999	2.2577099999999999	2.23427	2.1651099999999999	2.24295	3.1369099999999999	4.9384600000000001	5.0503400000000003	1.91625	1.2879400000000001	7.1535299999999999	17.796800000000001	19.8154	9.4903399999999998	Particle Size (μm)


Volume (%)
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Loading rate (psi/sec)

AE rate (sec-1)


Native proppant	0.37519799999999998	0.41187800000000002	0.45214500000000002	0.49634699999999998	0.54487200000000002	0.59814000000000001	0.65661499999999995	0.72080699999999998	0.79127499999999995	0.86863199999999996	0.95355199999999996	1.04677	1.1491100000000001	1.26145	1.3847700000000001	1.5201499999999999	1.66876	1.8319000000000001	2.0110000000000001	2.2075999999999998	2.4234200000000001	2.6603300000000001	2.92042	3.2059199999999999	3.5193400000000001	3.8633999999999999	4.2411000000000003	4.6557199999999996	5.1108700000000002	5.6105200000000002	6.1590199999999999	6.7611400000000001	7.4221199999999996	8.1477299999999993	8.9442699999999995	9.8186900000000001	10.778600000000001	11.8323	12.989100000000001	14.258900000000001	15.652900000000001	17.183199999999999	18.863	20.707100000000001	22.7315	24.953800000000001	27.3934	30.071400000000001	33.011299999999999	36.238500000000002	39.781300000000002	43.670400000000001	47.939700000000002	52.626399999999997	57.771299999999997	63.419199999999996	69.619200000000006	76.425299999999993	83.896900000000002	92.098799999999997	101.10299999999999	110.98699999999999	121.837	133.74799999999999	146.82400000000001	161.17699999999999	176.935	194.232	213.221	234.066	256.94799999999998	282.06799999999998	309.64400000000001	339.916	373.14699999999999	409.62599999999998	449.67200000000003	493.63299999999998	541.89200000000005	594.86900000000003	653.02499999999998	716.86599999999999	786.94899999999996	863.88300000000004	948.33799999999997	1041.05	1142.83	5.1177500000000001E-2	0.80582200000000004	3.1148699999999998	6.59152	10.620100000000001	14.2105	16.249500000000001	16.099799999999998	13.767300000000001	9.9741300000000006	5.8618399999999999	2.2718799999999999	0.36986599999999997	1.16813E-2	at 15000 psi	0.37519799999999998	0.41187800000000002	0.45214500000000002	0.49634699999999998	0.54487200000000002	0.59814000000000001	0.65661499999999995	0.72080699999999998	0.79127499999999995	0.86863199999999996	0.95355199999999996	1.04677	1.1491100000000001	1.26145	1.3847700000000001	1.5201499999999999	1.66876	1.8319000000000001	2.0110000000000001	2.2075999999999998	2.4234200000000001	2.6603300000000001	2.92042	3.2059199999999999	3.5193400000000001	3.8633999999999999	4.2411000000000003	4.6557199999999996	5.1108700000000002	5.6105200000000002	6.1590199999999999	6.7611400000000001	7.4221199999999996	8.1477299999999993	8.9442699999999995	9.8186900000000001	10.778600000000001	11.8323	12.989100000000001	14.258900000000001	15.652900000000001	17.183199999999999	18.863	20.707100000000001	22.7315	24.953800000000001	27.3934	30.071400000000001	33.011299999999999	36.238500000000002	39.781300000000002	43.670400000000001	47.939700000000002	52.626399999999997	57.771299999999997	63.419199999999996	69.619200000000006	76.425299999999993	83.896900000000002	92.098799999999997	101.10299999999999	110.98699999999999	121.837	133.74799999999999	146.82400000000001	161.17699999999999	176.935	194.232	213.221	234.066	256.94799999999998	282.06799999999998	309.64400000000001	339.916	373.14699999999999	409.62599999999998	449.67200000000003	493.63299999999998	541.89200000000005	594.86900000000003	653.02499999999998	716.86599999999999	786.94899999999996	863.88300000000004	948.33799999999997	1041.05	1142.83	8.0223800000000008E-3	1.5107600000000001E-2	2.4825E-2	3.31305E-2	3.9933400000000001E-2	4.4994199999999998E-2	4.81771E-2	4.9414899999999998E-2	4.8772999999999997E-2	4.6426200000000001E-2	4.2686300000000003E-2	3.7979699999999998E-2	3.2871699999999997E-2	2.7886299999999999E-2	2.3472799999999999E-2	1.9950499999999999E-2	1.7488299999999998E-2	1.6109100000000001E-2	1.5709899999999999E-2	1.6128900000000002E-2	1.7180600000000001E-2	1.87265E-2	2.0689599999999999E-2	2.30537E-2	2.5822899999999999E-2	2.8969000000000002E-2	3.2412499999999997E-2	3.6014699999999997E-2	3.9620099999999998E-2	4.30981E-2	4.6400900000000002E-2	4.9570099999999999E-2	5.27064E-2	5.5942499999999999E-2	5.9411499999999999E-2	6.3278699999999993E-2	6.7785700000000004E-2	7.3299500000000004E-2	8.0322199999999996E-2	8.95064E-2	0.101507	0.116233	0.131971	0.1457	0.15565799999999999	0.16435900000000001	0.17827599999999999	0.20347699999999999	0.240097	0.28058699999999998	0.31565399999999999	0.34371499999999999	0.37254700000000002	0.41095999999999999	0.46062900000000001	0.51664500000000002	0.577677	0.65475300000000003	0.76236099999999996	0.89627599999999996	1.0287200000000001	1.14392	1.27647	1.4849399999999999	1.78284	2.1183700000000001	2.42605	2.6707200000000002	2.8314900000000001	2.8684400000000001	2.7503899999999999	2.5376799999999999	2.4151199999999999	2.6450300000000002	3.4710399999999999	4.9392800000000001	6.6888500000000004	8.0449099999999998	8.4931400000000004	8.0702700000000007	7.1240300000000003	5.8334799999999998	4.31473	2.7719100000000001	1.34795	0.33829500000000001	1.9973999999999999E-2	Particle Size (μm)


Volume (%)
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Loading rate (psi/sec)

AE rate (sec-1)


Native proppant	0.37519799999999998	0.41187800000000002	0.45214500000000002	0.49634699999999998	0.54487200000000002	0.59814000000000001	0.65661499999999995	0.72080699999999998	0.79127499999999995	0.86863199999999996	0.95355199999999996	1.04677	1.1491100000000001	1.26145	1.3847700000000001	1.5201499999999999	1.66876	1.8319000000000001	2.0110000000000001	2.2075999999999998	2.4234200000000001	2.6603300000000001	2.92042	3.2059199999999999	3.5193400000000001	3.8633999999999999	4.2411000000000003	4.6557199999999996	5.1108700000000002	5.6105200000000002	6.1590199999999999	6.7611400000000001	7.4221199999999996	8.1477299999999993	8.9442699999999995	9.8186900000000001	10.778600000000001	11.8323	12.989100000000001	14.258900000000001	15.652900000000001	17.183199999999999	18.863	20.707100000000001	22.7315	24.953800000000001	27.3934	30.071400000000001	33.011299999999999	36.238500000000002	39.781300000000002	43.670400000000001	47.939700000000002	52.626399999999997	57.771299999999997	63.419199999999996	69.619200000000006	76.425299999999993	83.896900000000002	92.098799999999997	101.10299999999999	110.98699999999999	121.837	133.74799999999999	146.82400000000001	161.17699999999999	176.935	194.232	213.221	234.066	256.94799999999998	282.06799999999998	309.64400000000001	339.916	373.14699999999999	409.62599999999998	449.67200000000003	493.63299999999998	541.89200000000005	594.86900000000003	653.02499999999998	716.86599999999999	786.94899999999996	863.88300000000004	948.33799999999997	1041.05	0.214449	0.884019	3.9079100000000002	12.4879	22.995799999999999	26.524000000000001	20.508700000000001	10.090999999999999	2.3863400000000001	at 15000 psi	0.37519799999999998	0.41187800000000002	0.45214500000000002	0.49634699999999998	0.54487200000000002	0.59814000000000001	0.65661499999999995	0.72080699999999998	0.79127499999999995	0.86863199999999996	0.95355199999999996	1.04677	1.1491100000000001	1.26145	1.3847700000000001	1.5201499999999999	1.66876	1.8319000000000001	2.0110000000000001	2.2075999999999998	2.4234200000000001	2.6603300000000001	2.92042	3.2059199999999999	3.5193400000000001	3.8633999999999999	4.2411000000000003	4.6557199999999996	5.1108700000000002	5.6105200000000002	6.1590199999999999	6.7611400000000001	7.4221199999999996	8.1477299999999993	8.9442699999999995	9.8186900000000001	10.778600000000001	11.8323	12.989100000000001	14.258900000000001	15.652900000000001	17.183199999999999	18.863	20.707100000000001	22.7315	24.953800000000001	27.3934	30.071400000000001	33.011299999999999	36.238500000000002	39.781300000000002	43.670400000000001	47.939700000000002	52.626399999999997	57.771299999999997	63.419199999999996	69.619200000000006	76.425299999999993	83.896900000000002	92.098799999999997	101.10299999999999	110.98699999999999	121.837	133.74799999999999	146.82400000000001	161.17699999999999	176.935	194.232	213.221	234.066	256.94799999999998	282.06799999999998	309.64400000000001	339.916	373.14699999999999	409.62599999999998	449.67200000000003	493.63299999999998	541.89200000000005	594.86900000000003	653.02499999999998	716.86599999999999	786.94899999999996	863.88300000000004	948.33799999999997	1041.05	8.2733100000000004E-2	0.22713700000000001	0.31261899999999998	0.33847100000000002	0.38989000000000001	0.45231500000000002	0.62554500000000002	1.1090199999999999	1.7300599999999999	2.8218100000000002	6.3033000000000001	13.813700000000001	21.7347	23.494599999999998	17.904199999999999	7.6349099999999996	1.02498	Particle Size (μm)


Volume (%)
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Loading rate (psi/sec)

AE rate (sec-1)


Native proppant	0.37519799999999998	0.41187800000000002	0.45214500000000002	0.49634699999999998	0.54487200000000002	0.59814000000000001	0.65661499999999995	0.72080699999999998	0.79127499999999995	0.86863199999999996	0.95355199999999996	1.04677	1.1491100000000001	1.26145	1.3847700000000001	1.5201499999999999	1.66876	1.8319000000000001	2.0110000000000001	2.2075999999999998	2.4234200000000001	2.6603300000000001	2.92042	3.2059199999999999	3.5193400000000001	3.8633999999999999	4.2411000000000003	4.6557199999999996	5.1108700000000002	5.6105200000000002	6.1590199999999999	6.7611400000000001	7.4221199999999996	8.1477299999999993	8.9442699999999995	9.8186900000000001	10.778600000000001	11.8323	12.989100000000001	14.258900000000001	15.652900000000001	17.183199999999999	18.863	20.707100000000001	22.7315	24.953800000000001	27.3934	30.071400000000001	33.011299999999999	36.238500000000002	39.781300000000002	43.670400000000001	47.939700000000002	52.626399999999997	57.771299999999997	63.419199999999996	69.619200000000006	76.425299999999993	83.896900000000002	92.098799999999997	101.10299999999999	110.98699999999999	121.837	133.74799999999999	146.82400000000001	161.17699999999999	176.935	194.232	213.221	234.066	256.94799999999998	282.06799999999998	309.64400000000001	339.916	373.14699999999999	409.62599999999998	449.67200000000003	493.63299999999998	541.89200000000005	594.86900000000003	653.02499999999998	716.86599999999999	786.94899999999996	863.88300000000004	948.33799999999997	1041.05	0.41612199999999999	2.44333	6.7736999999999998	13.4992	20.661100000000001	23.741499999999998	20.181699999999999	10.2698	2.0136599999999998	at 15000 psi	0.37519799999999998	0.41187800000000002	0.45214500000000002	0.49634699999999998	0.54487200000000002	0.59814000000000001	0.65661499999999995	0.72080699999999998	0.79127499999999995	0.86863199999999996	0.95355199999999996	1.04677	1.1491100000000001	1.26145	1.3847700000000001	1.5201499999999999	1.66876	1.8319000000000001	2.0110000000000001	2.2075999999999998	2.4234200000000001	2.6603300000000001	2.92042	3.2059199999999999	3.5193400000000001	3.8633999999999999	4.2411000000000003	4.6557199999999996	5.1108700000000002	5.6105200000000002	6.1590199999999999	6.7611400000000001	7.4221199999999996	8.1477299999999993	8.9442699999999995	9.8186900000000001	10.778600000000001	11.8323	12.989100000000001	14.258900000000001	15.652900000000001	17.183199999999999	18.863	20.707100000000001	22.7315	24.953800000000001	27.3934	30.071400000000001	33.011299999999999	36.238500000000002	39.781300000000002	43.670400000000001	47.939700000000002	52.626399999999997	57.771299999999997	63.419199999999996	69.619200000000006	76.425299999999993	83.896900000000002	92.098799999999997	101.10299999999999	110.98699999999999	121.837	133.74799999999999	146.82400000000001	161.17699999999999	176.935	194.232	213.221	234.066	256.94799999999998	282.06799999999998	309.64400000000001	339.916	373.14699999999999	409.62599999999998	449.67200000000003	493.63299999999998	541.89200000000005	594.86900000000003	653.02499999999998	716.86599999999999	786.94899999999996	863.88300000000004	948.33799999999997	1041.05	4.1564400000000001E-4	5.0472399999999997E-3	1.27872E-2	1.52788E-2	1.2600800000000001E-2	8.5863199999999997E-3	6.70676E-3	6.7172600000000001E-3	9.3455900000000008E-3	2.0789800000000001E-2	4.6600700000000002E-2	7.4781200000000006E-2	8.2032099999999997E-2	6.6946000000000006E-2	5.7118000000000002E-2	7.4141600000000002E-2	0.119898	0.18093200000000001	0.24292	0.28998800000000002	0.31880999999999998	0.363014	0.46746700000000002	0.65005800000000002	0.86911000000000005	1.0148200000000001	0.99393299999999996	0.89685099999999995	1.0959000000000001	2.2188599999999998	5.0112899999999998	9.5465199999999992	14.671200000000001	18.181999999999999	18.158799999999999	14.228	7.7612199999999998	2.0886399999999998	0.129853	Particle Size (μm)


Volume (%)
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Load (psi)
AE rate (sec-1) 

Native	339.91599999999954	373.14699999999999	409.62599999999969	449.67200000000008	493.63299999999964	541.89199999999948	594.86899999999946	653.02499999999998	716.86599999999919	786.94899999999996	863.88300000000004	948.33799999999906	1041.05	1142.83	2.8702999999999989E-2	0.54444099999999951	2.5028199999999972	5.8508899999999944	9.7624400000000122	13.326500000000006	15.552200000000004	15.781600000000001	14.0192	10.797500000000001	7.0361799999999999	3.64635	1.0741400000000001	7.6952199999999998E-2	1	0.37519800000000031	0.41187800000000047	0.45214500000000002	0.49634700000000032	0.54487200000000002	0.59814000000000001	0.65661499999999995	0.72080699999999998	0.79127499999999951	0.86863200000000063	0.95355199999999996	1.04677	1.1491100000000001	1.26145	1.3847700000000001	1.5201499999999999	1.66876	1.8318999999999988	2.0109999999999997	2.2076000000000002	2.4234200000000001	2.6603300000000032	2.92042	3.2059199999999999	3.5193399999999997	3.8633999999999999	4.2411000000000003	4.6557199999999943	5.1108699999999985	5.610519999999994	6.1590199999999955	6.7611400000000001	7.4221199999999943	8.1477299999999993	8.9442699999999995	9.8186900000000001	10.778600000000001	11.8323	12.989100000000002	14.258900000000001	15.652900000000002	17.183199999999989	18.863	20.707100000000001	22.7315	24.953800000000001	27.3934	30.071400000000001	33.011299999999999	36.238500000000045	39.781300000000002	43.670400000000001	47.939700000000002	52.626400000000011	57.771300000000011	63.419200000000004	69.619200000000006	76.425299999999993	83.896900000000002	92.098799999999983	101.10299999999998	110.98699999999999	121.837	133.74799999999999	146.82400000000001	161.17699999999999	176.935	194.232	213.221	234.066	256.94799999999969	282.06799999999993	309.6440000000004	339.91599999999954	373.14699999999999	409.62599999999969	449.67200000000008	493.63299999999964	541.89199999999948	594.86899999999946	653.02499999999998	716.86599999999919	786.94899999999996	863.88300000000004	948.33799999999906	1041.05	1142.83	1254.55	1377.2	1511.84	5.3958599999999997E-3	9.6550800000000225E-3	1.4285500000000001E-2	2.0341999999999999E-2	2.5175300000000029E-2	2.9378399999999999E-2	3.3124399999999998E-2	3.6669400000000005E-2	3.9286300000000045E-2	4.1062399999999999E-2	4.2117400000000076E-2	4.2591000000000004E-2	4.2469100000000003E-2	4.1675299999999943E-2	4.0452500000000023E-2	3.8980599999999997E-2	3.7550199999999999E-2	3.6048499999999997E-2	3.4635600000000002E-2	3.34635E-2	3.2808200000000044E-2	3.2634500000000038E-2	3.2968999999999998E-2	3.3875200000000043E-2	3.54615E-2	3.7744400000000004E-2	4.0662500000000004E-2	4.4168400000000045E-2	4.8217799999999998E-2	5.2791900000000065E-2	5.7849400000000002E-2	6.3272499999999995E-2	6.9035899999999997E-2	7.5106000000000034E-2	8.1589200000000014E-2	8.8383400000000001E-2	9.5528300000000191E-2	0.10296000000000002	0.11086799999999988	0.11943600000000008	0.12892899999999999	0.13966999999999999	0.15193000000000023	0.16633800000000001	0.18340000000000023	0.20376200000000017	0.22753200000000001	0.25436700000000001	0.28345000000000031	0.3137860000000004	0.34509200000000001	0.3779230000000004	0.41382900000000034	0.45460100000000003	0.50155999999999956	0.55554000000000003	0.61734500000000092	0.68905899999999998	0.77503100000000091	0.88203199999999959	1.0185899999999999	1.1923900000000001	1.4064699999999988	1.6537999999999986	1.91313	2.1497099999999998	2.3231099999999998	2.4023699999999977	2.3831099999999998	2.300249999999997	2.22681	2.2569699999999977	2.4823	2.9707499999999971	3.7404600000000001	4.7274699999999985	5.7781599999999997	6.6841199999999921	7.2436500000000024	7.3264499999999995	6.9062700000000063	6.0665699999999996	4.9443700000000002	3.7042000000000002	2.4916899999999975	1.3926499999999999	0.58226099999999903	0.14785899999999999	1.8621300000000021E-2	5.4984700000000077E-4	2	0.37519800000000031	0.41187800000000047	0.45214500000000002	0.49634700000000032	0.54487200000000002	0.59814000000000001	0.65661499999999995	0.72080699999999998	0.79127499999999951	0.86863200000000063	0.95355199999999996	1.04677	1.1491100000000001	1.26145	1.3847700000000001	1.5201499999999999	1.66876	1.8318999999999988	2.0109999999999997	2.2076000000000002	2.4234200000000001	2.6603300000000032	2.92042	3.2059199999999999	3.5193399999999997	3.8633999999999999	4.2411000000000003	4.6557199999999943	5.1108699999999985	5.610519999999994	6.1590199999999955	6.7611400000000001	7.4221199999999943	8.1477299999999993	8.9442699999999995	9.8186900000000001	10.778600000000001	11.8323	12.989100000000002	14.258900000000001	15.652900000000002	17.183199999999989	18.863	20.707100000000001	22.7315	24.953800000000001	27.3934	30.071400000000001	33.011299999999999	36.238500000000045	39.781300000000002	43.670400000000001	47.939700000000002	52.626400000000011	57.771300000000011	63.419200000000004	69.619200000000006	76.425299999999993	83.896900000000002	92.098799999999983	101.10299999999998	110.98699999999999	121.837	133.74799999999999	146.82400000000001	161.17699999999999	176.935	194.232	213.221	234.066	256.94799999999969	282.06799999999993	309.6440000000004	339.91599999999954	373.14699999999999	409.62599999999969	449.67200000000008	493.63299999999964	541.89199999999948	594.86899999999946	653.02499999999998	716.86599999999919	786.94899999999996	863.88300000000004	948.33799999999906	1041.05	1142.83	1254.55	1377.2	1511.84	5.5308500000000064E-3	9.9034700000000184E-3	1.46683E-2	2.0911699999999998E-2	2.59127E-2	3.0303099999999999E-2	3.4255500000000001E-2	3.8037800000000038E-2	4.0880300000000001E-2	4.2904100000000001E-2	4.4221600000000014E-2	4.4975099999999997E-2	4.5114000000000022E-2	4.4575900000000002E-2	4.3597500000000004E-2	4.2359399999999998E-2	4.1138799999999996E-2	3.981740000000001E-2	3.8560799999999978E-2	3.7525700000000002E-2	3.7001900000000053E-2	3.6939400000000011E-2	3.7379400000000042E-2	3.8390899999999999E-2	4.0108700000000004E-2	4.2535000000000003E-2	4.5623499999999997E-2	4.9329600000000057E-2	5.3635700000000001E-2	5.8519799999999997E-2	6.3952099999999998E-2	6.9820700000000013E-2	7.6122099999999998E-2	8.2843000000000014E-2	9.0107500000000021E-2	9.7844400000000026E-2	0.106119	0.11489300000000002	0.124338	0.134607	0.14594100000000026	0.15863300000000016	0.172875	0.18912799999999999	0.20771600000000026	0.22919700000000001	0.25383	0.28167900000000001	0.31246900000000033	0.34572700000000001	0.38149900000000031	0.42042500000000038	0.463893	0.51327800000000001	0.5693009999999995	0.63202400000000092	0.70154300000000003	0.77953600000000001	0.87043899999999996	0.98140099999999919	1.12097	1.2959099999999986	1.50735	1.74665	1.9928300000000001	2.2144900000000001	2.376409999999995	2.4513399999999987	2.4339	2.3512999999999975	2.2651599999999998	2.25787	2.4117199999999972	2.7886500000000001	3.409049999999997	4.2287699999999999	5.1302500000000002	5.9491500000000004	6.5236499999999999	6.7336800000000014	6.5333800000000002	5.9492700000000065	5.0791599999999999	4.0448499999999985	2.9767999999999977	1.9810300000000001	1.0589299999999986	0.40670100000000003	7.8500100000000003E-2	6.4312900000000148E-3	3	0.37519800000000031	0.41187800000000047	0.45214500000000002	0.49634700000000032	0.54487200000000002	0.59814000000000001	0.65661499999999995	0.72080699999999998	0.79127499999999951	0.86863200000000063	0.95355199999999996	1.04677	1.1491100000000001	1.26145	1.3847700000000001	1.5201499999999999	1.66876	1.8318999999999988	2.0109999999999997	2.2076000000000002	2.4234200000000001	2.6603300000000032	2.92042	3.2059199999999999	3.5193399999999997	3.8633999999999999	4.2411000000000003	4.6557199999999943	5.1108699999999985	5.610519999999994	6.1590199999999955	6.7611400000000001	7.4221199999999943	8.1477299999999993	8.9442699999999995	9.8186900000000001	10.778600000000001	11.8323	12.989100000000002	14.258900000000001	15.652900000000002	17.183199999999989	18.863	20.707100000000001	22.7315	24.953800000000001	27.3934	30.071400000000001	33.011299999999999	36.238500000000045	39.781300000000002	43.670400000000001	47.939700000000002	52.626400000000011	57.771300000000011	63.419200000000004	69.619200000000006	76.425299999999993	83.896900000000002	92.098799999999983	101.10299999999998	110.98699999999999	121.837	133.74799999999999	146.82400000000001	161.17699999999999	176.935	194.232	213.221	234.066	256.94799999999969	282.06799999999993	309.6440000000004	339.91599999999954	373.14699999999999	409.62599999999969	449.67200000000008	493.63299999999964	541.89199999999948	594.86899999999946	653.02499999999998	716.86599999999919	786.94899999999996	863.88300000000004	948.33799999999906	1041.05	1142.83	1254.55	1377.2	9.3617600000000124E-3	1.6722500000000032E-2	2.4682200000000012E-2	3.5070799999999999E-2	4.3334000000000004E-2	5.0401200000000014E-2	5.6591400000000014E-2	6.2343000000000023E-2	6.6511500000000001E-2	6.9135400000000014E-2	7.0459999999999995E-2	7.0744799999999997E-2	7.0106600000000088E-2	6.837200000000003E-2	6.5990400000000032E-2	6.3275999999999999E-2	6.0801100000000004E-2	5.8403300000000012E-2	5.6346100000000003E-2	5.4865800000000013E-2	5.4405100000000012E-2	5.4966000000000091E-2	5.6566600000000057E-2	5.9306000000000109E-2	6.3293199999999994E-2	6.8607299999999996E-2	7.5110200000000085E-2	8.2730900000000024E-2	9.1322800000000023E-2	0.10087	0.11126500000000009	0.12231300000000002	0.13395000000000001	0.14613000000000001	0.15903800000000026	0.17249000000000023	0.18653500000000023	0.20105899999999999	0.21648800000000026	0.23321100000000017	0.251666	0.27225200000000005	0.29531000000000046	0.32198600000000066	0.35342300000000032	0.39094900000000032	0.43456000000000033	0.4828000000000004	0.53298800000000002	0.58216099999999915	0.62922000000000078	0.67552400000000079	0.72504299999999999	0.78253199999999956	0.85119500000000092	0.93140599999999996	1.0204599999999999	1.1147100000000001	1.2125699999999986	1.3168800000000001	1.43611	1.5823199999999999	1.7664500000000001	1.9905999999999999	2.2394599999999971	2.476259999999995	2.6477800000000027	2.7029100000000001	2.6199300000000001	2.4304899999999972	2.2233800000000032	2.1170599999999977	2.2200000000000002	2.60507	3.2851699999999999	4.18079	5.1166799999999997	5.8771199999999943	6.2849599999999946	6.2574199999999944	5.8146099999999965	5.0471899999999943	4.0678999999999945	2.9972799999999977	1.9478899999999999	0.99753499999999906	0.35724	6.4805699999999994E-2	4.780260000000011E-3	Particle size (μm)

Volume (%)



1 stress cycle	0	1000	2000	3000	4000	5000	6000	7000	100	99.516120000000001	99.155690000000007	98.919659999999993	97.695419999999999	92.890754999999999	76.111014999999995	68.467039999999997	5 stress cycle	0	1000	2000	3000	4000	5000	6000	7000	100	99.392849999999996	99.032616000000004	98.549109999999999	96.460480000000004	85.360290000000006	75.123360000000005	60.44238	20 stress cycle	0	1000	2000	3000	4000	5000	6000	7000	100	99.392660000000006	98.90916	97.561454999999995	95.596100000000007	82.767334000000005	68.086349999999996	59.08417	Closure stress (psi)


Retained MPD (%)
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Loading rate (psi/sec)

AE rate (sec-1)


Flat face	87.822670000000002	131.77038999999999	186.75558000000001	318.33190000000002	450.24783000000002	615.09826999999996	846.0684	1077.1276	1351.8433	1704.0718999999999	1979.5315000000001	2265.8506000000002	2694.6785	3025.3418000000001	3388.4621999999999	3785.1480000000001	4181.1710000000003	4544.7924999999996	4908.6409999999996	5271.8909999999996	5613.3813	6075.451	6329.8467000000001	6627.1710000000003	6924.6566999999995	7178.0736999999999	7420.6149999999998	7684.9804999999997	7905.2690000000002	8114.5690000000004	8411.48	8708.6839999999993	8973.2510000000002	9314.402	9567.5040000000008	9897.8760000000002	10272.082	10591.424999999999	10932.875	11296.384	11648.329	12023.004999999999	12452.351000000001	12837.562	13201.225	13663.391	14038.05	14456.228999999999	14929.941999999999	0.60182020000000003	0.82536639999999994	0.99734926000000002	2.2353231999999998	2.7512338000000001	3.4906782999999999	4.1442385000000002	4.6086869999999998	5.9155927000000004	6.3286040000000003	6.0538480000000003	6.1057519999999998	7.5675625999999996	7.0006060000000003	7.6715096999999997	7.2249727000000004	8.1881780000000006	7.7931786000000001	6.9168042999999999	7.3126363999999997	7.141108	8.1731569999999998	5.8525299999999998	5.9216389999999999	5.6469082999999998	5.4065110000000001	4.873837	4.770988	4.7196645999999998	4.6167525999999999	5.5626519999999999	5.8896410000000001	5.3569921999999996	5.907527	6.3376163999999999	6.3895710000000001	6.9057599999999999	6.9920855	6.906517	6.7522060000000002	7.7669363000000002	7.28599	7.6475140000000001	8.1809069999999995	7.6999483	8.5256930000000004	8.0791310000000003	8.7672899999999991	8.4583770000000005	Curved face	88.64819	198.80453	166.03215	287.58228000000003	430.83492999999999	552.67660000000001	728.87163999999996	949.84829999999999	1148.2318	1346.7772	1655.6732	1853.8948	2107.5059999999999	2483.2750999999998	2713.4187000000002	3011.6577000000002	3309.2087000000001	3607.0671000000002	3804.2602999999999	4046.9555999999998	4267.6166999999996	4532.3630000000003	4829.7837	5028.0619999999999	5225.8783999999996	5491.1270000000004	5711.3180000000002	5987.1826000000001	6251.4750000000004	6516.3590000000004	6847.5565999999999	7044.3446999999996	7343.2075000000004	7674.09	7971.1549999999997	8291.4040000000005	8666.241	9018.77	9349.3439999999991	9735.6239999999998	10120.965	10474.083000000001	10926.297	11389.272000000001	11808.040999999999	12215.57	12711.894	13130.816000000001	13593.962	14067.407999999999	14530.627	14982.492	1.0113268	0.89120089999999996	1.5083808999999999	2.1768130999999999	2.1252208000000001	3.4107951999999999	3.1020226000000002	4.2674836999999997	4.2672569999999999	4.6098869999999996	5.2438190000000002	4.9007360000000002	5.1575889999999998	7.3685869999999998	4.6083249999999998	6.0136979999999998	5.9619293000000004	6.5615889999999997	4.0413646999999999	4.5210866999999997	5.0179770000000001	5.5148169999999999	5.1887629999999998	4.9656795999999996	3.7654543	5.3251505000000003	4.8277559999999999	5.5302977999999996	5.0671387000000001	5.8554067999999999	7.0378847000000002	3.6605189999999999	6.3858899999999998	6.8997973999999997	5.8194584999999996	7.1562346999999997	7.3958063000000003	7.0696893000000003	6.9321685000000004	8.0631550000000001	7.2055726	8.1308819999999997	8.8503659999999993	9.0212649999999996	8.9350719999999999	8.3860349999999997	9.1568959999999997	9.3964169999999996	9.9273159999999994	8.9324890000000003	9.6176750000000002	9.6000150000000009	Load (psi)


Loading rate (psi/sec)
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