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1. Executive Summary  

Hydraulic fracturing technology, along with horizontal drilling and associated completion technologies, 
dramatically increased US oil and gas production, by increasing the permeability of tight shales and 
allowing for cost-effective extraction of trapped hydrocarbons. For efficient and economical production, 
the targeted shale has to be fractured easily (i.e., good ‘frackability’), but also the permeability of 
induced fractures have to be sustained during production (good ‘sustainability’). For these reasons, 
currently, ductile shale with high clay content (>~40%) is difficult to exploit as a hydrocarbon resource, 
although hydrocarbons can still be found in it. Good frackability, high-TOC, low-clay-content resource 
shales—the ‘low-hanging fruit’—will be depleted, and we need to develop tools that allow tapping into 
currently underutilized, clay-rich ductile shales.  

This research project aims (1) to understand the behavior of fractures in clay-rich, ductile (and 
sometimes swelling) shales and (2) to begin to develop technologies for efficient and economical 
production from such shales. With these objectives, we examine time-dependent, coupled mechanical-
hydrological behavior of open and proppant-filled fractures within different types of shales. In the 
preceding project, the focus of the research was to understand the behavior of the fractures and to 
predict their permeability changes due to fracture closure from shale matrix deformation and proppant 
embedment. In the current project, we investigate the possibility of chemically manipulating the 
sustainability of hydraulic fractures in ductile shales—specifically by altering the proppant-embedding 
behavior—via chemical means, at different stages of oil and gas production.  

To meet these objectives, we conducted a series of core-scale laboratory experiments under elevated 
temperature and stress simulating the in-situ conditions of unconventional oil and gas reservoirs. 
Through collaboration with Tuscaloosa Marine Shale Laboratory (TMSL) which provided oil-producing 
ductile clay-rich shale, and with the HFTS (Hydraulic Fracturing Test Sites) project with less ductile but 
still clay-rich shale, laboratory experiments and numerical modeling were performed to investigate the 
fracture closure behavior under the impact of fluid and proppant chemistry under realistic temperature 
and stress conditions. Additionally, we tested clay-rich samples provided by Caney Shale Laboratory. The 
experiments included the development of a unique, high-temperature and high-pressure capable in-situ 
visualization test system, initial micro/mini indentation tests, and long-term (up to 2-3 weeks per test) 
proppant embedment and fracture closure experiment under selected temperature, effective stress, 
and fluid pressure. The proppant was mixed with chemical additives designed to react with the reservoir 
fluid and induce mineral precipitation, which would reduce the ductility of the shale near the fracture 
surface. These additives were selected based upon analyses of the chemical composition of the in-situ 
fluid (from TMSL) and preliminary tests which were conducted in the laboratory. Numerical modeling of 
the laboratory experiments and prediction of both short and long-term mineral precipitation and 
proppant embedment in an in-situ fracture were conducted using a well-established hydro-mechanical 
simulator (TOUGH-FLAC) and a reactive-transport simulator (CRUNCHFLOW) with loose chemical, 
mechanical, and hydrological coupling.  

In this 3-year-long project, including a one-year extension in FY2021, we produced a new laboratory 
tool—an upgrade from a low-temperature in-situ visualization test system— for investigating the 
chemical effect on the time-dependent deformation of shale fractures with proppant. A possible 
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method for inducing ductility-reducing mineral precipitation within and around a shale fracture has 
been developed and demonstrated by laboratory experiments, with partial evidences of the 
deceleration of fracture closure and permeability reductions.  Modeling of fluid transport and mineral 
precipitation via CRUNCHFLOW showed that predicted precipitation of carbonate minerals (calcite) can 
happen not only on the fracture surface but also within the shale matrix with some distance away from 
the fracture. TOUGH-FLAC modeling based upon this result revealed that the location of the precipitated 
carbonate minerals has a large impact on the timing of the fracture closure caused by proppant 
embedment.  

In this final report, we provide descriptions of the laboratory and numerical modelling tools and the 
outcomes obtained through this project. The results of the experiments and simulations, and the 
knowledge gained from them, particularly the impact of the chemically induced mineral precipitation on 
the time-dependent behavior of shale fractures, are reported.  Note that, for completeness, a large part 
of this document has been previously submitted to DOE-NETL as the Final Report for the first two years 
of the project, which was later changed to an annual report because of the one-year extension of the 
project. The current document reports newly obtained results and insights from the third year of the 
project. 

2. Project Accomplishments  

In the following, we will describe the experimental and numerical methods and tools developed in this 
project, and the obtained results. Although most of these results have been previously presented in the 
quarterly reports and FY2019 and FY2020 annual reports, we will include them here for completeness.  

2.1 Task 2.0 Laboratory Experiments  

The laboratory tasks developed a new, upgraded in-situ visualization test system which was capable of 
testing with higher temperature (up to 150˚C) and harsher (corrosive) fluid chemistry involved with 
realistic in-situ fluids, confirmed precipitation of carbonate minerals (calcite and aragonite) and 
conducted indentation tests to evaluate its effect on shale ductility changes in preliminary room-
temperature tests (Year 1). Using the developed test system and the strategy for shale ductility 
reduction via carbonate minerals, several long-term proppant embedment visualization tests were 
conducted under elevated temperature and pressure (Years 2 and 3). We also examine the impact of 
acid treatment on shales with various mineral composition, particularly containing acid-sensitive  
carbonate minerals. In contrast to the induced mineralization which aims to reduce the ductility, the 
possible objective of the latter is to slightly enhance the surface ductility of brittle shale, reducing the 
proppant-crushing-induced fracture closure and debris production which may cause fracture/proppant 
clogging. 
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2.1.1 Subtask 2.1– Acquisition of shale core samples and baseline sample property 
characterization (Year 1) 

2.1.1.1 Shale samples 
In this task, we acquired several ductile, clay-rich shale samples from oil and gas reservoirs from multiple 
field laboratories. One is the Marcellus shale from MSEEL, and the other is Tuscaloosa Marine shale. 
Through collaboration with Prof. Mehdi Mokhtari (University of Louisiana), we obtained field shale cores 
from TMSL (Tuscaloosa Marine Shale Laboratory). These cores are from a depth of ~15,000 ft. The shale 
in these cores is organic-poor, and quartz-rich (~36%), carbonate-poor, and clay-rich (~50%). The 
swelling, smectite and smectite/illite content is relatively small. From a quick inspection, the core is 
rather heavily fractured, possibly due to stress unloading and desiccation of the clay during storage 
(Figure 2-1). This makes stabilization of the core matrix before subcoring necessary. We used low-
viscosity casting epoxy to avoid fragmentation of the sample during coring, and also to seal open 
preexisting cracks. Mineralogical characterization on these shale samples showed that the total clay 
(and organics) content of the shale was a little less than 50%, similar to the Marcellus (MSEEL) and Pierre 
(from outcrops) shale samples we tested previously (Fig.2-2). The smectite and mixed-layer 
illite/smectite content of this shale however is rather high, totaling about ~10%. Additionally the 
provided core samples were severely desiccated during storage, exhibiting numerous fractures along the 
bedding plane.  

 
Figure 2-1. X  Clay-rich reservoir shale core obtained from TMSL. 

 
Figure 2-2. Mineral composition of a TMSL shale sample compared to previously tested ductile and brittle shale 
samples. This sample contained the largest amount of swelling clays although the amount of (pure) smectite is 
slightly less than the Pierre shale sample which exhibited strong ductility and severe proppant embedment.  
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We initially tried to extract small subcores from the main core by using tap-water-cooled diamond 
coring bit. However, this resulted in severe slaking and disintegration of the shale (Fig.2-3 left). 
Engineers with TMSL informed us that they had the same problem during their sample preparation and 
they were currently using an air-cooled, dry coring method. We considered several methods including 
(1) pre-freezing of the core before coring, (2) air-cooling during coring, (3) over coring of larger cores 
and milling to reduce the diameter. However, because of logistical difficulties of implementing such 
methods in our laboratory, we chose to use a wet coring method using OMS (odorless mineral spirits), 
which is employed by commercial core providers and geotechnical service companies (Fig. 2-3 right).  

 

 
Figure 2-3. Extraction of mini subcores of TMSL shale. Water caused severe damage to the shale because of 
swelling. After attempts using different methods, we managed to produce (more or less) intact cores using OMS 
(odorless mineral splits) cutting fluid.  

 

Through collaboration with another field laboratory (HFTS), we also prepared Wolfcamp shale samples 
for our experiment (Fig.2-4).  X-ray diffraction tests and analyses indicated that these samples have a 
range of clay content (Fig.2-5) from ~19% up to ~37% (Note that our TMSL and MSEEL samples have 
~50% clay content). The smectite content in these samples was very low, but because of the presence of 
mixed smectite-illite clay, some swelling is expected. For this reason, the samples were prepared using 
OMS (Odorless Mineral Spirit), similar to the TMSL samples.  

 

 
Figure 2-4. HFTS cores (left) and prepared samples for our experiment (right). 
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Figure 2-5. Mineralogical compositions of HFTS samples. Compared to TMSL shale samples, the samples have a 
range of clay content.  

2.1.1.2 Baseline sample characterization via miniature indentation tests 
Using the prepared core, we conducted a series of mini indentation experiments to characterize the 
shale’s ductility, using our instrumented indentation system. For comparison, we also prepared new test 
samples from the Marcellus (MSEEL core) shale field core which we used in the previous cycle of the 
project. Indentation test samples were prepared from 0.55-inch diameter, ~0.25-inch tall mini subcores 
embedded in a thick aluminum cup with low-viscosity epoxy. The use of the epoxy also helped to fill 
open cracks within the samples which were cored parallel to the bedding plane. Before the experiments, 
the samples were naturally soaked in brine over 48 hours at room temperature. This fluid is a synthetic 
brine containing NaCl and CaCl2, simulating the concentrations of the in-situ rock pore fluid at TMSL.  

The indentation tests revealed that, although there were some scattering due to possible sample 
property variabilities, TMSL shale indeed has stronger ductility than the MSEEL sample (Figure 2-6). This 
is manifested more evidently in the differences in the irrecoverable work (the area enclosed by the 
loading curves). During these tests, we observed peculiar behavior in the post-indentation recovery of 
the indentation craters for both samples. In both cases, the depth of the craters reduced over time, and 
in the case of the TMSL shale, the initially well-defined crater geometry was distorted by the heaving 
and collapsing of the surface within and around the crater (Figure 2-7). We kept the samples in the brine 
for several days, and this behavior continued for the TMSL sample, eventually leading to fracturing of 
the entire mini core in spite of the fact the sample was securely cast in the aluminum cup with epoxy. 
The post-indentation recovery of the shale surface can be attributed to both poroelastic recovery and 
additional swelling of the clay. From the observation, we speculate that, for TMSL shale, the damage 
and increased permeability caused by the indentation crate created new paths for fluid diffusion into 
the deeper part of the sample. Possibly because the interior of the sample was not fully saturated due to 
the swelling-induced self-sealing effect in the shale, slow permeation of the fluid first caused collapse of 
the indentation crater, followed by the swelling and fracturing of the entire sample.  
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Figure 2-6. Grain-scale instrumented indentation tests of MSEEL (Marcellus) and TMSL shale cores. TMSL shale 
exhibited higher ductility than MSEEL shale.   

 

 
Figure 2-7. Post-indentation changes in the indentation crater geometry. For TMSL shale, swelling of the sample 
below the crater resulted in severe deformation and collapse.  

 

We also examined the results of the previously reported short-term (30 minute) grain-scale indentation 
tests for bicarbonate-exposed (TMSL with precipitation) and unexposed (TMSL without precipitation) 
shale sample surfaces. Comparison with the previously conducted tests on other shale samples with a 
range of ductility seems to indicate that strongly ductile shales (Barnet chip sample and Pierre sample in 
Figure 2-8a) exhibit semi-log(t) behavior which is regularly observed for core-scale multiple-proppant 
embedment tests. In contrast, brittle and less ductile shale samples, including TMSL samples exhibited 
no clear semi-log(t) behavior (Figure 2-8b). This result is somewhat disappointing, because we were 
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hoping to see the semi-log(t) indentation behavior even in a single-point indentation tests so that the 
slope of the indentation depth-log(t) cures can be used to predict long-term indentation and fracture 
closure behavior of shale fractures propped by multiple proppants.  

 
 (a) Highly ductile shales (b) Brittle and semi-ductile shales 

Figure 2-8. Comparison of short-term, grain-scale indentation tests for shales with a range of ductility. Note that 
the experiments were conducted with both 1kgf and 5kgf of indentation load, using a single, spherical indenter 
with a diameter of 1/16 inches. 

2.1.2 Subtask 2.2– Partial modification of the fracture compaction visualization system for 
THMC experiment (Year 1) 

In this task, we modified the ambient-temperature-rated room-temperature fracture/proppant 
compaction visualization system, which we developed during the previous project cycle (Figure 2-9) so 
that the experiment can be conducted at elevated temperatures up to 60 to 90 ˚C. This task was meant 
to be a preparation phase of the subsequent, higher-temperature experiment which involves a newly 
build test cell (pressure vessel) allowing experiments involving higher temperature (up to ~150˚C) and 
harsher fluid chemistry.  

The modified system applies controlled heat via three ceramic band heaters directly attached to a 
pressure vessel. To reduce the impact of high thermal radiation on the imaging camera, the stand-off 
distance between the camera and the view window was greatly increased (~0.5 m and adjustable), and a 
quartz plate was placed between them to deflect the convective flow of the heated air. A custom-made, 
high-temperature-rated LVDT has been fabricated and is used with the new test cell. Additionally, 
because the system had to be taken out of an enclosure oven which we used for the earlier experiments, 
the view cell is placed behind a polycarbonate blast shield (Figure 2-9 left). This new setup will involve 
slow, percolating flow of brine from the shale matrix into the (model) fracture, in addition to flow along 
the fracture surface. Although our previous system was capable of conducting such an experiment, we 
simply did not use it. In the new system, we believe the slow flow from the rock matrix into the fracture 
is one of the keys for inducing mineral precipitation on the fracture and the resulting reductions in shale 
ductility. For this reasons, the flow system is more complex than our previous system. 
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Figure 2-9. Modification of frature compaction visualization system for higher-temperature tests  

 

2.1.3 Subtask 2.3– Fabrication of a new fracture compaction visualization cell for higher 
temperature, harsher fluid chemistry experiments (Year 1) 

In this task, we designed and fabricated a new, in-situ fracture compaction visualization test cell, based 
upon the previously developed aluminum test cell for experiments involving ambient temperature and 
inert fluid.  

2.1.3.1 Designing of a new test cell 
Compared to the previous test cell, the newly designed vessel has the differences shown in Table 2-1. 
The old and the new vessel design schematics are compared in Figure 2-10. Also, the key design 
parameters and safety factors are listed in Table 2-2. Compared to the old design, the new vessel has a 
detachable bottom end plug, because of the difficulty of machining a large blind hole. Also, several new 
fluid ports have been added to improve the accuracy of flow permeability measurements by separating 
the fluid inlet/outlet ports and the ports for differential pressure measurement. Before the fabrication 
was initiated, the vessel design was validated and approved by a safety engineer at the LBNL. 

 

Table 2-1. Key design changes 

(1) The main vessel wall (cylinder) will be fabricated of Hastelloy C276 
(2) Bottom chamber pressure will be increased by 1/3 (4,500 psi→ 6,000 psi) 
(3) Related to (1), for difficulties in machining, a flange (in 316SS) will be added to the bottom 
(4) Instead of the current two, six fluid ports will be installed in the upper chamber wall (see next page) 
(5) The fluid conduit for the ports will be horizontal, rather than current inclined.  
 
No changes for the design of the sapphire window and internal piston will be made. 
Orings sealing the bottom chamber will have a parback (anti-extrusion ring).  
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 a. Old vessel b. New vessel c. New vessel shell design details 

Figure 2-10. Design schematics for old and new test vessels. 

Table 2-2  Temperature and stress/pressure ratings for old and new vessels 

Design parameters 
 Original parameters New parameters Comment 
Maximum test temperature 100 C 150 C  
Bottom chamber pressure 4,500 psi 

(Later increased to 5,220 psi based 
upon actual material strength) 

6,000 psi 6,000 psi x 1.5=9.000 psi can 
be pressure tested by the 
vendor 

Top chamber pressure  1,500 psi 1,500 psi  
Main body material T6061-T6 

(Ultimate tensile 42,000 psi) 
Hastelloy C276 
Design tensile strength 27,300 
psi 
(*Ultimate tensile 100,000 psi) 

 

Top flange material SS316 SS316  
Bottom flange material N/A SS316 75,000 psi ultimate tensile 
Top closure bolts Grade 8 bolts x 8 

(7/16-14) 
Grade 8 bolts x 8 
(7/16-14) 

 

Bottom closure bolts N/A Grade 8 bolts x 8 
(7/16-14) 

Bolt proof strength 
12,800 lbs 

Changes in the safety factors 
 Original parameters New parameters Comment 
Upper chamber wall Von 
Mises 

3,660 psi 
SF=11.5 

3,775 psi 
SF=26  

 

Lower chamber wall Von 
Mises 

10,358 psi 
SF=4.1 

13,856 psi 
SF=7.2 

For HC276, the stress is 51% of 
the design tensile strength 

Flange retaining bolt 1,767 lbs/bolt 
SF=7.2 

2,356 lbs/bolt 
SF=5.4 

Thermal effect not considered 

Top flange shear stress 
(same for the bottom) 

3,323 psi 
SF=13.0 

4,431 psi 
** SF=9.4 (6.3*) 

Shear at bolt circle (radius 
1.5”). Flange thickness 0.75”.  

Sapphire window tensile 
stress  

2,784 psi 
SF=23.3 

3,712.5 psi 
SF=17.5 

From Guild Optics provided calculation 
formula (see later section) 

*The values in the parenthesis are reduced values for the increased temperature. 316SS: 33% reduction. HastelloyC276 does 
not require temperature derating for the designed temperature 
 
**Shear strength is assumed to be x0.577 of the tensile strength 



27 
 

2.1.3.2 Fabrication of the test cell 
Fabrication of the test cell and its pressure testing was performed by Vindum Engineering (Lodi, CA, 
www.vindum.com), and the product was delivered ahead of schedule (Q2 2019 instead of Q3 2019). The 
completed cell had several new features based upon lessons learned from our previous project. Because 
we did not find X-ray CT imaging particularly effective, the new cell is made of stronger and chemically 
more inert metal but with no X-ray transparency (for a medical X-ray CT scanner) (Figure 2-11). The use 
of this metal made the fabrication of the cell more difficult (for large ductility and strain hardening), 
instead of a “cup”-shaped geometry of the previous aluminum vessel, the new HC276 vessel has a 
through-bored hull with bolted-down end camps. Also, we have a total of 6 access holes instead of 2 for 
the previous cell (Figure 2-12). During the previous experiments, we learned that compacting fractures 
initially can have a very high permeability with only small pressure drops across the fractures, which are 
difficult to determine from differential pressure measurements between the entry and exit ports of a 
cell due to the flow resistance in the tubings. By measuring pressure drops across a fracture between 
two ports which are independent of the fluid flow inlet and outlet, we should be able to improve the 
accuracy of the permeability measurement.  

 

 

 
Figure 2-11. Completed, pressure tested, and delivered new high temperature visualization test cell. Design 
maximum allowable working pressure is 6,000 psi, and the pore pressure is 1500 psi. Because of the use of 
Hastelloy C276 and Viton seals, the vessel can be heated up to 150˚C.  
 

http://www.vindum.com/
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Figure 2-12. The new cell has several additional fluid ports at the fracture level of the sample chamber. During 
an experiment, the pressure drop induced by the fluid flow parallel to the fracture is measured using a pair of 
pressure measurement ports independent of the fluid inlet and outlet ports.  

2.1.4 Subtask 2.4– Short-duration, medium-temperature, mild-chemistry shale fracture 
compaction/proppant embedment tests (Year 1) 

This task which involved the previously used aluminum test cell was intended to be a preparation for the 
higher-temperature experiments scheduled for Year 2, while we wait for the completion of the new 
high-temperature test cell. However, troubleshooting of the test system and the development of 
necessary sensors caused delays, and the unexpected early delivery of the new test cell resulted in early 
start of the high-temperature experiment, rather than spending extra time on conducting actual 
experiments in this task. However, the development of the high-temperature test system, experimental 
methodology, and fabrication of other necessary parts were conducted in this task, which will be 
described below. 

We encountered difficulties achieving uniform temperature in the pressure vessel while containing the 
heat within the system. The implemented solution was to use an additional thermal distribution shell 
(made of copper) between the vessel and the band heaters, covered by foam insulation (Figure 2-13). 
Also, because the optical visualization of the proppant and shale fracture through a transparent window 
in our system requires the use of a CCD camera, the camera has to be kept away from the high 
temperature spots. A long (~30 cm) buffer tube has been added in front of the camera above the 
viewing window, and a fused quartz window with an air gap was also added to reduce the upward flow 
of heated air from the window. The UV lamp is lowered close to the window only during imaging to 
avoid thermal damage (Figure 2-14).  The field of view (observable sample surface) from the camera has 
been slightly reduced because of the increased stand-off distance.  

The system diagram of the completed, final experimental setup is presented in Figure 2-15.   
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Figure 2-13.  Improvement of even heating and thermal insulation capabilities of the pressure vessel. A thin 
(~1/16”) copper shell was added to improve heat distribution along the vessel wall. A fused-quartz window with 
an air gap and a thermal jacket was installed to improve insulation.  

 

 

 

  
Figure 2-14. A large stand-off distance was added to protect a heat-sensitive CCD camera during the experiment. 
The UV lamp will be moved away from the heated test cell when visualization is not conducted.  
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Figure 2-15. Finalized high-temperature shale fracture compaction visualization test system. The new system 
uses the cell’s capability to have an independent from the shale matrix into the fracture.  

 

We also changed the geometry of the shale samples used in the experiment. Previously we used a rather 
thick (14-19 mm), “hockey puck” shaped sample for the fracture compaction visualization experiments. 
In the planned experiments in which we will introduce diffusive, fracture-normal flow of pore fluid in 
addition to advective, fracture-parallel flow, this thickness is expected to be too large for conducting 
experiments with realistic time constraints. For this reason, we have reduced the sample thickness to 
about 0.25 inches (Figure 2-16), and then added a porous, high-permeability substrate consisting of a 
sintered ceramic (mica) block (Figure 2-17). (Note that this ceramic block was later replaced by a 
stainless steel spacer with grooves for fluid distribution at the bottom of the shale disc.)  To avoid 
potential fracturing of this relatively fragile substrate, a 1/8”-thick stainless steel support ring was added.  
The gap between the shale disc and a stainless steel retaining ring, and also, the desiccation-induced 
bedding-parallel fractures in the shale, was filled with low-viscosity epoxy containing UV-fluorescent 
marker dye. 
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Figure 2-16. Newly produced thin-disc shale samples. TOP: Marcellus shale (MSEEL) and BOTTOM: TMSL shale. 
The thickness of the sample used for the experiment will be ~5 mm (the sample in the picture will be ground 
down further). The shale core is epoxied to a stainless steel ring support.  

 
Figure 2-17. Assembled sample column. Because the thin shale sample can fracture during the test due to 
bending, a substrate consisting of a 1-cm-thick porous mica disc with a stainless-steel side wall is added during 
the tests.  
Using the modified test system and the sample preparation protocol, we conducted a preliminary 
visualization experiment of a TMSL shale sample (Figures 2-18, 2-19). As mentioned earlier, instead of 
using the low-temperature tests with the previously used aluminum pressure vessel, we used the new 
Hastelloy vessel operated at ~120˚C. In Figure 2-20, fluorescence images of a TMSL shale fracture 
containing proppant (size ~1mm, round, quartz proppant covering ~50% of the fracture surface) are 
presented. The experiment was conducted with an effective stress of 3,920 psi, pore pressure of 1,500 
psi, using simulated TMSL brine (see Subtask 2.5), at T=120-122˚C. 

  
Figure 2-18. Following a new test protocol, a shale sample was re-hydrated with synthetic brine by applying a 
rather large pressure gradient (~50 psi/0.25 inches) across the sample. To reduce the impact of the trapped air in 
the pore space, inlet (bottom side) pressure of 150 psi and the outlet pressure (top side) of 100 psi were applied.  
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Figure 2-19. A test-run high-temperature experiment in progress.  

     
 a. Initial view b. Effective Stress=3920 psi, T=7 hours c. Magnified view of b. 

Figure 2-20  Short-duration embedding of quartz proppant (D~1mm, coverage ~50%) into a TMSL shale 
substrate. Fluorescence images (uncalibrated) indicate pulverization of the shale surface around proppant, 
formation of high-permeability channels around the proppant clusters, and closure of unsupported part of the 
fracture. Note that these are raw captured images without any processing.  

 

2.1.5 Subtask 2.5– Preliminary proppant/shale-fluid reaction tests (Year 1) 

2.1.5.1 Requirements for precipitated mineral cement 

In this task, experiments were conducted to examine the chemical interaction (precipitation and 
dissolution) between solid (shale and proppant) and fluid under elevated temperature.  A number of 
small shale samples were kept within sealed containers with the test fluid. The test temperature, 
duration, and fluid chemistry were varied among the samples so that their impact on the shale-fluid 
interaction was able to be examined.  

Based upon the choice of shale samples made in Subtask 3.1, we examined the reaction between in-situ 
brine, shale matrix, and proppant. For the pore fluid, synthetic brine with a simplified solute 
composition of the TMSL reservoir rock was used, which is rich in sodium and calcium (Figure 2-21).  
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Figure 2-21. TMSL in-situ brine solid composition and the recipe used for synthetic brine in the laboratory 

The key objective of this task was to verify and demonstrate that we can induce precipitation of 
minerals within a shale fracture and/or in the matrix so that the ductile deformation of the shale can be 
reduced. Basic requirements (or a “wish list”) for developing such technologies are: 

• Chemical reaction forms hard cement  
• Reaction involves in-situ pore fluid (rich in NaCl, CaCl2) 
• Reaction happens after proppant (+reactants) is in place 
• Reaction happens reasonably quickly (hours to months) 
• Abundant and inexpensive chemicals must be used  

Reaction can be limited to the proppant neighbors (for preserving matrix permeability) 

Our candidate proppant additives for the fluid-proppant-shale reaction in the laboratory were 

• MgCO3 (magnesite) proppant additive 
• NaHCO3 (baking soda) proppant additive 

2.1.5.2 Selection of a fluid/proppant additive for precipitation 

MgCO3 (magnesite) proppant additive 
The magnesite proppant additive was selected, because its solubility is relatively low but still 10 times 
higher than the target mineral (CaCO3) for precipitation. The idea is that the MgCO3 in a fracture slowly 
dissolves among proppant, and then CaCO3 precipitates as a replacement. In order to help this process, 
the Ca2+ concentration of the brine can be boosted by adding CaCl2 additive to the proppant/fracturing 
fluid. We conducted a simple batch test in sealed test tubes containing TMSL shale, synthetic brine, 
quartz sand proppant, magnesite powder or chips, and CaCl2 additive (Figure 2-22). The samples were 
test under room temperature, 60˚C, and 90˚C for several days to examine possible precipitation of 
CaCO3 on the shale and the proppant grains.  

 
Unfortunately, even after ~2 months, no significant, visually apparent precipitation was observed in 
these samples. Dissolution and precipitation of minerals did occur on the magnesite chips (Figure 2-23), 
but on the shale samples, such reaction was not apparent. Instead, the brine became visibly clouded for 
higher-temperature samples (60˚C, and 90˚C), and for the 90˚C case, the reference shale sample which 
was kept only with the synthetic brine (without any additives) started to “dissolve” in the fluid, possibly 
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due to swelling and destabilization of clays (Figure 2-24).  For the 60˚C samples (due to evaporation loss 
of fluid, 90˚C samples were not examined), optical microscope revealed some precipitation of minerals 
on the shale surface, particularly for the samples kept with MgCO3 powder and additional CaCl2 solution 
(Figure 2-25). However, these could be simply the NaCl or CaCl2 salt precipitated from the pore fluid 
drained from the shale surface. Because the samples were very water sensitive and could not be rinsed 
by fresh water thoroughly, whether the white minerals on the images are indeed precipitated CaCO3 is 
not confirmed at this point. More conclusive analysis, possibly via SEM-EDX or XRD, would be necessary.  

 
Figure 2-22. TMSL shale samples were kept in synthetic brine and proppant additives for inducing precipitation 
of carbonate minerals.  

 

 
Figure 2-23. Dissolution of the magnesite chip surface and precipitation of new mineral crystals  
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Figure 2-24. TSML shale samples kept with brine and additives over 2 months. No clearly visible mineral 
precipitation occurred. The fluid in the tubes (left) became turbid, possibly because of precipitation of 
microcrystals within the fluid. Water evaporated for the 90C test tubes (right) except for the reference tube in 
which shale started to dissolve and turned the fluid color brown.  

 
60˚C Reference (brine only) 

 
60˚C MgCl2 powder 

 
60˚C MgCl2 powder+CaCl2aq booster 

   

Figure 2-25. Sample surfaces of TSML shale samples kept with brine and additives over 2 months. Although not 
apparent at the sample scale (~1cm wide) microscope observation reveals some precipitation of white crystals 
on the surface. However, it is not clear if these are indeed CaCO3 crystals.   

NaHCO3 (baking soda) proppant additive 

The first test indicated that even with the solubility 10 times higher than CaCO3 (calcite), magnesite-
calcite reaction was too slow for hardening the shale surface/matrix by precipitation. Additionally, there 
was an indication that the precipitation of CaCO3 was occurring on the dissolving magnesite chip surface 
and in the pore fluid, rather than on the shale and proppant surfaces. Because of these possibilities, we 
also considered an alternate scenario based upon a simpler precipitation reaction between NaHCO3 
(baking soda) and CaCl2 solutions (Figure 2-26). With this idea, to restore the fluid saturation condition 
of TMSL shale in the reservoir (to some degree), we first soak a semi-dry shale sample in the synthetic 
brine for a few days. After this, the brine is removed from the sample surface and then exposed to high-
concentration NaHCO3 solution, simulating injection of fracturing fluid/proppant+additives. Through the 
transport of CO3

2- and Ca2+ ions between the fracture and the shale matrix, we expect gradual 
precipitation of CaCO3 to happen on the shale surface and within the pore space near the fracture.  
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Figure 2-26. An alternate concept of laboratory CaCO3 precipitation method based upon “baking soda” solution 
injected with proppant and CaCl2 within simulated in-situ brine. 

In this experiment, both MSEEL sample and TMSL sample which were prepared for indentation tests 
were used. The samples were first soaked in the synthetic brine over 96 hours, then initial indentation 
tests were conducted. During the tests, the surface was wet by a film of OMS to avoid drying.  After the 
tests, the OMS film was removed, and the samples were stored in NaHCO3 solution (5 g/100mL) at room 
temperature.   

After 3 days, MSEEL sample showed slight indication of precipitation on the surface. However 
indentation tests did not show any significant changes (the results are not show here). The precipitation 
became much more evident after 6 weeks (Figure 2-27). In contrast, TMSL sample did not show any sign 
of mineral precipitation on the surface. Instead, the sample exhibited severe swelling, and the sample 
surface started to fracture along the bedding plane and the line formed by the indentation craters. 
Unfortunately this sample was accidentally destroyed when the surface was rinsed by tap water and 
dried by air flow. However, exposed fractures which were hidden beneath the surface showed signs of 
mineral precipitation (Figure 2-27 bottom row).  

These experiments indicate possibilities of relatively easy (and inexpensive) mineral precipitation within 
a shale fracture. At this point, the second method (NaHCO3+CaCl2) appears to be more promising. The 
use of simple baking soda (sodium bicarbonate, NaHCO3) is particularly promising for precipitating likely 
carbonate minerals in calcium chloride (CaCl2) rich brine, such as the fluid collected at TMSL. 

’ 
Figure 2-27. Time-lapse images of mineral precipitation on the surface of MSEEL mini core (top row). After the 
observation at 6 weeks (or possibly sooner), the amount of visual precipitation did not change significantly.  
TMSL sample fractured due to swelling.  
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2.1.5.3  Validation of carbonate mineral precipitation I—Unconfined, no flow 

MSEEL core test 
The MSEEL mini-core experiment was continued over months. At this point, the final grain-scale 
indentation tests were conducted and the precipitation of minerals was examined in detail via SEM. 
Optical images in Figure 2-27 indicate that, after 6 weeks, the visual amount of precipitation on the 
sample surface did not seem to change much. This may be because the calcium in the pore fluid 
contained in the shale had been depleted. As for the TMSL sample, we terminated the experiment after 
6 weeks because the sample developed many fractures, and was accidentally destroyed while drying the 
sample using air flow.  

SEM images of the white precipitates on the MSEEL core in Figure 2-27 are shown in Figure 2-28. The 
images revealed the precipitates were indeed newly formed mineral crystals. Generally speaking, there 
were two types of crystal habits, one with stubby, prismatic crystals and needle-like acicular crystals of 
similar sizes (~ a few microns to tens of microns).  

 
Figure 2-28. SEM images of the MSEEL core sample surface after 4 months. Both prismatic and acicular 
crystallization of possible carbonate minerals can be seen. 
Elemental composition analyses were done via EDX during the SEM study (Figures 2-29 and 2-30). The 
spectra shown in the figures confirm (Sites 1 and 9) that these crystals primarily contain calcium (Ca), 
which indicates that quite possibly calcium carbonate (CaCO3) formed from the simulated TMSL brine 
containing CaCl2 and the sodium-bicarbonate solution. Also from the crystal habits seen from the images, 
these are most likely aragonite rather than calcite. EDX analysis on the sites away from the large 
carbonate crystals (Sites 3 and 12) also show strong aluminum and silicate signatures, which indicates 
(early) formation of clay minerals. Upon magnifying the images, the weathering products or proto clay 
minerals can be observed on the surfaces of the carbonate crystals (Figure 2-31). The mineralization of 
proto-clay may have happened after the initial active formation of the carbonate minerals stopped.  
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Figure 2-29. EDX analysis of prismatic crystals on MSEEL core sample. A clear Ca signature can be found. Note 
that the strong Au signature is due to the gold coating applied to the sample for SEM imaging. On a spot away 
from the crystal, strong Al and Si signatures are seen, indicating formation of clay minerals on the sample 
surface. 

 

 
Figure 2-30. EDX analysis of acicular crystals on MSEEL core sample. Both Ca signature on the crystals, and Si and 
Al signatures away from them are nearly identical to Figure 2-30. 
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Figure 2-31 Proto-clay minerals(?) seen both on the sample surface (left) and on the carbonate crystals.  
 

During the precipitation tests on MSEEL core sample, a series of grain-scale, instrumented indentation 
tests were conducted on the sample surface (the indentation craters from these tests can be seen in 
Figures 2-29and 2-30). The tests were conducted (1) immediately before the brine-soaked sample was 
immersed in NaHCO3 solution (aq.), and (2) 3days, (3) 6 weeks, and (4) 4 months later. In each test, the 
indentation was carried out by applying the load at a constant displacement rate of  0.5µm/s up to 5000 
gf of the applied load, with 1800 seconds of hold time to observe creep deformation under a constant 
load at 5000 gf.  

Increasing the test time, and the resulting precipitation of minerals, appears to reduce both the initial 
deformation and the creep deformation, reducing the overall ductility of the shale (Figures 2-32ab). The 
6 tests done at the 4-month point showed some inconsistencies, with one sample exhibiting almost 
identical behavior to the reference test result at t=0. However, the tests results showing more ductility 
are from the indentation tests conducted at the locations where no visual precipitation was observed, 
indicating that the precipitates clearly have impact on the mechanical properties of the shale. Note that 
however that the precipitation may also be occurring within the pore space, which would not be 
detected by the surface observation. 
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(a) Instrumented indentation test results for the first 6 weeks. 

 
(b) Instrumented indentation test results up to 4 months. The 4-month results have 6 measurements, with three 
measurements on the spots where no precipitation was visible (purple circle and the lines) and with visible 
precipitation (red circle and the lines).  

Figure 2-32.  Instrumented indentation tests conducted as a function of time on an MSEEL core sample with 
surface precipitation. The test clearly shows changes in the ductility of the shale sample over time. Locations 
where precipitation was visible in the photograph (red lines) exhibited more reductions in the ductility than 
locations with no clear sign of precipitation (purple lines).    
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Synthetic shale (compacted clay) test 
As we saw in Figure 2-27, visible precipitation ceased to progress after 6 weeks or possibly sooner. This 
may be because the initial soaking of the shale samples with brine did not introduce sufficient amount 
of fluid into the pore space, in addition to the fact that there is no transport of the fluid carrying the 
pore fluid to the surface.  

To increase the amount of precipitation in a short-term experiment, we tried to make synthetic shale 
samples from clay powder by compacting a mixture of the power and brine (simulated TMSL brine) in a 
mold. In order to reduce the effect of swelling clay, we used water-insensitive, pure kaolinite (kaolin) as 
the clay. A nominally saturated mixture (80% dry kaolinite power + 20% brine by weight) was compacted 
in a metal mold (Figure 2-33) by applying 100 MPa of stress over 30 minutes. The produced clay pellets 
were cast in aluminum cups with low-viscosity epoxy, then exposed to (1) brine (25°C), (2) 5%wt NaHCO3 
solution (25°C), (3) 5%wt NaHCO3 solution (60°C) over 72 hours.  

Surprisingly, this resulted in severer swelling and disintegration of the samples, in spite of the use of 
water-insensitive kaolinite in the sample (Figure 2-34). We suspect that incomplete saturation of the 
clay power resulted in microscopic gas bubbles trapped at clay particle contacts, which introduced 
strong capillary force. Introduction of fluid during the soaking broke the capillary force which held the 
grains together against intergranular contact force, resulting in sample disintegration.  

 

 
Figure 2-33. Preparation of synthetic clay samples pre-saturated with TMSL brine. A metal mold was used to 
compact the sample under 100 MPa of compacting stress. Once the samples were made, they were cast in 
aluminum cups with epoxy with an exposed surface, then soaked in different types of fluids. 
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Figure 2-34. Swelling of samples possibly due to decreased capillary force within possibly incompletely saturated 
clay packs.  

   
 

Figure 2-35. Comparison between bare and guar-gum covered samples 
For one sample of type (2), as a variant of the experiment, we covered the surface of the sample with a 
mixture of guar gum and sodium-bicarbonate brine to shield it from the surrounding brine (guar gum 3g 
+ NaHCO3 2 g + H2O 20 g) (Figure 2-35 left).This resulted in less swelling of the sample possibly due to 
inhibition of water access to the sample surface. However, close examination of the sample surface 
revealed a significant amount of mineral precipitation, in spite of the relative short experiment time (72 
hours).  

This result is encouraging because (1) the shale in a reservoir would contain a large amount of in-situ 
brine in the pore space, and (2) the brine would slowly flow into the fracture during oil and gas 
production, helping faster and a higher-degree of carbonate precipitation of the fracture surface. 
Additionally, the use of a protective material (such as guar gum used in the above tests) helps to limit 
the precipitation to the boundaries of discrete “blobs” containing the reactive NaHCO3. Further, when 
proppant is added to the blobs, we would be restricting the formation of the surface-hardening but also 
permeability-reducing minerals only to the neighborhood of the proppant. Thus, this may provide an 
effective solution to our problem.  
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Figure 2-36. Precipitation of minerals on the sample surfaces. Note that this required only 72 hours from the 
start of the experiment.  

2.1.5.4  Validation of carbonate mineral precipitation II—Confined, with brine flow 

The experiments in 2.1.5.2 and 2.1.5.3 were conducted with shale cores which were originally dry and 
were simply soaked with brine before indentation tests. Although we observed precipitation of 
carbonate minerals (possibly aragonite crystals) and reductions in shale ductility in these samples, we 
suspected more thorough saturation of the pore space may lead to different behavior, especially the 
ductility contrast before and after the sample is exposed to induced chemicals (a bicarbonate solution). 
To achieve better sample saturation, similar to the sample in Subtask 2.4, we reduced the thickness of 
the sample (Fig.2-37), and modified the sample geometry so that fluid can be percolated across the 
sample within a small pressure vessel (Figure 2-38). The key objectives of the following experiments are 

(1) To examine the saturation behavior of shale samples from an initially dry state (i.e. as received state 
of the samples), and at the same time, determine approximate porosity and brine permeability of the 
shale.  

(2) To confirm that slow, percolating flow of brine through the sample results in faster precipitation of 
carbonate minerals on and near the fracture surface. Previously, the precipitation test was conducted 
using a sample which was simply soaked in brine for several days before exposed to sodium bicarbonate 
solution.  
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Figure 2-37. Newly produced thin-disc shale samples for indentation tests. LEFT: Marcellus shale (MSEEL) and 
RIGHT: TMSL shale. The thickness of the samples is ~6 mm. The flow is parallel to the beddiing planes. The shale 
core is epoxied to a PEEK ring support. 

 
Figure 2-38. Before indentation tests are conducted, the sample will be saturated with brine using unidirectional  
pore fluid flow with a rather high differential pressure. 

Flow tests 
We conducted two tests using small TMSL shale cores with a diameter 0.56 inches and a thickness 0.25 
inches (drilled parallel to the bedding plane). These cores were initially room dry because of the storage 
conditions. The retaining rings for these samples were made of PEEK (instead of previously used 
aluminum) which is chemically resistant and also for anticipated future experiments involving electrical 
current for inducing electrophoresis of the dissolved ions Additionally, desiccation-induced cracks were 
sealed using the same low-viscosity epoxy to avoid fast passing of the flow. The sample was introduced 
in a small triaxial cell, and a constant confining stress of 100 psi and an axial stress of 116 psi were 
applied. On the upstream side of the sample, a fluid pressure of 50 psi was applied via simulated TMSL 
brine. The downstream side was exposed to the atmospheric pressure.  

In the first phase of the experiment, the sample was simply saturated by applying the differential pore 
pressure with a dry ceramic filter on the downstream side. In the second phase, a sodium-bicarbonate 
solution with a high-concentration (5g/100 mL) was introduced on the down-stream side. For test#1, the 
first phase lasted for ~1 week, followed by exposure to bicarbonate solution for another week. For 
test#2, the first phase was ~2 weeks, followed by 10 days of the second phase (Figure 2-39). Overall, the 
two experiments exhibited similar behavior: Initially the injection rate was faster because the pore space 
was not occupied by liquid, and also the capillary force drives the fluid transport. Later a steady state 
was reached. The obtained data can be fitted with a function of the form 
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/(1 )t CQ At B e−= + −   (2-1) 

where t is the lapse time, Q is the flow volume, and A, B, C are the fitting parameters (A=steady-state 
volume flow rate). From curve fitting, the permeability of the shale samples were estimated to be 49 
nanodarcies (test#1) and 55 nanodarcies (test#2), respectively, assuming the samples were fully 
saturated at the steady state. Also assuming that the shale pore space was initially dry, the porosity of 
the sample (test#2) was estimated to be 3.9%.  

At the end of the first phase, the sample was temporarily removed from the pressure vessel, and 
bicarbonate solution was introduced on the downstream surface. For test#1, this was done by placing 
four sheets of #40 asshless filter paper soaked with the bicarbonate solution between the sample 
surface and an initially dry filter stone. For test#2, a monolayer of silica sand (diameter ~1 mm) 
saturated with the bicarbonate solution was used instead. Unfortuantely, for both cases, a part of the 
bicarbonate solution (especially for the filter papers) was absorbed by the filter stone, depriving avilable 
ions for precipitating carbonate minerals. For test#1, possibly because of this reason, no obvious 
precipitation of carbonate minerals was found on the sample surface (Figure 2-40).  

Although some of the bicorbonate solution was absorbed by the filter stone, for test#2 sample, a 
sufficient amont of fluid remained in the proppant pore space to induce reaction with the percolating 
brine (Fig.2-41). The down-stream side surface exhibited a significant amount of white precipitated 
minerals which formed faster and more abunduntly compared to the previous experiments using simply 
brine-soaked Marcellus and TMSL shale cores.  In the next step, we will conduct grain-scale indentation 
tests on the both sides of the sample to determine changes in the stiffness and strength of the shale due 
to the precipitation.  

  
 (a) Test #1 (b) Test #2 

Figure 2-39  Increases in the brine injection volume over time during shale mini-core saturation experiments. The 
pressure drop across the sample was kept constant (50 psi). Overall, the two experiments show similar behavior. 
Initially the injection rate is faster because the pore space is not occupied by liquid, and also the capillary force 
drives the fluid transport. Later a steady state is reached. The blue dotted lines are a fitted analytical function.  
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 [Upstream Side]

 

[Downstream Side] 

 

  

  

Figure 2-40. Images of test sample#1 after the experiment. Possibly because of depletion of bicarbonate solution 
on the down-stream side surface, no obvious mineralization can be seen. The white linear impression marks are 
from the fibers of the filter paper used to hold the solution, and there may be some limited precipitation on 
these spots. The circular marks in the middle of the images are made during an indentation tests (not reported 
this time).  
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 [Upstream Side] 

 

[Downstream Side] 

 

 

 

 

 

Figure 2-41. Images of test sample#2 after the experiment. A significant amount of minerals precipitated on the 
down-stream surface because of the reaction between the bicarbonate solution in the proppant pore space and 
the percolating brine. The “ring” like patterns of the precipitated mineral are possibly caused by the 
accumulation of fluid at the proppant grain-shale surface contact as pendulum water.  

Miniature indentation tests 
We conducted grain-scale indentation tests on the samples after the flow tests, using our instrumented 
indentation test system. During these tests, the surface of the sample was immersed in OME (odorless 
mineral extract) to reduce desiccation. On each side of the core, 16 indentation tests were conducted 
using a 1/16”-diameter hemispherical indenter (tungsten carbide). The maximum load was 1,000 gf, and 
the loading (driving displacement) rate was 0.5 µm/s. All tests were conducted with a hold time of 30 s 
at the maximum load, except for one test (for each side of the sample) which used a hold time of 30 
minutes for examining short-term creep behavior.  



48 
 

The results of the indentation tests are shown in Figure 2-42. Top panel shows indentation load-
displacement curves on a sample surface with visible calcite precipitation. The bottom panel is for the 
surface without precipitation. The fine red and blue curves are for the quick loading-unloading tests, and 
the thick magenta curves are for the creep tests. The top panel shows seemingly larger indentation 
displacement. In contrast, the bottom panel shows generally smaller indentation, with less variability 
among the loading curves. The creep tests shows reduced indentation displacement for the calcite-
precipitated surface, although only one set of the measurements were made on the samples. 

The seemingly paradoxical results that surface precipitation leads to increased indentation can be 
explained by initial compaction of a weak and porous calcite crystal layer on the sample surface. This is 
confirmed by close examination of the indentation craters (Figure 2-43: Surface with precipitation. 
Figure 2-45: Without precipitation). The distribution of the precipitated crystals was also not 
homogeneous, which was responsible for the greater differences in the indentation behavior for the 
tests conducted on the crystalized surface.  

 

 

 
Figure 2-42. Grain-scale indentation tests on TMSL mini cores. The top panel shows indentation load-
displacement curves on a sample surface with visible calcite precipitation. The bottom panel is for the surface 
without precipitation. For both cases, the shale matrix is saturated with simulated in-situ brine. The fine red and 
blue curves are for quick loading-unloading tests with 30 seconds of holding time at the peak load. The thick 
magenta curves are for short-duration (30 minutes) creep tests.  
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 (a) Overall image (normal illumination)  (b) Overall image (angled illumination) 

 ←30-min creep test 

     

     

      
Figure 2-43. Surface micrographs of the indentation craters on the side of a TMSL mini core with calcite 
precipitation. Crushing of the white crystal layer resulted in apparent increases in the indentation displacement. 
Because of the heterogeneous distribution of the crystals, the indentation behavior varied greatly among the 
test spots.  
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 (a) Overall image (normal illumination)  (b) Overall image (angled illumination) 

←30-min creep test 

     

     

      
Figure 2-44. Surface micrographs of the indentation craters on the side of a TMSL mini core without calcite 
precipitation. The shape and size of the indentation craters are visibly consistent, because of the relatively 
homogenous surface without precipitation. Some sites exhibit cracks overlapping the craters, which may be 
responsible for different (and larger) indentation displacement. The crater for the creep test, however, does not 
show such a crack which would result in large creep displacements.   
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2.1.6 Subtask 2.6– Higher-temperature, long-term shale fracture compaction/proppant 
embedment tests (Year 2) 

2.1.6.1 TMSL Shale Tests –Preliminary tests 

Using the new Hastelloy test cell, we conducted an initial shale fracture compaction experiment 
visualization test at a temperature ~120˚C, following the protocols developed and were described at the 
end of Section 2.1.4. Similar to the mini-core experiment conducted in Subtask 2.5, a 0.25-inch thick disc 
(with a diameter of 1.75 inches) of TMSL shale was first saturated by uni-directionally percolated 
simulated brine over 3 days under small confining stress (Figure 2-18). After this initial phase, proppant 
was placed on the fracture surface (diameter ~1 mm, surface coverage ~50%), and the system was 
flooded by the simulated brine. Subsequently, the pore pressure was increased up to 1500 psi, and the 
system temperature was increased to 120-122˚C. After 12 hours, the effective stress on the fracture 
and the proppant surface was increased by steps up to 3920 psi, while monitoring the fracture aperture 
changes (compression of the whole sample) using an LVDT, and photographing the fracture and 
proppant via a fluorescence visualization method, and measuring changes in the flow resistance across 
the fracture. Once the effective stress reached the target, monitoring of time-dependent fracture 
closure (proppant embedment) was started.  

Although the experiment proceeded smoothly during this initial loading stage, under the high effective 
stress and the elevated temperature, the O-ring seal deformed excessively, and closed one of the fluid 
ports for introducing brine on the upstream of the fracture surface. This resulted in several problems: 
we could not continue our measurements of fracture permeability; we could not replace the fluorescent 
dye in the fracture, which is expected to undergo thermal degradation of fluorescence efficiency; and 
also, we could not flush out the destabilized shale (clay) particles in the fluid, which obscured the actual 
changes in the fluid-layer thickness.   

In Figure 2-45, a sequence of the fluorescence images of the fracture surface from the experiment is 
shown. At the initial loading stage (up to T=0), the changes in the aperture could be observed very 
clearly, including fracturing of the shale surface and heaving of the matrix around the proppant grains. 
The clogging of the fluid inlet occurred at the very last stage of the effective stress increase (3920 psi). 
Because of the clouding of the fluid and the thermal degradation of the fluorescent dye, it is difficult to 
conclude that the darkening of the images is related to the aperture changes of the fracture. Note that, 
at 8 hours, the images suddenly brightened, because temporary de-clogging of the inlet allowed us to 
flush the fracture with fresh brine containing fluorescent dye. At 18 days, the images became extremely 
dark, and it was difficult to see the geometry of the remaining pore space. An image captured using 
much longer exposure time is shown in Figure 2-46 
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Figure 2-45. A sequence of the fluorescence images of the fracture surface from the experiment. The clogging of 
the fluid inlet occurred at the very last stage of the effective stress increase (3920 psi). Because of the clouding of 
the fluid and the thermal degradation of the fluorescent dye, it is difficult to conclude that the darkening of the 
images is related to the aperture changes of the fracture.  
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Figure 2-46. A long-exposure image of the fracture sample at Day 18. Although the remaining pore space can be 
distinguished from the proppant zones, the aperture distribution is difficult to determine quantitatively.  

 

Compaction changes of the sample during the experiment, which are mostly due to the fracture closure, 
are shown in Figure 2-47. As observed before, compaction behavior exhibited a remarkably clear semi-
logarithmic time scaling, up to ~100 hours. However, at this point, the compaction behavior switched to 
linear scaling, possibly because of fracturing of the shale matrix. The images of the sample after the 
experiment are shown in Figure 2-48  

  

  
(a) Compaction changes due to effective stress on the 
fracture 

(b) Compaction changes (creep) under a constant 
effective stress over time 
 

Figure 2-47. Compaction changes due to stress changes (a) and time-dependent creep behavior (b). Proppant 
embedment resulted in large fracture deformation with strong stress-deformation hysteresis.  
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(a) Front and back sides of the sample after the test 

 

(b) Detailed image of the 1st quadrant  

  

 (c) Indentation of single proppant grains (d) Indentation of a group of proppant grains 

Figure 2-48. Images of the sample surfaces after the experiment. Although severe proppant embedment is 
apparent, the depth of the proppant casts are 200-300 microns, and the proppant grains did  not stay embedded 
when the surface was cleaned. This indicates that the fracture surface still maintained significant permeability at 
the end of the experiment.  
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The preliminary experiments revealed the following issues: 

• Excess deformation of Viton O-ring collapses the fluid conduits, resulting in loss of flow test and 
fluorescent dye replacement capability 

• A long-duration test (~3 weeks) at elevated temperature results in degradation of polycarbonate 
film which is used to avoid proppant crushing at the grain-sapphire disc contact by reducing the 
stress concentration 

• Reduced shale sample thickness may have resulted in fracturing of the sample at ~100 hours.  

These were addressed by making following modification to the experimental setup and by revising the 
experimental procedure: 

• Reinforcement of the fluid conduit within the specially designed O-ring by embedding short 
thin-wall stainless steel tubing sections within the O-ring wall. 

• Replacing the polycarbonate film with a low-moisture-absorption high-temperature-resistant 
FEP film. (One concern is if the significantly smaller elastic moduli of the FEP film may not be 
able to prevent proppant crushing caused by the stress concentration between proppant grains 
and a sapphire disc). 

• Careful machining of the supporting porous ceramic substrate to minimize uneven loading. Also, 
distributing proppant grains more evenly to avoid a large unsupported region on the fracture 
surface. 

• As an alternative, replace the porous ceramic plate by a stainless steel plug with grooves for 
fluid distribution. 

2.1.6.2 TMSL Shale Tests –Tests with induced carbonate precipitation 

COVID problem 
Based upon the lessons learned from our initial test, we started to prepare for a proppant embedment 
test with a NaHCO3 additive to the proppant in order to reduce the embedment and to sustain long-
term fracture permeability. The geometry of the porous ceramic disc and the O-ring size were changed, 
and also the retaining ring for the disc was redesigned, in an attempt to mitigate fracturing of the thin 
(0.25-inch thick) shale disc, which was observed during the previous test.  

We introduced one prepared sample of TMSL shale into the test cell, and conducted initial saturation of 
the sample by applying slow percolating flow of simulated TMSL brine with a 50 psi of differential 
pressure across the thickness of the sample, under 220 psi of total axial confining stress. Unfortunately, 
after 1 week of saturation, the experiment had to be terminated due to site (LBNL) lock-down triggered 
by the shelter-in-place order by the Alameda County (CA) for the COVID-19 virus pandemic.  

By the time our access to our laboratory was permitted, the sample was kept in the test cell under low 
pressure over 3 months. Although the sample was exposed to the brine under low pressure for an 
excessive period of time, considering that we would encounter more unexpected issues with the 
experiment, and also to learn as much as we can from the limited number of prepared, currently 
available samples, we decided to proceed with the visualization test involving proppant additive 
(bicarbonate solution) for reducing the embedment of proppant.  
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Figure 2-49. Clustered proppant emplacement concept. Binder (e.g. cross-linked guar gum) mixed with proppant 
and precipitation-inducing chemical (NaHCO3) is placed on a shale fracture, focusing and limiting the calcite-
forming reaction with brine to the shale matrix around the proppant.  

Clustered proppant emplacement 
In this test, we also employed a clustered proppant emplacement strategy (Figure 2-49) which (1) 
concentrates a calcite-forming chemical to proppant neighbors, (2) reduces precipitation within the fluid 
in the fracture, and on and in the shale matrix away from the proppant, and (3) reduces migration of 
debris/fine produced by embedment-induced damage of the fracture surface. For using in-situ mineral 
precipitation to reduce ductility of shale fracture surface, it is necessary to minimize the accompanying 
reduction of permeability in both shale matrix and in the fracture.  As mentioned earlier, we believe that 
this can be achieved by using a “smart proppant emplacement strategy,” by emplacing proppant in 
clusters (or clumps) mixed with precipitation-inducing chemical bound by highly viscous fluid. The 
clustered proppant emplacement technique has been already developed and commercialized as seen in 
Schlumberger’s HiWAY method (e.g. Morris et al., 2014).  

To examine the precipitation reaction between brine in the fracture and a “blob” of binder (guar gum 
without cross linking) containing NaHCO3, we conducted visualization tests under elevated temperature 
and pressure (120˚C and 1,500 psi, respectively) over a few days. In this experiment, the “rock matrix” 
was represented by a chemically inert graphite disc. As the results indicate (Figure 2-50), the 
precipitation reaction happens primarily at the blob-brine boundary, seen as a bright halo. A important 
observation is that this also resulted in formation of calcite crystals strongly bonded to the substrate, 
rather than simply forming free-floating crystals in the fluid filling the fracture.  

 

Figure 2-50. A visualization test of calcite-forming reaction between a NaHCO3-containing blob of guar gum and 
simulated TMSL brine in a fracture. The substrate “shale” is non-porous, chemically inert graphite.  
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Figure 2-51. Calcite crystals precipitated on the surface of a graphite disc. The formed crystals are strongly 
bonded to the surface of the disc.  

Test with oversaturated sample and lower NaHCO3 additive concentration 
We continued and conducted a long-term proppant embedment visualization experiment on the TMSL 
shale sample which was saturated in TMSL brine over 3 months. The preceding experiment resulted in 
fracturing of a thin (0.25 inches) disc shaped core sample and clogging of the fluid ports. The new 
experiments involved modifications to the support stage (use of perforated stainless steel disc with 
grooves) to apply uniform stress on the sample, and to the O-ring by inserting short segments of 
stainless steel tubing (Figure 2-52).  to reduce the risk of fluid port closure under elevated temperature. 
Additionally, the open space near the inlet and outlet of the fracture was filled with coarse proppant 
(same as the ~1mm proppant used for embedment) to avoid collapsing.  

Instead of randomly dispersing proppant grains on the fracture surface, as mentioned in the previous 
section, non-cross-linked guar gum was used to bind proppant grains and distributed them in clusters 
(Figure 2-53). Each cluster consisted of a mixture of guar gum, NaHCO3, water, and quartz sand proppant, 
with a mix ratio of  1:10:50:121.6 by weight.  

 

 
Figure 2-52. An additional modification to the specially formed o-ring used in the experiment. To avoid collapse 
of the conduits under elevated temperature and pressure, short, stainless steel tubing sections were embedded 
in the wall. O-ring OD is 2 inches (51 mm), ID is 1.75 inches (44 mm). 
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Figure 2-53. Initial state of the TMSL shale sample (left) and the clusters of proppant on the surface (right) bound 
by thick guar gum binder, NaHCO3, and water mixture.  

 

Following the same test procedure as before, the test sample was first pressurized by1,500 psi 
hydrostatically at an ambient temperature over 72 hours, then at 120˚C overnight. Subsequently, the 
effective stress on the fracture was raised up to 3,921 psi by steps, while the fracture deformation and 
fluid flow resistance across the fracture were monitored, and the images of the fracture and the 
proppant were captured with the help of UV-light-induced fluorescence of the brine (Figure 2-54). After 
initial very rapid fracture compaction, the embedment of the proppant continued.  

 

 

  
Figure 2-54. Snapshots of fluorescence images of a propped TMSL shale fracture with calcite-precipitating 
chemical. The top row is for the initial increases in the effective stress applied to the fracture, and the bottom 
row is for the subsequent creep proppant embedment. 
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One major difference from the previously reported experiment is that the clouding of the fluid in the 
fracture (between the proppant clusters) did not occur, possibly because the debris and fines produced 
by the proppant embedment were trapped within the guar gum blobs (as indicated by a pseudo 3D 
image of a part of the surface below). Also, at least initially, a bright halo of fluorescence which was 
similar to the one observed for the preliminary test without proppant was observed at the edge of the 
proppant clusters. Because this halo reduced and disappeared when the fracture was compressed, we 
suspect it was caused by the reflection of light by calcite crystals, rather than fluorescence of the 
introduced dye.  

Although the experiment was continued without the anticipated clogging of the flow ports due to 
deformation of the O-ring under elevated temperature up to 10 days, it had to be terminated at that 
point because of the failure of axial piston pressure safety device.  

The measured long-term fracture compaction deformation and flow resistance changes for the current 
test (TMSL#2) are shown in Figures 2-55ab, respectively. Although expected, but still disappointingly, the 
deformation of the chemically treated sample exhibited faster deformation than untreated sample 
(TMSL#1). As mentioned previously, this may be attributed to the excessive pre-test hydration of the 
TMSL#2 sample, which led to overall softening of the shale matrix compared to TMSL#1. The 
compaction of the both samples exhibited the now familiar log(t) relationship. However, TMSL#2 
indicated a possible change in the slope at ~24 hours, which was also observed for more ductile Pierre 
shale. The flow resistance did not show dramatic changes except for a jump at the very last 
measurement at Day 10, with even small reductions between 24 hours and 1 week. The flow resistance 
changes in TMSL#2, however, are complicated by time and closure-dependent changes in the guar gum 
sol which partially blocks the fluid pathways.  

Finally, the images of TMSL#2 sample after the experiment are shown in Figures 2-56. Unfortunately, 
any expected surface precipitation was washed away during sample extraction, and could not be 
identified via microscope observation. Also, it is evident that the epoxy used in the experiment to cast 
the sample in a stainless steel ring lost integrity when subjected to hot brine.  

 



60 
 

 
 (a) Time-dependent fracture closure (b) Flow resistance changes  

Figure 2-55. Long-term compaction displacement for shale samples tested so far, compared to the current, 
TMSL#2 sample (a). Although lower-ductility samples followed linear log(t) dependency, highly ductile TMSL#2 
and Pierre shale samples appear to exhibit  bi-linear log(t) behavior. Flow resistance changes are also shown, 
and the result for TMSL#2 exhibits reductions and stabilization of the resistance after the slope changed, 
although it increased suddenly for the very last measurement.   

 

 
Figure 2-56. Post-experiment images of the TMSL#2 sample. Calcite crystals precipitated from brine-NaHCO3 
reaction could not be identified clearly, because the sample surface had to be cleaned during sample extraction 
from the test cell. The degradation of the epoxy (in orange color) used to stabilize the shale sample in a stainless 
steel ring was observed, which may have contributed to fracturing of the sample observed for the top half of the 
core.  
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Test with a high NaHCO3 additive concentration 
The previously conducted two tests with and without NaHCO3 additives were inconclusive. This was 
possibly because there was too much initial clay swelling while the NaHCO3-treated sample was left in 
the test system, and also possibly because the amount of NaHCO3 was not sufficient. The composition of 
the proppant mixture used in the new experiment is shown in Table 2-3, together with the compositions 
from the previous two experiments. In the new experiment, a very large amount of NaHCO3 was used (5 
times the previously used amount) to ensure precipitation of carbonate minerals in the system.  

Table 2-3 Composition of proppant mixture 

Sample Quartz 
sand 

NaHCO3 Distilled water  
+ Water GLO (0.1% 
by weight) 

Guar gum 

TMSL-1 1.26 g 0 g 0 g 0 g 
TMSL-2 1.26 g 0.103 g 0.517 g 0.0103 g 
TMSL-3 1.26 g 0.517 g 0.517 g 0.0103 g 

 

As our previous tests, during the initial preparation phase of the experiment, a disc-shaped shale sample 
with flat surfaces was first introduced in the test cell and subjected to a small axial stress (125 psi), then 
a differential pressure of 50 psi was used to flow synthetic reservoir brine without fluorescent dye over 
1 week. Once this step was completed, the proppant mixture was placed on the shale surface in 6 
separate clusters. In the center cluster, a single Viton disc produced from an o-ring cord, with a diameter 
of 3/16 inches (nominal) and a height of 0.064 inches was embedded, which was later used to 
determine the true aperture of the fracture. Next, the system was flooded with the synthetic brine, then 
the pore pressure was raised to 1,500 psi and held constant over 72 hours. Once this step was 
completed, the system temperature was raised to 120°C (the actual cell temperature was ~121.5°C) 
overnight, then the loading test was started.  

The loading was conducted by increasing the effective stress on the fracture by steps. At each step, the 
displacement of the internal piston, pressure drop across the surface of the fracture for a constant flow 
rate of 1mL/minute, and the image of the fracture and proppant via UV-induced fluorescence were 
recorded (Note that the displacement and pressures were recorded continuously). Once the maximum 
target effective stress of 3,921 psi (27 MPa) was reached, the stress was held constant, and the 
displacement, flow resistance, and the fracture/proppant images were recorded at discrete intervals 
over 17 days. Once this was completed, the effective stress was reduced by steps while the recording of 
the system response was made.  

Snapshots of optical fluorescence images of the fracture during the experiments are shown in Fig.2-57. 
Although some fracturing of proppant grains can be seen in the images, they are largely intact, due to 
the ductile deformation of the shale matrix. Subtle changes in the fracture aperture are difficult to see 
from these images. This is because the dye in the fluid loses fluorescence capability in ~2 days, which 
makes it necessary to flush out the fluid in the fracture before imaging. When the fluid replacement is 
incomplete, this results in a darkened image, which can be interpreted as additional fracture closure 
displacement.  
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 (a)  0 MPa (b) σeff=27 MPa (c) 17 days (σeff=27 MPa)  

Figure 2-57 Snapshots of a proppant-containing fracture during the initial effective stress increases (a→b) and 
during the long-term, creep test (b →c). Image b shows slightly less fluorescence than c not because of smaller 
fracture aperture, but because of incomplete replacement of the fluorescent dye in the system which degrades 
over time under the elevated temperature. The field of view is ~40mm in diameter. 

Initially, we also planned to apply slow flow of reservoir fluid across the thickness of the shale sample, so 
that there was a constant supply of calcium ions to promote carbonate precipitation within the matrix. 
Unfortunately, again, a fracture (or debonding) formed near the inlet of the fracture-parallel fluid flow, 
which prohibited the flow from the bottom of the sample from distributed uniformly across the sample. 
We confirmed this by injecting brine without the fluorescent dye from the bottom of the sample (Figure 
2-58), so that we could locate the position of the fracture and the fast path. During the experiment, we 
still applied this flow at a constant flow rate of 0.001 mL/min.  

Photographs of the surface of the sample are shown in Figures 2-59 and 2-60. As expected, the surface 
shows severe embedment of proppant grains. Unlike previous experiments (TMSL-1 and TMSL-2), this 
sample did not exhibit extensive and pervasive fractures, possibly due to the use of a rigid stainless steel 
block at the bottom. However, on the bottom side of the sample, some bedding-plane-parallel fractures 
were visible.  

 
 (a)  Fracture flow only (b) “Matrix flow” only (c) Difference image 

Figure 2-58 Snapshots of a proppant-containing fracture during the initial effective stress increases (a→b) and 
during the long-term, creep test (b →c). Image b shows slightly less fluorescence than c not because of smaller 
fracture aperture, but because of incomplete replacement of the fluorescent dye in the system which degrades 
over time under the elevated temperature.  
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 (a) Pre-experiment (b) Post-experiment (unwashed) (c) Post-experiment (washed)  

Figure 2-59 The surface of the sample before and after the experiment. Severe proppant embedment was 
observed. Also, precipitation of white mineral became evident once the surface was washed with tap water to 
remove loose proppant, residual guar gum, and soluable minerals on the  surface.   

 
 

Figure 2-60 Image of the first quardrant of the sample. In addition to the conspicuous mineralization on the flat 
part of the surface (i.e. unproppted sections of the fracture), some of the proppant cast also exhibits ligher color 
than the surrounding.  

 

As seen in the images, once the surface of the sample was rinced and dried, white precipitated minerals 
were clearly visible. On the part of the shale surface which was not convered by proppant mixture, 
bright white minerals which can be identifed as calcite crystals are seen (Figure 2-61). However, it seems 
there is also mineralization inside some of the proppant casts (craters) with slightly different colors. At 
this point, it was not clear what kind of minerals are present on the surface of these casts, and if these 
formed as the result of the chemical reaction between calcium in the reservoir fluid and the introduced 
bicarbonate. One possibility was that the a part of the quartz sand grains broke and embedded itself in 
the shale, which may be indicated by photograph of the sample surface during the post-experiment 
cleaning (Figure 2-62). In the subsequent section, we present the results of a series of chemical 
(mineralogical) analysis on the crystals, conducted via EDX. 
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Figure 2-61  Close-up images of the shale fracture surfaces and proppant casts where mineral precipitation was 
observed. The white precipitation on the left is cleary calcite crystals. In contrast, the origin of the crystals seen 
at the bottom of the casts is not clear.  

 
Figure 2-62  The mineral crystals at the bottom of indentation craters may not be precipitated carbonate 
minerals. Instead, they can be broken fragment of the quartz sand used as proppant. This photograph of the 
sample immediately after the proppants were removed from the surface seem to indicate that.  
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SEM/EDX study of previously tested TMSL sample for confirmation of mineral precipitation 
Although the surface of the sample exhibited obvious precipitation of minerals, we needed to confirm 
the type of these minerals, and also, examine how the precipitation was distributed especially within the 
shale matrix. For this purpose, we examined the sample via SEM, with EDX analysis for elemental 
compositions of the minerals.  

Fracture surface precipitation 
The location of a subcored sample for the SEM study is shown in Figure 2-63. The surface of a subcored 
sample contained both intact surfaces with obvious precipitated minerals and proppant craters with 
disturbed/destroyed surface. SEM images (Figure 2-64a) and accompanying EDX analysis (Figure 2-64b) 
showed clear carbonate precipitates on the surface, as revealed by red calcium signatures. However, 
within indentation craters, which should affect the proppant embedment most, we could not find clear 
signs of mineral precipitation. The crystals precipitated on the surface are mainly calcite as the rhombs 
seen in the SEM image indicate (Figure 2-65). 
 

 
Figure 2-63  Image of the TMSL shale sample after a fracture compaction/proppant embedment experiment, and 
a subcored sample used for a SEM/EDX study.  

  
a. SEM image  b. Calcium signature from EDX 

Figure 2-64  SEM image of the shale surface and a proppant indentation craters. Carbonate precipitation (red 
parts in the calcium image) was clearly visible on the fracture surface, but not in the craters.  
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Figure 2-65 SEM image of the surface crystals (calcite). 

 

Locally, however, we also observed precipitation of calcium sulfate crystals (Figure 2-66a). This can be 
confirmed by EDX by their strong calcium and sulfur signatures (Figure 2-66b). We speculate that the 
source of the sulfur is the pyrite crystals within the shale matrix. It is likely that the pyrite crystals (FeS) 
dissolved, and then precipitated as calcium sulfate. The type (habit) of the crystal (gypsum or anhydrite) 
is not clear from the images however.  

 
a. SEM image 

 
 

b. Calcium and sulfur signatures from EDX  

Figure 2-66. SEM image of calcium sulfate crystals on the fracture surface. The presence of this type of crystals is 
much more limited than calcite.  
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Precipitation within shale matrix and cracks 
In order to look for mineral precipitation within the shale matrix, we also prepared a sample which was 
cut perpendicular to the fracture surface (Figure 2-67). This sample also did not show any clear signs of 
carbonate precipitation around indentation craters. However, near a large vein of pyrite, we observed 
small surface cracks filled with calcium sulfate, similar to the sulfate crystals observed on the fracture 
surface. SEM+EDX analysis revealed the presence of fine cracks near the fracture surface, around the 
prominent pyrite veins shown in Figure 2-67 (Figure 2-68). With enlarged views in Figure 2-69, these 
veins are clearly sheen in the calcium image from an EDX analysis.  

 
Figure 2-67. A vertical cross section of a subcored TMSL sample cut perpendicularly to the bedding planes and 
cracks.  

  

  
Figure 2-68. SEM image and EDX analysis of sulfate distribution. Fe+S indicates pyrite veins. Ca indicates both 
carbonates originally present in the shale matrix and also precipitated calcium sulfate.  
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Figure 2-69. SEM image and EDX analysis of sulfate distribution in the area at the top of the prominent pyrite 
vein in Fig.2-8. The finer veins which are clearly seen in the calcium signature (Ca) also have oxygen (O) and 
sulfur (S) signatures, indicating that the veins are filled with calcium sulfate.  

 

It is rather disappointing and also is puzzling that we do not see clear signatures of the expected calcium 
carbonate precipitation within the shale matrix and around proppant grains, in spite of the reduced 
proppant embedment in this particular TMS sample. One explanation may be that the precipitation of 
carbonate occurred primarily within the shale debris filing the gap between the proppant grains, which 
was inevitably washed away when the sample was retrieved from the test cell at the end of the 
experiment. In the future experiment, we intend to preserve the debris for later chemical analysis for 
potential carbonate signatures. 

 

2.1.6.3 HFTS (Wolfcamp) Shale Tests –Tests with carbonate dissolution via acid 

In this section, we provide an overall summary of the experiments conducted on Wolfcamp shale 
samples provided by HFTS project. The results shown here have been presented at a conference (2021 
US Rock Mechanics Symposium/ARMA meeting), and also, included in the project final report submitted 
to DOE/NETL. Because we conducted this experiment continuously through FY2020 (Year 2) and FY2021  
(Year 3), instead of presenting the results in two separate sections for the original and extended project 
tasks, we provide the entire results here. 
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When a hydraulic fracture is poorly supported by sub-monolayer proppant, acid treatment of a brittle, 
carbonate-rich shale fracture may be able to reduce proppant crushing and fracture closure by making 
the rock matrix more ductile. To test this hypothesis, a series of laboratory fracture closure experiments 
were conducted on clay-rich and carbonate-rich Wolfcamp shale samples obtained from HFTS reservoir, 
under elevated stress (effective stress ~27 MPa) and temperature (~122˚C). A specially designed 
oedometric compaction cell which has been developed in this project was used, which allowed optical 
in-situ visualization of the interaction between the sample surface and a sub-monolayer (~50% surface 
coverage) of quartz proppant grains. A series of two-week-long loading tests showed some reductions in 
the fracture compaction and proppant crushing with an acid-treated carbonate-rich samples, compared 
to their untreated counterparts and clay-rich samples. However, for the rather small differences in the 
mineralogical composition of the samples, the impact of dissolution on the overall proppant and 
fracture compaction behavior was rather small. However, locally, we observed strong indications that 
the proppant-shale matrix interaction was altered by the mineral-type-dependent changes of the shale 
texture.  

In an unconventional, low-permeability oil and gas reservoir in shale, the use of proppant for preserving 
the aperture of induced hydraulic fractures is critical for efficient and economical resource extraction. 
However, particularly in a poorly supported fracture containing a sub-monolayer (less than 100% surface 
coverage) of proppant in brittle shale, crushing of proppant grains can lead to excessive reductions in 
the permeability, due to fracture aperture reductions and debris-induced clogging. Such behavior may 
potentially be manipulated by chemically increasing the ductility of the shale matrix by dissolving hard 
carbonate grains near the fracture surface. Conversely, increasing the ductility of the shale matrix may 
also lead to enhanced proppant embedment which can contribute to fracture closure and permeability 
reduction.  

In order to investigate the relative importance of proppant crushing and embedment in shale fracture 
closure, we conducted a series of laboratory experiments investigating time-dependent proppant-shale 
interaction under effective stress up to 27 MPa and temperature at ~122˚C. The key objectives of the 
experiments are (1) to determine the time-dependent compaction behavior of propped fractures for 
shale samples with different mineral compositions, and (2) to examine the effect of acid treatment on 
the ductility of the shale matrix and proppant crushing. These experiments were conducted using a 
custom-built oedometric cell with a high-pressure viewing window which allowed real-time visualization 
of fracture closure and proppant deformation and embedment. The visualization was facilitated by the 
UV fluorescence of injected pore fluid (Nakagawa and Borglin, 2019). The samples used in the 
experiments were both clay-rich and carbonate-rich Wolfcamp shale samples which were obtained via 
HFTS (Hydraulic Fracture Test Sites) project (e.g., Birkholzer et al., 2021).  

In the following we will first present basic sample properties and experimental setups, followed by 
experimental results including fracture and proppant images and the concurrently obtained mechanical 
(fracture closure) and hydrological (flow resistance) data. We will also examine in detail the correlation 
between the shale mineralogy and the local crushing of proppant grains.  
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Experimental Setup 

Shale Samples 
We selected three of the five core sections of Wolfcamp shale from the HFTS reservoir previously shown 
in Figure 2-5 (Figure 2-70), which had very different mineralogical compositions. The analysis was 
conducted via XRD, using powered samples. Section 11P (HFTS-11P) consisted of visually homogeneous 
shale, containing ~37% of clay. In contrast, Section 3P (HFTS-3P) contained ~25% of carbonates and 
about 50% less clay than 11P. Also, this sample was highly heterogeneous, with clearly visible clay-rich, 
carbonate-rich (where some micro fossils are visible), and mixed pyrite and carbonate-rich layers. The 
lithics content of the sections were nearly identical (55–56%). In contrast, Section 16P had a similar 
amount of carbonates as Section 11P, while with more clays and less lithics (by ~10%). Also note that 3P 
is rich in calcite, but dolomites dominate in 16P. The ratio between the swelling (illite-smectite) vs non-
swelling (illite) clay contents was similar for all three sections.    

From each of the three core sections, two, thin disc-shaped samples (diameter=44.4 mm, thickness=6.4 
mm) were produced, with less than a ~3 mm of separation from each other. This was to minimize the 
differences in the sample properties due to the core-scale heterogeneity. The discs were cut so that the 
flat surfaces were perpendicular to the bedding plane. They were stabilized in stainless steel rings with 
epoxy (Figure 2-71). 

 

 

 

 

Figure 2-70. Mineralogical compositions of two types of Wolfcamp shale used in the experiment. Samples 3P 
(HFTS-3P) and 16P (HFTS-16P) have similar, relatively high carbonate contents (~25%). In contrast, sample 11P 
(HFTS-11P) contains a large percentage of clay (~37%) with little carbonate. Samples 3P and 11P have 
approximately same amount of lithics (55–56%).  
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a. Clay-rich  
sample (11Pa) 

b. Heterogeneous carbonate-rich 
sample (3Pb) 

c. Homogeneous carbonate-rich 
sample (16Pb) 

Figure 2-71 Wolfcamp shale discs (diameter=44.4 mm, thickness=6.4 mm) used in the experiment. Clay-rich 
HFTS-11Pa and 11Pb samples and carbonate-rich HFTS16a and 16b samples had a visibly smooth and 
homogenous texture. In contrast, carbonate-rich HFTS-3Pa and 3Pb samples exhibited heterogeneous layers.  

Fluid Chemistry and Acid Treatment 
The experiment used synthetic brine with a chemical composition based upon that of diluted, produced 
fluid from the reservoir. The most prominent ions were Na+, followed by Ca2+ and Mg2+. The actual 
recipe for the fluid used in the experiment is shown in Table 2-4.  

Table 2-4. Chemical composition of the fluid used in experiment 

Chemicals g/L Chemicals g/L 
CaCl2·2H2O 3.48 H3BO3 0.0125 
LiCl 0.0489 NaBr 0.322 
2MgCl2·3H2O 1.67 NaCl 46.2 
KCl 0.572 NaI 0.0473 
2SrCl2·3H2O 0.548 Na2SO4 0.592 
NaHCO3 0.689 H2O balance 

 

Although the field experiment did not necessarily used acid during stimulation, we were interested in its 
impact on fracture closure. The surfaces of the samples HFTS-3Pb, 11Pb, and 16Pb were exposed to 
diluted HCl to dissolve carbonate minerals so that the fracture closure for these samples can be 
compared to untreated counterparts.  (Figure 2-72). The acid treatment was conducted using the 
following steps: 

(i) Prepare 15% HCl solution at room temperature 
(ii) Pool a thin layer of the acid in a Petri dish. Place small plastic stands to support the sample 
(iii) Emplace the sample face down over 2 minutes 
(iv) Remove the CO2 bubbles  
(v) Repeat the leaching for 4 times. 
(vi) Rinse and remove excess water 

 
In Figures 2-72 and 2-73, optical microscope images and X-ray micro CT images of the acid-treat shale 
surfaces are shown, respectively. Although the surfaces of the samples containing a large amount of 
carbonate minerals exhibited many cavities resulting from acid-induced mineral dissolution, the CT 
images indicate that these pores extended only a few tens of microns into the shale matrix.  
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a. Clay-rich shale 
(HFTS-11Pb) 

 
b. Homogeneous, carbonate-rich shale 
(HFTS-16Pb) 

 
c. Pyrite+carboante zone in heterogeneous, 
carbonate-rich shale 
(HFTS-3Pb) 

 
d. Carbonate-rich zone in heterogeneous, 
carbonate-rich shale 
 (HFTS-3Pb) 

 
e.  Clay-rich zone in heterogeneous, 
carbonate-rich shale 
(HFTS-3Pb) 

Figure 2-72. Images of the acid-treated sample surfaces. The height of the images is 500 µm. Compared to the 
clay-rich 11Pb (a) and the clay-rich zone in 3Pb (e), pyrite and carbonate-rich zones of 3Pb (c and d, respectively) 
exhibit a strong impact of dissolution by acid. Note that the pyrite-rich layer also contains a large amount of 
carbonate mineral grains. Pyrite itself showed little dissolution. Sample 16Pb shows less dissolution than 3Pb, 
with smaller pore sizes. 

 

   

Figure 2-73. X-ray micro CT image of acid-treated HFTS-3P and HFTS-16P mini cores. For the homogeneous 16P 
core, the depth of the weathered layer is much smaller, as well as the size of the cavities left on the surface, 
being the calcite distributed mostly in very small grains embedded in the less reactive matrix. The sample 
diameter is ~3/8”  

 

Experimental System Used for Wolfcamp Shale Fracture Compaction Tests 
The test system used in this experiment is the same as the one used with the high P/T fracture 
compaction experiments on TMSL shale samples. 
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Experimental Procedure 
The general test protocol is also the same as the TMSL shale experiment, with minor changes. During 
the initial preparation state, first, the shale sample was introduced in the test cell, and a layer of 
proppant was deposited. At this stage, a small Viton disc (or multiple discs) cut from an o-ring cord was 
embedded among the proppant grains. This was later used to determine the true aperture of the 
fracture from obtained images. Next, the system was flooded with the synthetic brine containing 
fluorescent dye, then the pore pressure was raised to 10.3 MPa and held constant over 72 hours. Once 
this step was completed, the system temperature was raised to 120°C (the actual cell temperature was 
~122 ±1°C) overnight, then the loading test was started. The loading was conducted by increasing the 
effective stress on the fracture by steps up to the maximum target stress of 27 MPa in 1 hour. At each 
step, the displacement of the internal piston, pressure drop across the surface of the fracture for a 
constant flow rate of 1 mL/minute, and the image of the fracture and proppant via UV-induced 
fluorescence were recorded (Note that the displacement and pressures were recorded continuously).  

Once the target stress was reached, the stress was held constant, and the displacement, flow resistance, 
and the fracture/proppant images were recorded at discrete intervals over 2 weeks. At the end of the 2 
weeks, the effective stress was reduced by reversing the steps taken during loading.  

After the loading test, the sample was taken out of the test cell, photographed, and the debris on the 
surface was rinsed off for detailed examination under a microscope.  

The above test procedures were repeated on the four samples to examine the differences in their 
behavior during both initial short-term loading test and the 2-week-long creep test (Table 2-5).  

Table 2-5. Test runs 

Test  Sample Minerals Texture Acid treatment  
1 HFTS-3Pa  Carbonate rich Heterogeneous No 
2 HFTS-3Pb  Carbonate rich Heterogeneous Yes 
3 HFTS-11Pa  Clay rich Homogeneous No 
4 HFTS-11Pb Clay rich Homogeneous Yes 
5 HFTS-16Pa  Carbonate rich Homogeneous No 
6 HFTS-16Pb Carbonate rich Homogeneous Yes 

Results and Discussion 

Fracture Deformation and Flow Resistance Changes 
Time-lapse fluorescence images for each sample are shown in Figure 2-74 for the initial unloaded state, 
at the beginning of the long-term test at the maximum effective stress, and at the end of the 2-week-
long tests. The brightness of the images qualitatively shows the relative aperture of the fracture 
(brighter areas have wider apertures). Note that the initial image of the sample 3Pb is darker compared 
to the rest, because the sample was loaded prematurely during the setting up stage up to about 3 MPa.  

Surprisingly, even for samples with relatively high clay content, proppant grains exhibited severe 
crushing under the applied stress. This may indicate that the clay content of these samples (up to 37%) 
was still not sufficient for making the clay particles load bearing (instead, they may be filling the space 
between harder carbonate and lithic mineral grains). Although small cracks are difficult to see in these 
small images, generally, darker grains are uncrushed and still load bearing. In contrast, lighter grains are 
fragmented and contain fluid in the cracks. Most of the proppant crushing occurred during the initial 
loading, but close examination of the images during the long-term loading revealed that the grain 
crushing continued throughout the duration of the experiment.  
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Figure 2-74. Fluoresence optical images of fracture closure/proppant changes. From the initial state (left column) 
to the beginning of the time-lapse compaction at the highest effective stress (middle column) to the 2-week 
point of the experiment under sustained effective stress on the proppant and the fracture (right column). Circular 
black dots in the images are Viton discs which are used to determine the fracture aperture. Note that the initial 
image for 3Pb sample is darker—indicating a smaller fracture aperture—because the sample was accidentally 
loaded prematurely before the experiment was started.  
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Figure 2-74 (Continued) 

In principle the fracture aperture changes can be determined quantitatively from the intensity changes 
of the fluorescence images. However, we have learned that the reflections and shadows, clouding of the 
fluid, and time-dependent thermal degradation of the fluorescence dye make calibration of the 
relationships between the light intensity and the fluid thickness difficult (Although, the fluid was 
replaced immediately before each imaging to reduce the effect of fluid clouding and thermal 
degradation). Unfortunately, measurements using a displacement sensor (LVDT) are also affected by the 
compliance of the system particularly during loading and unloading stages.  

In order to obtain “true” fracture aperture measurements during the loading stage, we used 
fluorescence images of the aforementioned Viton rubber discs. By assuming that a disc is squeezed 
uniformly (i.e. no “barrel” deformation) and with no volume changes, the fracture aperture (or the disc 
height) h can be determined by 

0
0

A
h h

A
= × ,  (2-2) 

where A0/A is the ratio of the initial sizes of the disc compared to the current state, determined from the 
images, and h0 is the initial height of the disc.  

The aperture changes of the samples during the initial loading are shown in Figure 2-75, which were 
measured using both an LVDT and Viton dot images. Note that the LVDT data are referenced to the 
direct, image-based measurements at the highest effective stress. As the plots indicate, LVDT-based 
measurements (open symbols with broken lines) generally overestimate the deformation, compared to 
the image-based measurements (closed symbols with solid lines). For all the samples, a large part of the 
deformation is attributed to proppant crushing. However clay-rich 11Pa and 11Pb samples clearly 
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exhibit larger aperture reductions compared to carbonate-rich samples, which can be attributed to both 
higher elastic compliance and plastic deformation of the clay minerals. 

The short-term results presented in Figure 2-75 do not show a clear indication of the impact of acid 
treatment, which was anticipated especially for the carbonate-rich samples because of the acid-induced 
dissolution and increased matrix porosity. However, in Figure 2-76a, although subtle, the long-term test 
shows some differences. Note that the symbols and legends used in this plot is the same as Figure 2-75. 
Carbonate-rich and acid-treated 3Pb exhibited markedly reduced compaction compared to untreated 
3Pa. Interestingly, clay-rich 11Pa and 11Pb also show differences in the compaction behavior. However 
considering the little impact of the acid treatment in changing the surface texture of the sample, we 
think this was due to other causes such as heterogeneity of the sample. Homogenous, carbonate 
(dolomite) rich samples showed nearly identical behavior. The difference between 3Pa and 3Pb appears 
to have occurred during the early period (first ~10 hours) of the long-term test. In Figure 2-76b, measured 
changes in the flow resistance for the fractures are also presented, but, because of the large overall 
apertures propped by the large proppant grain size, the resistance was too large to be accurately 
determined. 

 

 

 a. Image-based measurements b. LVDT-based measurements 

Figure 2-75. Direct fracture aperture measurement using the deformation of a Viton dot on the fracture, 
determined from the optical images as shown in Fig.7. For comparison, measurements using LVDT (referenced at 
the maximum effective stress at 27 MPa) are also shown in broken lines. Because LVDT measurements include 
deformation of the entire test system (test cell wall, view window, sample-vessel interfaces), they overestimate 
the aperture changes. Clay-rich samples show more deformation than carbonate-rich samples. Acid treatment 
seemed to have little impact on this short-term deformation behavior (duration ~ 1 hour). 
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a. Creep compaction of a fracture  b. Fracture-parallel flow resisntance 

Figure 2-76. Long-term measurements of (additional) fracture closure (a) and flow resistance (b) from the start 
of the creep test (0 hour). The solid circles  indicate untreated samples, and the open circles are acid-treated 
samples. Although the flow measurement is quite noisy, there is a general trend indicating gradual decreases in 
the fracture permeability. For heterogeneious, carbonate-rich samples, untreated 3Pa sample shows higher 
compaction than acid-treated 3Pb during the first ~10 hours of the test. Interestingly, carbonate-rich samples 
exhibited faster rates of compaction compared to clay-rich samples.  

 

Similar to what we observed in our previous experiments (Nakagawa and Borglin, 2019), the compaction 
generally increased semi-logarithmically with time, which is frequently observed for a variety of healing 
and time-dependent behavior of geological materials (e.g. Snieder et al, 2016). The relationships in 
Fig.9a show that the rate of fracture closure was, counterintuitively, faster for heterogeneous and 
carbonate-rich, therefore more brittle samples, compared to more ductile, clay-rich samples.  

Correlation between Proppant Behavior and Shale Mineralogy 
In order to understand the proppant-shale interactions and the resulting fracture compaction in the 
experiment better, using the time-lapse images of the proppant grains, we examined the statistics of 
proppant grain crushing (or survival) correlated with the shale mineralogy. Figure 2-77 shows 
photographs of the proppant craters (casts) on the sample surfaces. From these images and the images 
in Figure 2-74., it can be seen that the proppant grains and the fracture were more or less evenly during 
the tests. Using these images, we identify and count the total number of proppant grains and the 
number of intact grains which are free of clearly visible cracks and are not pulverized. Using these 
numbers, we define the following quantitative parameter (Proppant Survivability Index, PSI) which can 
be related to the ductility (or brittleness) of the shale: 

[𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑆𝑆𝑆𝑆𝑃𝑃𝑆𝑆𝑆𝑆𝑆𝑆𝑃𝑃𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑃𝑃𝑆𝑆 𝐼𝐼𝑃𝑃𝐼𝐼𝐼𝐼𝐼𝐼] = [𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑜𝑜𝑜𝑜 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑔𝑔𝑁𝑁𝑖𝑖𝑖𝑖𝑖𝑖𝑔𝑔 𝑖𝑖𝑖𝑖 𝑖𝑖ℎ𝑁𝑁 𝑖𝑖𝑁𝑁𝑖𝑖𝑔𝑔𝑁𝑁]
[𝑇𝑇𝑜𝑜𝑖𝑖𝑖𝑖𝑇𝑇 𝑖𝑖𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑜𝑜𝑜𝑜 𝑝𝑝𝑁𝑁𝑜𝑜𝑝𝑝𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖 𝑔𝑔𝑁𝑁𝑖𝑖𝑖𝑖𝑖𝑖𝑔𝑔 𝑖𝑖𝑖𝑖 𝑖𝑖ℎ𝑁𝑁 𝑖𝑖𝑁𝑁𝑖𝑖𝑔𝑔𝑁𝑁] × 100(%). (2-3) 
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Figure 2-77. Photographs of the sample surfaces after the 2-week compaction experiment. The loose proppant 
and debris have been removed.  

 

The results of this analysis are summarized in Table 2-6 and Figure 2-78. Overall, the numbers are similar 
for all six samples, indicating PSI=15−20%. However, notably, both carbonate-rich samples showed 
about 5% reductions in proppant crushing by the acid-treatment. Particularly, the heterogeneous 
carbonate-rich 3Pb sample exhibited the highest survival rate (22.7%), exceeding those of the clay-rich 
samples 11Pa and 11Pb (21.0% and 18.2%, respectively). These results seems to indicate that the acid 
treatement did contribute to the reduction of proppant crushing, even the impact is not dramatic for 
the samples used in this experiment, which had relatively similar mineral compositions.  

Table 2-6. Proppant survivability for each sample 

Test  Sample Total number of 
grains in image 

Number of 
intact grains 

Ratio (proppant 
survivability)  

1 HFTS-3Pa  550 95 17.3% 
2 HFTS-3Pb  577 131 22.7% 
3 HFTS-11Pa  552 116 21.0% 
4 HFTS-11Pb 560 102 18.2% 
5 HFTS-16Pa  529 74 14.0% 
6 HFTS-16Pb 563 103 18.3% 
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To investigate the impact of mineral types for acid-treated shale in more details, we examined the 
proppant-shale interaction for the heterogeneous and carbonate-rich samples 3Pa and 3Pb. In Figure 2-
79, clay-rich (blue shade), carbonate-rich (green shade), and pyrite (and also carbonate)-rich (yellow 
shade) zones in each sample which were identified via microscope are shown. The PSI values of the two 
samples which were determined for each mineralogical zone are then compared in Figure 2-80. 
Compared to the results presented in Figure 2-78, here the acid-induced changes in the proppant 
crushing behavior are more dramatic. Proppant grains and the shale matrix interacted differently for 
each mineralogical zone, as seen in the microscope images shown in Figure 2-81 (Heterogeneous, 
carbonate rich HSTS-3Pb) and Figure 2-82 (Homogeneous, carbonate-rich HFTS-16Pb). Specifically, the 
increased near-suface porosity from dissolved carbinate grains caused enhanced proppant indentation, 
which indicates higher shale matrix ductility and less proppant crushing.  

The results of the analysis clearly show that  

• Carbonate-rich zones (pyrite + carbonate zones) show very low proppant survival rates (12-13%) 
in untreated sample 

• Clay-rich zone exhibits a high survival rate (22%) in untreated sample 
• Carbonate-rich zones, and especially the carbonate zone, show high survival rates (22-28%) in 

acid-treated sample 

• Clay-rich zone exhibits a reduced survival rate (16%) in the acid-treated sample, which is lower 
than untreated sample. 

 

Figure 2-78. Comparison of Proppant Survibability Index (PSI) for all the samples. Although the overall values are 
similar (PSI=15−20%), notably, both carbonate-rich shales exhibited ~5% improvement in proppant crushing as a 
result of the acid treatment.    
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                                       a. Sample 3Pa                                                                                               b. Sample 3Pb  

Figure 2-79. For HFTS-3a and 3b samples, microscope images are used to identify three-types of mineral zones 
[blue shade=clay-rich zones, green shade=carbonate-rich zones,  and yellow shade= pyrite (and carbonate)-rich 
zones].  

 
Figure 2-80. Comparison of PSI (the ratio of proppant grains which survived crushing) in each zone of dominant 
mineral type, between untreated and acid-treated HFTS-3P samples. For the untreated sample, higher ductility 
of clay resulted in higher survival rate. In contrast, for the acid-treated sample, increase in the ductility due to 
porosity increases may have resulted in the survival rate, while the transfer of the force to the clay-rich zone 
caused more proppant crushing there.  

 

 

 a. Clay-rich zone b.Pyrite+carbonate rich zone c. Carbonate rich zone 

Figure 2-81. Colored microscope images of HFTS3Pb sample after the experiment, for locations with diffent 
shale-matrix mineralogy. Compared to the pyrite and carbonate-rich zones where acid treatment increased the 
matrix porosity, clay-rich area showed smaller indentation depths. In the carbonate-rich section with large 
grains of carbonate minerals, acid treatment resulted in highly porous matrix which collapsed by indentation 
from proppant grains. 
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Figure 2-82. Proppant indentation casts (indentation marks) on HFTS-16Pb sample after a 2-week compaction 
experiment. As indicated by a large, lightly colored patch shown in the figure on the right, compression exerted 
by the proppant grains did induce ductile deformation of the shale matrix and collapse of the near-surface 
porosity created by acid-induced dissolution.  

 

For the untreated sample, the relatively high grain survival rate in clay-rich zones can be explained by 
the higher compliance and ductility of the clay, compared to more rigid and brittle carbonate-rich zones. 
In contrast, for the acid-treated sample, dissolution-induced increases in the porosity and ductility of the 
matrix resulted in less grain crushing in the carbonate-rich zones where proppant were embedded into 
the matrix rather than crushed. This may explain why the clay-rich zone shows a survival rate even lower 
than the untreated sample, because the grains in the clay-rich zone would have experienced increased 
crushing force which was transferred from the acid-dissolved carbonate-rich zones.  

Summary 
In this task, we conducted a series of laboratory experments on time-depedent compaction of 
Wolfcamp shale samples from HFTS field laboratory, with different mineralogical compositions. The 
samples were also acid treated to see its impact on the interactions between proppant grains and the 
shale matrix. Using a specially-designed oedometric view cell, these interactions were visualized in real 
time. 

In spite of our anticipation, acid treatement of carbonate-rich shales did not lead to dramatic reductions 
in the fracture closure, except for the minor effect observed at the beginning of long-term, creep 
loading. However, detailed examination of the number of uncrushed grains revealed that the acid 
treatement did indeed reduce proppant crushing where the carbonate in the shale matrix was dissolved. 
The reason for the reduced impact on fracture closure may be that a heterogeneous, acid-treated 
sample can experience increases in both embedment of proppant grains in the carbonate-rich zones and 
proppant crushing in clay-rich zones, which can increase the overall fracture closure. It is likely that such 
trade-off between proppant-embedment-induced and proppant-crushing-induced fracture closure 
displacements in acid-treated shale depends upon many parameters, including the degree of mineral 
dissolution and matrix heterogeneity which has been demonstrated by our experiment. 
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 2.1.6.4 Comparison of the test results (Years 1 and 2) 

The key question asked by the experiment conducted during this reporting period is: Do increases in the 
amount of the NaHCO3 additive helps to reduce the ductility of clay-rich shale? The most consequential 
impact would be on the fracture closure displacement and permeability (or flow resistance) changes.  

In Figure 2-83, the entire histories of closure displacement and pressure drop along the fracture surface 
when 1 mL/min of flow is introduced are presented as a function of the applied effective stress. Note 
that the results from the previous experiments (TMSL-1 and TMSL-2) are shown for comparison. Also 
note that, for some of the samples, the data is incomplete for various reasons including sample failure 
(TMSL-1), equipment failure (TMSL-2), port clogging (TMSL-1), and unfinished experiment (HFTS-11b). 
Because of the ambiguity of the absolute fracture aperture value, the displacement values, which were 
measured using LVDT, are shifted to zero at the maximum effective stress of 3,920 psi. The thick red 
curve with closed red dots show the response of TMSL-3 exhibits smaller changes than TMSL-1 and -2 
samples (in fact, the response is closer to more brittle HFTS samples) for high effective stresses, 
indicating reduced ductility. The measured flow resistance, however, was much larger than HFTS 
samples, and similar to another TMSL sample. This may be because these TMSL samples used guar gum 
with proppant, which resulted in reductions in the high-permeability fracture pore volume and increases 
in the tortuosity of the flow path during the experiment.  

 
 
 a. Closure displacement vs effective stress b. Flow resistance changes vs effective stress 
 

Figure 2-83. Fracture closure displacements measured using a LVDT sensor and the flow resistance (pressure 
drops) along the surface of the fracture for a flow rate of 1 mL/min are shown as a function of the effective 
stress applied to the fracture surface. The displacements are referenced to the values when the maximum 
effective stress is reached for the first time. Note that the results from the previous experiments (TMSL-1 and 
TMSL-2) are shown for comparison. Also note that for some of the samples, the data is incomplete for various 
reasons including sample failure (TMSL-1), equipment failure (TMSL-2), port clogging (TMSL-1), and unfinished 
experiment (HFTS-11b).  
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As mentioned previously in Section 2.1.6.3 and indicated by Equation (2-2), the ambiguity in the actual 
fracture aperture can be improved by using a deformation indicator such as a soft rubber (Viton) disc. 
The idea is to use changes in the size (diameter, area of contact) when the disc is squeezed between the 
optical window and the flat shale surface, which can be determined from the optical images of the 
fracture and proppant during an experiment (Figure 2-84).   

 
Figure 2-84. Deformation of a rubber (Viton) disc embedded among proppant in the system. Application of 
effective stress to the fracture results in squeezing of the disc and increases in its diameter. From the changes in 
the area which can be determined from fluorescence images of the fracture, the true aperture of the fracture 
(i.e. the distance between the sapphire window surface and the flat part of the shale sample surface) can be 
determined. The above image indicates that in spite of the difference seen by highly ductile (TMSL-3) and brittle 
(HFTS-11Pa) fracture behavior, the two samples resulted in almost identical fracture apertures under the applied 
maximum effective stress.  

Comparison of LVDT-measured fracture closure and image-determined fracture aperture for TMSL and 
Wolfcamp (HFTS) shale samples is shown in Fig.2-85. In this plot, the LVDT values are referenced to the 
image-determined value at the maximum effective stress where minimum errors resulting from 
nonlinear changes in the additional system compliance are expected. TMSL-3 and HFTS-11b (Figures 2-
85a and c, respectively) show good agreement between the two types of measurements except for 
small effective stresses where the system compliance can be significant. Somewhat larger differences 
can be seen for HFTS-11a, with the LVDT overestimating the deformation for the whole range. One 
possible explanation is that there was debris introduced at the sample-loading platen interface, which 
resulted in extra system compliance. In all cases, the final aperture at the maximum effective stress 
when the subsequent creep loading test started was 647 μm, 563 μm, and 723 μm,  for the samples 
TMSL-1, HFTS-11a, and HFTS-11b, respectively, showing more or less similar overall fracture closure.  

The ductility-reduction effects can be seen more clearly in the long-term, creep closure behavior of the 
fractures. In Fig.2-86, the creep closure and flow resistance changes over ~2 weeks are shown against 
time after the maximum effective stress is reached. As we have seen repeatedly since the beginning of 
this project, when plotted against log(t) axis, the closure displacement vs time curve exhibit linear or bi-
linear curves. Compared to the previously conducted TMSL-1 and TMSL-2 experiments, at least from 
this measurement, the new TMSL-3 test shows as much as 30-50% reductions in the time-dependent 
fracture closure (NOTE: In Year 3, we found a part of this reduction is due to the use of the clustered 
proppant distribution). Interestingly, the level of the closure is very similar to more brittle—because of 
the severe proppant crushing—HFTS samples. Changes in the fracture permeability (note that flow 
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resistance is shown in Figure 2-86b) do not indicate clear ductility reductions, for the reasons mentioned 
earlier. However, compared to TMSL-2 test, TMSL-3 exhibits much smaller changes and larger 
permeability even though the permeability is smaller at the start of the experiment. Although not 
conclusive, these also indicate that the proppant additive (or a larger amount of it) contributed to the 
reduction of proppant embedment and fracture closure.  

Finally, it is interesting to compare these new results to the previously conducted experiments using 
various types of shales (Figure 2-87). Although the used equipment (an aluminum view cell) and test 
temperature (room temperature) were different from the current tests, we can see that the compaction 
behavior of the three new tests (TMSL-3, HFTS-11a, HFTS-11b) are very similar to the Marcellus shale 
obtained from MSEEL which had clay content (~50%) more similar to the TMSL shale than HFTS shale.  

 

 
a. TMSL-3 

 
b. HFTS-11a 

 
c. HFTS-11b 

 

 

 

 

Figure 2-85. Comparison of LVDT-measured fracture closure and image-determined fracture aperture. LVDT 
measurements can be affected by system compliance including the deformation of the shale matrix and sample-
test cell interfaces. The LVDT values are referenced to the image-determined value at the maximum effective 
stress. Generally, a and c show good agreement between the two types of measurements except for small 
effective stresses where the system compliance can be significant. Somewhat larger differences can be seen for 
b.  
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 a. Creep closure displacement vs time b. Flow resistance changes vs time 

Figure 2-86 Time-dependent fracture closure displacements measured using a LVDT sensor and the flow 
resistance (pressure drops) along the surface of the fracture for a flow rate of 1 mL/min. With semi-log 
(logarithm of time) scaling, all the samples exhibit linear or bi-linear behavior. The TMSL-3 sample with a large 
amount of NaHCO3 proppant additive, compared to TMS-1 and -2 samples, the creep deformation reduced as 
much as 30-50%, to the level similar to more brittle HFTS samples. The improvement of the permeability is not 
clearly seen, but this may be because the obstruction of the flow is mainly caused by the guar gum which was 
not dissolved during the experiment.  

  
 a. Time-dependent fracture closure b. Flow resistance changes  

Figure 2-87. Previously observed long-term fracture compaction and flow resistance changes for brittle and semi-
ductile shale samples. Compared to the behavior of ductile  TMSL samples in Figure 2-71.   
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2.1.7 Subtask 2.1 EXT– Test sample preparation and baseline characterization (Year 3) 

During Year 3 (extension year) of the project, this task continued acquisition and preparation of  shale 
samples for the laboratory experiments on as-needed basis, including development of laboratory tools 
for improved sample preparation. Specifically, we prepared additional TMSL shale samples by subcoring 
the originally provided field core, using the same technique which was used previously, and we also 
received and prepared Caney shale cores from Oklahoma State University (In collaboration with Prof. 
Mileva Radonjic) which were recovered from a clay-rich, highly ductile reservoir section (Figure 2-88).  

 

  
Figure 2-88. Newly acquired, clay-rich, ductile Caney shale core (left). From this core, samples for fracture 
compaction tests and indentation tests have been prepared (right).  

 
When only a limited volume of shale core is available for testing, an efficient sample preparation 
method is necessary. During preparation of the above samples, we used a custom-made saw blade 
guide (Figure 2-89) which minimizes the deflection of a thin, high-speed diamond saw blade (1/32” 
thick). Using this simple tool allowed us to produce the thin, disc-shaped samples which were required 
by our experiment from fragile, clay-rich cores. 

 

 
Figure 2-89. Saw blade guides (in both stainless steel and acrylic) used to recover ~0.25-inch thick shale discs 
efficiently from a shale core.  
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2.1.8 Subtask 2.2 EXT– High-P/T shale-proppant-fluid interaction tests under realistic fluid 
chemistry (Year 3) 

2.1.8.1 TMSL Shale tests using more realistic fluid chemistry 

Previously, our experiments using TMSL shale used brine with a simplified chemical composition, based 
upon the fluid chemistry of the recovered fluid from the reservoir. However, we anticipated that the 
minerals consisting less than 1% of the dissolved solids may still have impact on the chemical reactions 
which may take place within the shale matrix and the fracture. Thus, in this task, we expanded the range 
of chemical species which were included in the synthetic brine.  

Additionally, in our previous experiments, clay-rich shale samples exhibited fracturing during the tests, 
making it difficult to simulate percolating fluid flow across the thickness of a sample. In order to mitigate 
the fracturing, we tried to increase the sample thickness from 0.25” to 0.5”, in anticipation that the 
increased thickness may stabilize the sample mechanically. Also, the type of the epoxy used in the 
experiment was changed to more high-temperature-resisting type (Type 50-3150R resin + Type 12CL 
catalyst, Epoxies ETC). The prepared sample, however, exhibited severe swelling and self-fracturing 
during the initial saturation stage of the experiment. During the saturation, to compensate for the 
increased flow resistance, we increased the differential pressure across the sample from the previous 50 
psi to 100 psi, while applying 150 psi of confining stress. We speculate that the additional inlet-side pore 
pressure and the swelling pressure resulted in the severe fracturing, because the core damage was more 
severe at the bottom of the sample where the fluid was injected (Figure 2-90). This also indicates that 
the previously observed fracturing of the sample was not necessarily caused by mechanical causes such 
as non-uniform loading of the shale surface by heterogeneously distributed proppant grains. If this is the 
case, we may need to view the fracture generation during an experiment as a natural, realistic response 
of the shale adjacent to the fracture.   

 

  
 

Figure 2-90. Swelling-induced core damage in a TMSL shale sample. The inlet fluid pressure at the bottom of the 
sample (left) was 100 psi, while the outlet (right) pressure was 0 psi. The sample was subjected to 100psi of 
confining stress on the surfaces.  



88 
 

 “Realistic” reservoir fluid and fracking fluid 

Shale “pore fluid” based upon produced water chemistry 
The shale pore fluid composition used for the experiment is shown in Table 2-7. This was based upon a 
PowerPoint presentation by Hoffman and Borrok (Tuscaloosa Marine Shale Laboratory Meeting, 2019) 
which summarized the results presented by Hoffman and Borrok (2020). While conducting a reference 
test without ductility reduction, we realized that the fluorescent dye used for imaging gradually lost its 
capability. This behavior is attributed to reddish-brown iron precipitates which appear to absorb the dye 
in the fluid over time. Additionally, the pH of freshly made brine exhibited rather low pH of 3.9–4.1, 
compared to the reported value of 5.7. We believe this is due to the oxidation of FeCl2 in the solution by 
the dissolved oxygen, which produces FeO(OH) , Fe2O3, and H+ ions. Therefore, the ideal solution would 
be to avoid exposure of FeCl2 to dissolved oxygen. However, producing the brine under oxygen-depleted 
conditions, and keep it away from atmosphere while an experiment is set up is difficult with the current 
system. Currently we are using the prepared fluid as is, because the use of a large amount of bi-
carbonate ion and high-pH pore fluid quickly raises the pH of the system anyways, and also, the amount 
of the Fe in the fluid is very small compared to other major species such as Ca, Na, Mg, and Sr. In the 
future experiment, we are considering omitting Fe in the brine composition to make the pH value of the 
fluid closer to the design value.  

 

Table 2-7. Chemical composition of the “pore fluid” used in the laboratory experiments 

Chemical Used g/L 
NaHCO3 0.0670 
Na2SO4 14.8000 

NaCl 2.0000 
KCl 0.0920 

CaCl2·2H2O 1.3750 
MgCl2·6H2O 1.4350 

CaF2 0.0085 
SrCl2 0.0132 

Si 0.0051 

 

 

Fracking fluid 
The composition of the “fracking fluid” which is initially placed in the fracture to reduce its ductility is 
based upon recommendations by Dr. Adam Jew (SLAC), from an example of the composition of fracking 
fluid used by the industry (Table 2-8). For our experiment, the solution was also saturated by NaHCO3 
which would produce calcium carbonate minerals by reacting with calcium ions in the pore fluid. We 
also included solid particles of NaHCO3 with proppant so that the bicarbonate and carbonate ions are 
not quickly depleted within a fracture. In order to attach NaHCO3 particles to the surface of the 
proppant, a higher concentration of guar gum with the synthetic brine (but without ammonium 
persulfate) was mixed with the solids.  
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Table 2-8. Composition of “fracking fluid” used for the ductility reduction experiment 

Chemical Used wt% Comment 
Guar Gum 0.0178  
Potassium metaborate 0.0136 Crosslinker 
NaOH (see comment) Added to make pH 9–10 (9.2 best) 
Ammonium persulfate 0.00435 Delinker 
NaHCO3 Saturated Added after the fluid is prepared 

 

Long-term fracture compaction experiments 
Long-term shale fracture compaction experiments were conducted using TMSL shale discs and realistic 
reservoir and fracking fluids. These tests consisted of (1) a reference test with no high-pH fracking fluid 
including proppant additive (i.e. only reservoir (or pore) fluid is used) and (2) a ductility reduction test 
using the fluids described in Tables 2-7 and 2-8. For both tests, proppant grains were evenly (as much as 
we could make them) distributed on the fracture surface, unlike the previously conducted ductility 
reduction experiment involving clustered proppant distribution. For this difference, the solid proppant 
additive used in the new experiment used much smaller sodium bicarbonate particles (powder), 
compared to the previously used granular crystals (Fig. 2-91).  

    
a. Granular, NaHCO3 crystals b. NaHCO3 powder 

Figure 2-91. In the new experiment, finer, NaHCO3 powders were used with proppant grains, instead of the 
previously used granular crystals. The use of the powder helps more even dispersion of the chemical within the 
fracture, and also, accelerated dissolution and reaction with the reservoir fluid.  

Dispersed  (non-clustered) proppant 
Selected time-lapse images of the two samples are shown in Figure 2-92. For proppant-additive-free 
TMSL5 sample, the fracture closure resulted in quick darkening of the image, indicating large reductions 
in the fracture aperture due to proppant embedment. Unfortunately, for a sample with proppant 
additive (TMSL6), precipitation of carbonate minerals during an overnight waiting period after the target 
test temperature (~125˚C) and the pressure (10.4 MPa) were reached resulted in clouding of the 
window, which obscured the view (Figure 2-93). Additionally, several hours after the start of the long-
term creep compaction test at the target effective stress, the sapphire glass disc which was used as the 
upper half of the fracture failed, forcing termination of the experiment (Figure 2-94).  
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(Experiment terminated) 

Figure 2-92. Fluorescence time-lapse images of the fractures during the experiment. Top row shows a sequence 
for a sample (TMSL5) without ductility-reducing proppant additives, for a duration of 2 weeks. The second row is 
for a sample (TMSL6) with proppant additives in both fracking fluid and with the proppant grains.  

 

 

 

a. Initial state     b. 18 hours   

Figure 2-93. Clouding of the window due to carbonate precipitation (Left=before; Right=after ~18 hours) 
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a. 9 hours  b. 24 hours  

Figure 2-94. Failure of sapphire disc which constitutes the upper fracture surface resulted in large disturbance to 
the experiment, forcing its termination. The time shown here is from the start of the long-term creep test. 

Although the experimen had to be terminated prematurely, the initial time-dependent, creep 
compaction of the fracture which is caused mainly by proppant embedment indicates that the 
bicarbonate proppant additive did reduce the fracture compaction rate. In Fig.2-95, the solid red line 
with filled circles indicates this new result, and the broken red line with open circles is for the prevous 
result with clustered proppant grains with granular bicarbonate additives. The rate of the compaction is 
somewhat higher for the new result, which may be caused by the difference in the proppant (and 
additive’s) distributions on the fracture surface. We do not think the difference was due to the use of 
more realstic reservoir fluid, because the new result without proppant additive (solid black line) and the 
previous result with a simplified brine, both of which used evenly distributed proppant on the fracture, 
show almost identical behaivor, until the sample started to fail for the old result at ~10 hours. An 
additional observation, which reinforces our previous speculation, is that ductile shales such as TMSL 
shale tends to exhibit bi-linear time-dependent compaction behavior in semi-log scale (i.e. log(t)), which 
may be attributed to yet unknown changes in the relaxation mechanisms at ~10–24 hours after the start 
of compaction.   

Lastly, the flow resistance along a diameter of the fracture along its surface is compared for TMSL3, 
TMSL5, and TMSL6 samples (Figure 2-96). The distribution of the proppant, rather than time-dependent 
closure of the fractures, seems to have a dominant effect on the permeability, in spite of the reduction 
of the porosity by the proppant additive and precipitated carbonate minerals in the pore space. In 
summary, the results indicate (1) clustered proppant distribution results in significantly larger fracture 
permeability in spite of the reduced porosity caused by proppant additive, and (2) for uniformly 
distributed proppant, the additive and mineral precipitation can also have a significantly negative impact 
on the permeability.  

Clustered proppant 
Next, we conducted an experiment involving clustered proppant with the realistic fluid chemistry. The 
experimental procedures and the temperature, stress, and pressure conditions are identical to the 
experiment conducted in the preceding “Dispersed proppant” section. Snapshots of the shale sample 
and proppant within the test cell which were illuminated by the fluorescence of the dye included in the 
fracture fluid are shown in Fig.2-97.  
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 a. Laboratory data  b. Bi-linear log(t) representations  
 

Figure 2-95. Comparison of the new experimental data on TMSL shale with the previous results. A new ductility 
reduction test (solid red curve) shows reductions in the fracture closure rate, although not as effective as the 
previous result (broken red curve). Black curves are the tests without proppant additives.  

 
Figure 2-96. Comparison of the new experimental data on TMSL shale with the previous results. A new ductility 
reduction test (solid red curve) shows reductions in the fracture closure rate, although not as effective as the 
previous result (broken red curve). Black curves are the tests without proppant additives.  
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Figure 2-97. Snapshots of fluorescence images for the experiment in progress. Compared to the HFTS shale tests, 
most of the proppant grains stayed intact. The image became sowhat cloudy toward the end of the epxeriment 
due to possible absorption of CO2 by a Mylar film which was used between two sapphire window glass discs as a 
stress relief layer.   

The short-term deformations of the fracture during the initial increases in the effective stress are shown 
in Fig.2-98a. The deformation was determined from the changes in the size of an embedded Viton 
rubber dot embedded in the fracture (see Fig.2-97). In the plot, the newly obtained result is indicated by 
TMSL7, which is compared to previously conducted experiments. Compared to the experiment 
conducted without proppant additive (shown in black), experiments with a carbonate-forming additive 
(shown in red) resulted in 100-150 µm less compaction. The long-term, creep test results also showed 
the ductility-reducing effect of the proppant additive (Fig.2-98b).  The current test (TMSL7) exhibited the 
slowest rate of creep deformation compared to any of the previously conducted tests. As previously 
seen, long-term deformations indicate that ductile samples (which is for the samples without proppant 
additives) exhibited bi-linear log(t) relationships with the transition occurring at a 10-24 hour point. In 
contrast, fractures treated with sodium-bicarbonate additive to reduce the shale ductility showed 
behavior close to a simple lot(t) relationship. Coincidentally both short and long-term deformation of 
the treated samples is very similar to brittle and carbonate-rich Wolfcamp shale samples shown in 
Figures 2-75 and 2-76.  

Although the data quality was not very high, the changes in the resistance (pressure drop) against 
fracture-parallel fluid flow are shown in Fig.2-99. Note that because of intermittent clogging of fluid 
ports for pressure measurement, the newly obtained data for TMSL7 is rather noisy. However, the 
results generally indicate that the flow resistance was similar to a previously conducted experiment for 
TMSL3. The plot indicates that although proppant additive reduces shale ductility and fracture closure, 
for uniformly distributed proppant, clogging of the fracture and proppant packs resulted in large 
reductions in the flow permeability (~an order of magnitude of reduction). In contrast, for clustered 
proppant, even with the proppant additive induced precipitation of minerals in the fracture, the 
resulting permeability was an order of magnitude higher compared to the baseline (uniformly 
distributed, untreated proppant). This permeability, however, is still ~2 order of magnitude less 
compared to the ductile Wonfcamp (HFTS) shale results.  
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a. Short-term test results 

         

b. Long-term test results 

Figure 2-98. Shor-term fracture closure (a) and long-term (up to 2 weeks) creep closure (b) of experimental 
fractures in TMSL shale samples. The new result (TMSL7) is compred to previously conducted tests. The short-
term results were obtained from optically determined deformation of an embedded Viton rubber disc, and the 
long-term deformations were determined from LVDT measurements. Note that in the plot, the broken lines 
indicate deformations affected by the failure of the experimental setupt (i.e. sample and glass window 
fracturing). Also note that the green curve is for an experiment conducted with clustered proppant but with no 
mineral-precipiting chemical additive.  
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a. TMSL shale 

 
b. Wolfcamp shale 

Figure 2-99. Long-term flow resistance changes for TMSL shale (a) and Wolfcamp (HFTS) shale. Although the 
proppant additive reduced fracture closure, clogging caused by the precipitated minerals result in reductions of 
permeability for uniformed distributed proppant. However, clustered proppant results in higher permeability 
even with the precipitation (a). For brittle Wolfcamp shale, even though the overall fracture deformation was 
similar to the ductility-reduced TMSL shale, the fracture permeability was much higher than TMSL shale.  
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Figure 2-100. Photographs of newly tested TMSL7 sample, indicating abundant precipitation of carbonate 
minerals induced by reaction between calcium-rich in-situ fluid and sodium bicarbonate additives introduced 
with the proppant and the fracking fluid. In contrast to the precipitation which occurred on the fracture surface, 
there are no clear indications of mineral precipitation within the shale matrix.  

 

Finally, the post-experiment images of the TMSL7 shale sample are shown in Fig.2-100. Note that 
proppant grains were washed away to show the surface texture. On the surface, the white, carbonate 
crystals are clearly visible. No significant precipitation was visible in the images within the proppant 
casts, although it is possible that the precipitates were removed with the proppant grains and the 
surrounding debris. This observation is consistent with the previous tests on TMSL3 where mineral 
identification via SEM+EDX in cross sections of the shale matrix did not show significant carbonate 
precipitation.  

Remarks on the pure impact of proppant clustering—Tying loose ends 
In figure 2-99, an additional data set from a fracture closure experiment using a TMSL shale sample 
(TMSL8). This experiment was conducted using a simplified NaCl+CaCl2 brine and clustered proppant 
emplacement. However, no precipitation-inducing additve was inlcuded. Compared to other 
experiments, this result indicates 
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• Even without mineral precipitation, the clustered proppant emplacement alone results in reduced 
fracture compaction and proppant embedment, compared to dispersed, uniformly distributed 
proppant 

• Earlly-time creep compaction is still faster than a fracture with clustered proppant with mineral 
precipitation.  

• However, with increasing creep time, the overall creep compaction approaches the chemically 
treated fracture 

• The bilinear log(t) behavior for the clustered, untreated fracture appears to be more pronounced 
than other cases. 

The reduction of compaction purely from clustering of proppant (i.e. contact points) was unexpected, 
because it is well known that for the same number of contact and individual contact area (patch size) 
between elastic surfaces, uniform distribution of the contacts result in smaller fracture closure 
compared to clustered distribution (Kendall and Tabor, 1971; Hopkins 2000).   This is the reason this  
last test had not been conducted until the end of the task. The seemingly strange behavior can partially 
be explained by numerical modeling, which will be discussed in Section 2.2. 

Summary 
• Sodium bicarbonate additive to the proppant and the fracking fluid induced carbonate precipitation 

from the TMSL reservoir fluid (produced fluid), which reduced ductility of the shale and both short 
and long term fracture closure.  

• The observed precipitation was predominantly on the fracture surface but not in the shale matrix 
• For uniformly distributed proppant, the permeability of the fracture was adversely affected due to 

the clogging of the fracture and the proppant back by the precipitated minerals 
• However, clustering of the proppant can mitigate this effect, possibly because the permeability of 

the fracture between proppant clusters are not strongly affected by the precipitation (although 
some precipitation does occur, which is actually more visible in the post-experiment images) 

2.1.8.2 “Clay-rich” Caney shale fracture closure experiment 

We tested a clay-rich Caney shale sample for its long-term fracture compaction behavior under elevated 
temperature and pressure. This sample was provided by the Caney Shale Laboratory, through 
collaboration with Dr. Mileva Radonjic (Oklahoma State University). This particular shale sample was 
obtained from a ductile zone outside of the reservoir sections, with a reported clay content of 35-39% 
(Fig.2-101). Carbonate content is relatively low at 7-10%.  

We also received several types of fluid from the Carney Shale Laboratory, through Prof. Radonjic 
(Oklahoma State University). These are the produced fluid obtained from several wells surrounding the 
well from which the shale samples were taken, and also the fracking fluid provided by the operating 
industrial partner. In order to determine the chemical composition of the fluid in used in our experiment, 
and also by Prof. Radonjic’s request, we conducted ICP-MS analysis on these fluids. The results are not 
presented here, mainly because at this point we have not obtained permission from the industry to 
publish the data. However, the chemical composition of the fluid used in the experiment will be 
presented. 
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Figure 2-101. Ternary diagram indicating the mineralogical compositions of ductile Caney shale from the 
literature. Although called “ductile”, the clay content is similar to the clay-rich members of the Wolfcamp shale 
samples (shown in red circles) which we tested earlier.  

Clay-rich Caney shale fracture closure experiment 
We conducted the experiment following the same test procedures and environmental parameters as 
our other tests on TMSL and Wolfcamp (HFTS) shale samples, rather than trying to match the reservoir 
in-situ temperature and stress/pressure conditions. This is to allow easier comparison of the 
experimental results for different types of shale. The chemistry of the fluid used in the experiment, 
however, was based upon the fluid samples provided by the field laboratory. We selected one of the 
reservoir-produced fluids from nearby wells, with the highest salt concentration. This is because other 
samples seemed highly diluted, and we were afraid they could result in destabilization of the clay in the 
shale. Also, for lack of data, we used only chlorine as the anion in the fluid. The chemical mix design of 
the fluid is shown in Table 2-9. 

The sample prepared for the compaction experiment was 1.75”-wide and 0.25”-tall disc, cast in a 
stainless steel ring via high-temperature epoxy (Figure 2-102). The bedding plane was perpendicular to 
the disc face. Close examination of the sample before the test revealed presence of numerous very fine 
mineral veins parallel to the bedding plane, which can be either carbonate or quartz (i.e. hard minerals). 
The sample was first saturated with the brine by applying 0.35 MPa of differential pressure across the 
thickness of the sample, under a 1.35 MPa of total compaction stress and room temperature over 1 
week. Subsequently, the pore pressure was increased up to 10.35 MPa and then the temperature was 
raised to 122˚C. Then, after ~15 hours, the effective stress was increased by steps up to 27 MPa and 
held at that level over 2 weeks.  

 

Table 2-9.  Mix design of the model brine used in the test using a ductile Caney shale sample 

Used chemicals In 1,000 g solution 
NaCl 47.042 g 
MgCl2.6H2O 1.681 g 
CaCl2.6H2O  0.761 g 
SrCl2.6H2O 0.279 g 
H2O balance 
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Figure 2-102. Caney shale sample disc (diameter=1.75”, thickness=0.25”) used for the fracture compacton 
experiment. Close examination reveals numerous, fine mineral veins along the bedding plane.  

 
 Initial State (0 MPa) 27 MPa, time=0 hr 27 MPa, time=14 days 

C
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 1

 

   
Figure 2-103. Snapshots of fluorescence images for the experiment in progress. In spite of “ductile” behavior of 
the shale observed in the field, this laboratory test indicates that the shale-proppant interaction is actually 
“brittle”, resulting in severe proppant crushing.  

Although the shale samples used in this experiment was described as “ductile”, in-situ fluorescence 
images captured during the experiment indicate the shale behavior was quite brittle, resulting in severe 
proppant crushing (Figure 2-103). This, however, may not be too surprising, considering that HFTS shale 
samples with a similar clay content also exhibited severe proppant crushing. Compared to the previously 
measured shale samples, the long-term compaction of the Caney shale did not exhibit clear linear or bi-
linear semi log(t) behavior (Figure 2-104). However, the total deformation (~70 µm) after 2 weeks of 
compaction was very similar to our Wolfcamp shale tests. 

Finally, the photographs and microscope images of the sample after the experiment are shown in Fig.2-9. 
Note that the proppant and shale debris on the surface had to be cleaned off the surface during 
extraction of the sample from the experimental device. Although the proppant indentation did cause 
severe damage to the shale surface (Figures 2-105ab), no significant “heaving” of the shale matrix 
around indentation craters was observed (Figure 2-105d). Additionally, where proppant grains were 
densely populated, cleaning of the debris revealed veins of white/clear hard minerals.  We suspect that 
at least a part of the observed brittle behavior of the sample may be attributed to the strengthening and 
stiffening effect of these veins.  
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 a. Initial fracture aperture changes b. Long-term creep compaction displacement 

Figure 2-104. Initial fracture compaction (a) and long-term creep compaction (b). The initial compactions were 
determined from the direct aperture computed from the size of a rubber dot embedded in the fracture. For the 
long-term compaction measurement, malfunctioning of the temperature control system after ~10 days caused 
large fluctuations in sensor readings and errors.  

   
 a. Overall view of the sample surface b. Detailed 3D image of the first quadrant 

  
 c. Indentation craters over hard mineral veins d. Single indentation crater/proppant cast 

Figure 2-105. Initial fracture compaction (a) and long-term creep compaction (b). The initial compactions were 
determined from the direct aperture computed from the size of a rubber dot embedded in the fracture. For the 
long-term compaction measurement, malfunctioning of the temperature control system after ~10 days caused 
large fluctuations in sensor readings and errors.  
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2.1.9 Subtask 2.3 EXT– Ductility reduction enhancements by accelerated mineralization via 
electrokinetic migration of minerals (cataphoresis)  (Year 3) 

This final experimental task explored the possibility of enhancing mineral precipitation on and near the 
fracture surface, by increasing diffusion and mixing of ions for forming carbonate minerals.  

Experimental Setup 
The experimental setup used for this test, after several iterations, is shown in Figure 2-106.  This 
experiment was conducted using a disc-shaped (diameter=0.55 inches, thickness=0.25 inches) TMSL 
shale core with the bedding plane perpendicular to the disc faces, cast in an electrically nonconductive 
PEEK.  

During an experiment, a sample was first subjected to 100 psi of lateral confining stress and 78 psi of 
axial stress, and 50 psi of constant fluid pressure was applied at the upstream to percolate synthetic 
TMSL brine through the sample, containing CaCl2 and NaCl at the same concentrations as our previous 
experiments at room temperature. The key objective of this initial step is to saturate the shale pore 
space with brine. After 1 week, the flow was stopped. Subsequently, the fluid in the lower chamber (the 
downstream, or “fracture”, side of the sample) was replaced by sodium-bicarbonate-saturated solution 
containing undissolved solid.  

In Test A, the pressures were reapplied to the sample, and the flow test was continued over 72 hours. In 
contrast, in Test B, a pair of electrodes was attached to the test cell, which applied 1.0 V of electrical 
potential difference was applied across the 0.25-inch-thick sample over 72 hours. The objective of the 
application of the electric field is to drive positive Ca2+ ions towards the fracture and the negative HCO- 
and CO3

2- ions into the shale, promoting carbonate precipitation. Note that the voltage drop though the 
brine within the high-permeability parts of the setup is negligible compared to the voltage drop across 
the shale sample.  At the end of the tests, both samples were taken out of the test cell and examined for 
mineral precipitation.  

   

Figure 2-106. Updated experimental setup for electromigration enhanced mineral precipitation test. 
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Experimental Result and Discussion 
Although there are some differences in the precipitation characteristcs, both samples exhibited more or 
less the same level of precipitation as shown by Figure 2-107. Magnified views of the center of the 
samples are also presented in Figure 2-108, indicating that the local precipitation features are similar.  
The volume of the fluid which through the samples over the 72-hour period were somewhat different, 
0.15 mL for Test A and 0.28 mL for Test B. This difference however may be due to the presence of 
hairline cracks in Test B sample, as indicated by the photograph in Figure 2-107c. Also, compared to Test 
A sample, B sample show some precipitation on the upstream-side surface. This is possibly due to 
leakage of NaHCO3 solution along the sample jacket while the sample was being prepared.   

Another difficulty with this experiment was the generation of CO2 gas from the carbonate-forming 
chemical reaction. Because the current test system was not designed to cause the reaction under 
elevated fluid pressure, produced gas created gas plugs in both shale pore space and in the test cell, 
which prevented precipitation of the minerals on the shale surface and also, more importantly, the 
electrical conduction through otherwise highly conductive ionic fluids. Although more quantitative 
analysis can be performed on the samples, it is our opinion that this experiment needs to be conducted 
under high fluid pressure and also elevated temperature, to see the real impact of the electric field in 
enhancing in-situ precipitation of minerals.  

 
a. Background flow only (fracture side) b. Background flow only (upstream side) 

   
c. With electromigration (fracture side) d. With Electromigration (upstream side) 

Figure 2-107. Test samples after 72 hours. Top row shows the sample with only brine flow with 50psi of 
differential pressure, and the bottom shows the sample with additional application of 1V/0.25 inches of electric 
field. Some differences in the mineral precipitation behavoir can be observed, but fudamentally, the overall 
levels of the mineral formation were similar.  
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a. Background only (fracture side) 

 
b. With electromigration (fracture side) 

Figure 2-108. Close-up views of the front side of the sample surface near the center. White spots are the newly 
formed carbonate minerals.   
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2.2 Task  3.0 Numerical Modeling 

The key to understanding the interaction of host rocks (i.e., ductile shales), proppants, introduced fluids, 
and native (pore) fluids) is to be able to quantitatively capture the uncoupled effects in well-controlled 
lab experiments. Numerical and theoretical modelling provides guides for narrowing down the test 
parameters for the laboratory experiment, and also expands the environmental parameters and test 
duration so that upscaling to the field-relevant problems can be conducted. In the modeling task, we 
have been developing a predictive methodology for THMC processes under field exploitation conditions 
based on a series of iterative models of successively more complex coupled processes.  

2.2.1 Subtask 3.1— Initial selection of proppant, shale, fluid combinations and THMC model 
setup (Year 1) 

This task conducted initial preparation of numerical simulations by TReactMech code (developed by 
LBNL) for proppant embedment problem and selection of candidate proppant/fluid additives for 
inducing mineral precipitation for shale ductility reduction.  

2.2.1.1 THMC model set-up  
The first model we built allows for inelastic strain as a function of effective stress and temperature, 
bases on the local geomechanical properties of the fracture wall. This has been implemented into 
TReactMech and can capture local deformation in the fracture using parameters fitted from 
experiments or theoretically determined. A second model is the primary approach that couples 
temporal changes in elastic moduli to geochemical and geomechanical changes in porosity. This is being 
implemented into TReactMech with adjustable parameters which allow for input of experimentally 
determined coefficients. These models, along with the coupled THMC approach used in TReacTMech, 
will be able to capture local changes in fracture properties (i.e., mineralogical, porosity, permeability, 
and elastic moduli) after proppant emplacement, and based on these changes simulate dynamic 
changes in proppant embedment behavior (inelastic and elastic strain) and aperture change coupled 
back to fluid pressure and flow rate. 

A test discrete fracture model has been developed for a typical fracture zone of proppant emplacement 
(~50ⅹ50 m).  The figure below (Figure 3-1) shows the contoured aperture (plan view) and velocity 
vectors during injection from one well and pumping from a second well into a fracture having an initial 
aperture of 564 microns, and an anisotropic permeability field. This model simulates geomechanical and 
geochemical changes in fracture aperture during fluid injection and withdrawal, and will be a test 
platform for the coupling of the stress-strain-temperature and porosity-dependent elastic moduli with 
proppant addition. The THMC model couples temporal changes in elastic moduli to geochemical and 
geomechanical changes in porosity. This coupling is being implemented into TReactMech with 
adjustable parameters which allow for input of experimentally determined coefficients. These models, 
along with the coupled THMC approach used in TReacTMech, will be able to capture local changes in 
fracture properties (i.e., mineralogical, porosity, permeability, and elastic moduli) after proppant 
emplacement, and based on these changes simulate dynamic changes in proppant embedment behavior 
(inelastic and elastic strain) and aperture change coupled back to fluid pressure and flow rate. 
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Figure 3-1. Fracture aperture and anisotropic permeability field realized in a THMC model    

We have been implementing in TREACTMECH an efficient and reasonable method for linking the 
reductions in porosity and changes in mechanical properties (i.e. elastic moduli and strength increases), 
resulting from the mineral precipitation from reservoir pore fluid and introduced chemicals in the 
fracking fluid and proppant. One approach is to use the semi-empirical relationships based upon the 
concept of critical porosity in the cementation theory for cemented granular materials (Dvorkin and Nur, 
1996). When the rock is considered as isotropic poroelastic medium, the bulk (K) and shear (G) moduli 
can be computed by 

(3-1) 

where φ0 is the initiall porosity,  φ is the precipitation-reduced porosity, and  φcrit  is the critical porosity. 
Subscript 0 indicates the initial reference state.  

 

Figure 3-2. Treatment of elastic moduli increases caused by precipitation-induced porosity reductions in granular 
media. A similar approach is taken to model the moduli and strength changes in shale samples undergoing 
ductility reduction. Cementation theory (Dvorkin and Nur, 1996), with φcrit =0.72 

The advantage of this approach is that the process of mineral precipitation (i.e. the coupled process 
between fluid and mass transport and chemical reaction) and proppant embedment/shale deformation 
behavior (i.e. the coupled process between mineral precipitation and mechanical deformation) can be 
coupled via a single parameter (=porosity).  
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2.2.1.2 Proppant, shale, fluid combinations 

Reservoir (produced) fluid chemistry from TMSL 
Proppant-shale-fluid reactions which lead to precipitation of minerals that reduces the ductility of the 
shale need to happen relatively quickly and use inexpensive materials, possibly involving the minerals 
available from the in-situ fluid. Therefore, the targeted reaction is very specific to the mineral and 
chemical environment of the reservoir. Through collaboration with TMSL, Tuscaloosa Marine Shale was 
chosen for initial study by geochemical modeling. Data for the in-situ pore water chemistry was 
primarily from Hoffman & Borrok (unpub., pers. comm.) and shown in Table 3-1. Speciation of the TMSL 
pore water was performed using TOUGHREACT V3.81omp (unreleased update). Mineral saturation 
indices calculated for a variety of minerals and gases are shown in Table 3-2. The initial speciation helps 
assess which phases could be promoted to form in the pore space, potentially altering the mechanical 
properties. The analyses indicate that the phases that could potentially be induced to precipitate are 
barite, calcite, siderite, and Fe-oxides such as hematite. Most of these phases would increase the bulk 
modulus of the TMSL if precipitated as cement in the pore space. 

A variety of mineral and engineered (e.g., ceramic) proppants are being considered. Ongoing work is 
aimed at determining the potential injection fluid+gas chemistry and proppant combinations that could 
induce mineral precipitation in pores at the fracture wall. 

Table 3-1. TMSL Pore Water Chemistry 
 

 TMSL Notes 

T (C) 25. speciation temp. 

pH 5.7  

Na+ 38000. ppm 

K+ 689. ppm 

Ca+2 11000. ppm 

Mg+2 943. ppm 

Fe+2 137. ppm 

Sr+2 744. ppm 

Al+3 10. ppm (est) 

H4SiO4 -- eq. with quartz 

Ba+2 100. ppm 

HCO3- 157. ppm 

Cl- 110000 ppm 

F- 0.099 ppm 

SO4-2 100. ppm 

O2(aq) 1.0 ppm (est) 
 

Table 3-2. TMSL Mineral Calculated 

Saturation Indices 
Minerals log(Q/K) 
halite       -1.19459 
gypsum       -1.35226 
strontianite -1.64254 
barite        1.64490 
dolomite     -2.75561 
calcite                -0.94578 
siderite               -0.81976 
albite(low)             3.60926 
microcline              4.12832 
quartz(alpha)          -0.00000 
clinochlore            -5.02503 
chamosite(daphnite)     4.23308 
muscovite(ordered)     16.44187 
annite                 -4.88782 
phlogopite            -10.30710 
montmorillonite(mgca)    4.32816 
montmorillonite(mgmg)    3.93398 
montmorillonite(mgna)    6.31833 
montmorillonite(mgk)    6.36881 
kaolinite               9.61000 
illite(feii)           12.78099 
hematite               14.13241 
magnetite              11.63994 
pyrite               -109.80398 
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Preliminary precipitation schemes for laboratory study 
Besides the predicted reactions, we need to consider the complex geometry, flow, and 
fracturing/proppant emplacement process for the manipulation of shale ductility, which needs to be 
studied in the laboratory. Concurrently with the detailed chemical analysis and predictions for 
precipitation, we chose two relatively simple scenarios of in-situ mineral precipitation for preliminary 
laboratory study in Subtask 2.5. For relative fast chemical reaction, precipitation of carbonates and 
sulfates minerals are obvious candidates. Additionally, the in-situ brine from TMSL contains relatively 
large amount of calcium (followed by magnesium). Therefore, CaCO3 (calcite) and CaSO4 (gypsum) can 
be the first candidates.  

Without examining complex reactions of the species under the in-situ temperature, pressure, and 
chemical environment, first-order consideration of the solubility of different carbonates and sulfates 
(Table 3-3) suggest use of more soluble salts such as Na2CO3 (or NaHCO3)  and MgCO3 for producing 
CaCO3, and MgSO4 for CaSO4 from the in-situ brine. For the purpose of inducing precipitation at the 
proppant emplacement locations, these reactions need to be somewhat slow, unless a deliver 
mechanism which delays the reaction can be implemented (such as encapsulating the reactants in gel). 
For now, we tested MgCO3 (magnesite) and Na2CO3/NaHCO3 as the prime candidates for the laboratory 
experiment.   

Table 3-3. Candidate minerals for dissolution and precipitation 

 

2.2.2 Subtask 3.2 — Single indenter/proppant-scale THMC modeling of shale deformation 
using TREACTMECH (Year 1) 

Originally this task was to be conducted using TReactMech which was used in Subtask 3.1. However, 1 
year after the start of the project, the Co-PI who was responsible for the development of the model 
became unavailable. Therefore, at this point, the methodology and the performers of the numerical 
modeling tasks were changed. We used an alternate, loosely coupled approach to investigate the 
coupled mechanical hydrological and chemical behavior of proppant embedment in shale with mineral 
precipitation in the system. In this approach, first, CRUNCHFLOW is used to simulate reactive transport 
in the system, and time-dependent precipitation and porosity reductions are predicted. In the next step, 
using the realized distribution of calcite-hardened shale, short and long-term proppant embedment 
behavior is predicted using TOUGH-FLAC.   
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2.2.2.1 Reactive transport modeling using CRUNCHFLOW 

For modeling reductions of proppant grain embedment in shale, we need to understand how the near-
fracture reservoir environment affects precipitation of carbonate minerals (which is our target mineral). 
For this purpose, we conducted a series of reactive transport modeling of simple 1D and 2 D systems 
modeling the mini-core experiments performed by Subtask 2-5.   

Methods 
The simulations were performed using the CrunchFlow software package (Steefel, Appelo et al. , 2015). 
The governing equations include the continuity Eqs. (3-2) and Darcy’s law (3-3) 

 𝜕𝜕𝜕𝜕𝜕𝜕
𝜕𝜕𝑖𝑖

+ 𝛻𝛻 ∙ 𝒒𝒒 = 0 (3-2) 

 𝒒𝒒 = −𝑘𝑘
𝜇𝜇

(𝛻𝛻𝑃𝑃 − 𝜌𝜌𝒈𝒈) (3-3)   

where 𝒒𝒒 [m3 m-2 
porous medium s-1] is the Darcian flux, 𝑘𝑘 [m2] is the permeability, and 𝒈𝒈 [ms-2] is the 

gravitational acceleration. 

The mass balance relationship can be stated as 

   𝜕𝜕𝜕𝜕𝜙𝜙𝑖𝑖
𝜕𝜕𝑖𝑖

= −(𝒒𝒒 ∙ 𝛻𝛻)𝐶𝐶𝑖𝑖 + 𝛻𝛻 ∙ (𝜙𝜙𝑫𝑫𝛻𝛻𝐶𝐶𝑖𝑖) + 𝑅𝑅𝑖𝑖 (3-4) 

where 𝜙𝜙 [m3 
pore space m-3 

porous medium] is the porosity, 𝑫𝑫 is the dispersion tensor, which can be used to 
account for numerical dispersion in addition to molecular diffusion. Here an effective diffusivity is used, 
which is calculated from Archie’s law assuming an exponent of 2. For the simulations, Eq.(3-4) is written 
with respective to the total concentrations of HCO3-, Ca2+, Na+, and Cl-. Concentrations of other aqueous 
species, e.g. CO3

2-, are solved based on the total concentrations and law of mass actions.    

Mineral reactions (𝑅𝑅𝑖𝑖, [mol m-3 porous medium s-1]) are treated as a source/sink term. In the simulations 
reported below, the only mineral reaction considered is calcite precipitation, which is treated kinetically 
following the transition state theory rate laws.  

Simulation setup 
The assume sample geometry (1D or 2D) is a sample with a thickness of 6.35 mm and an overlaying 
reservoir with a thickness (i.e. an open fracture) of 0.35 mm.  We assume that the only mineral reaction 
in the system is calcite precipitation.  

The assumed porosity of the matrix is 3.5% and the permeability is 70 ×10-21 m2 (70 nD). Note that, 
although these values were determined from the minicore experiments conducted in Subtask 2.5, the 
permeability value here is larger than the measurements (~40 nD), because it was based upon the data 
obtained at an early stage of the experiment.  The permeability of the fracture (layer) is assumed to be 
8×10-8 m2 (determined based upon a 1-mm thick fracture and the cubic law). As a mechanical boundary 
condition, a constant pressure difference (steady state) of 50 psi was imposed between the top and the 
bottom of the domain.  Two models were set up following the conceptual sketches shown in Fig.3-3.  
The water chemistry involved in the simulations is shown in Table 3-4. 
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Figure 3-3. The geometry of the numerical models used in the simulations 

Table 3-4. Water chemistry [mol/kgw] assumed in the simulations 

 Ca++ Na+ Cl- HCO3- 
Inlet 0.2445 1.6529 2.1419 <1e-5 
reservoir 0 0.5952 0 0.5952 

Results 
1Dcase 
1D system assumes that there is no fracture in the matrix. Most calcite precipitation occurs at the matrix 
fluid interface, and there is some precipitation in the matrix as well due to diffusion of the bicarbonate 
rich solution into the matrix. Changing the pressure difference in the system does not have a noticeable 
impact on the precipitation patterns.  

 
Figure 3-4. Change of calcite volume from the 1D simulations after 1 and 10 hours for a pressure difference of 5 
psi and 500 psi.  

2D case 
If instead there is a fracture of 1mm thickness in the middle of the sample along the flow direction, 
precipitation could occur in and around the fracture, depends on the flow rate and pressure difference. 
With a pressure difference of 5 psi across the thickness of the fracture, because of very fast flow of the 
fluid coming into the fracture, the precipitation of carbonate minerals occurs primarily close to the 
outlet of the fracture, where mixing of the matrix fluid and the reservoir fluid occurs. As the pressure 
difference and thus flow rate increases, the precipitation occurs primarily on at the matrix-reservoir 
interface again, where the two fluids have enough time to mix and the residence time is long enough for 
precipitation to happen.  
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Figure 3-5. Change of calcite volume from the 2D simulations. 

 

The results indicated that the mineral precipitation reaction is controlled by the diffusion and mixing of 
the two fluids. Without the fracture, the impacts of the pressure difference and thus flow rate on the 
precipitation reaction are minimal. This is because after the reservoir fluid is being displaced by the 
injected fluid at the shale-fluid interface, whether the reservoir fluid can mix with the injected fluid to 
create local over-saturation relies on the diffusion of the reservoir fluid to the interface. With the 
presence of the fracture, the flow affects the location of the precipitation significantly. Under a larger 
pressure difference, the flow coming out of the fracture is too fast to be mixed with the reservoir fluid, 
and the precipitation occurs at the interface. In contrast, under a smaller pressure difference, the 
injected fluid can still mix with the surrounding reservoir fluid through diffusion, resulting in 
precipitation at the location where the fracture fluid meets the reservoir fluid. Note that, however, for 
the strong pore pressure gradient (>5 psi/0.25 inches), flow rates in the vertical fracture examined here 
are expected to be still too high for the both cases, compared to the actual tributary fractures in the 
reservoir shale matrix.  

2.2.2.2 Time-dependent deformation modeling using CRUNCHFLOW 

In this task, we have changed the modeling code used for the simulation from TReactMech to a 
combination of TOUGH-FLAC (hydrogeomechanical simulation code) and CrunchFlow (reactive transport 
simulation code). In the previous project conducted during FY2017-FY2018, we developed proppant-
embedment modeling capabilities which we are utilizing in the current project. This code, TOUGH-FLAC 
simulator (Rutqvist, 2017) for elasto-plastic and visco-elastic (creep) proppant embedment, is loosely 
coupled to CrunchFlow reactive transport simulator (Steefel et a., 2015) by importing the knowledge 
gained from the results of the simulations for the thickness and porosity change of the zone where 
calcite mineral precipitates on the fracture surface and in the shale matrix.  

Model Setup 
The modeling work in this quarter focused on evaluating to the potential impact of calcite precipitation 
on both elasto-plastic and visco-elastic (creep) embedment on a ductile shale fracture. Here we utilized 
model parameters which were determined through model calibration against laboratory indentation 
test data for Barnett shale collected in the previous project. The tests on a Barnett shale chip sample 
exhibited the most substantial elasto-plastic and visco-elastic embedment. The amount of elasto-plastic 
deformation for an indenter loaded up to 5000 gf (about 50 Newton) for the Barnett shale was about 50 



111 
 

µm (Figure 3-6a). This amount of embedment was on the same order as those obtained for Tuscaloosa 
Marin Shale in the current project. Moreover, the amount of indentation observed during a 30 minutes 
creep tests on Barnett samples were 20-30 µm (Figure 3-6b), which is also similar to the amount of 
creep indentation measured for the Tuscaloosa Marine shale.  

Based on the ChunchFlow modeling results and some previous laboratory experiments, we consider the 
cases shown in Figure 3-7, a layer of precipitated calcite on or just below the fracture surface, and at a 
depth of 0.5 mm into the host rock. The diameter of the single proppant is assumed to be 1 mm. Note 
that this is somewhat smaller than the 1.558 mm-diameter indenter which was used in the indentation 
tests or the actual size of the quartz grain in the experiment (1.5-1.6 mm).  

The model takes advantages of the axial symmetry of the problem as shown in Figure 3-8. This model 
was verified previously against full 3D models of indentation tests and was also validated against elasto-
plastic indentation in aluminum of know properties. Table 3-5 lists the parameters used in this 
sensitivity study. The parameters for the precipitated calcite layers are estimated from literature data of 
calcite or rocks made up of calcites, such as marble. These are uncertain and maybe considered to be at 
the high end in terms of strength and stiffness. For example, for the deep layers we assume full calcite 
stiffness and strength although in reality only a portion of the shale porosity maybe occupied by 
precipitated calcite. Also, we assume that creep deformation is very small in the calcite layers compared 
to that of shale and thus we neglect creep in the calcite layers.  The proppant is assumed to be much 
stiffer and stronger and we do not consider potential failure of the proppant, which is realistic for 
proppant embedment into soft and weak shale.   

 

Table 3-5 Material parameters for modeling the impact of a calcite precipitation layer on proppant embedment   

Constitutive Model Parameter (unit) Shale Calcite Layer 
Elasto-plastic parameters 
for Mohr-Coulomb model 

Young’s Modulus (Pa) 16×109 60×109 
Poisson’s ratio (-) 0.33 0.2 
Friction Angle (°) 25 40 
Cohesion (Pa) 8.5 18 
Tensile Strength (Pa) 3×106 5×106 

Visco-elastic parameters 
for Burger creep model 

Kelvin Shear Modulus (Pa) 7×109 N/A 
Kelvin Viscosity (Pa⋅s) 2×1012 N/A 
Maxwell Shear Modulus (Pa) 7×1012 N/A 
Maxwell Viscosity (Pa⋅s) 5×1012 N/A 
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 (a) (b) 

Figure 3-6 Comparison of TOUGH-FLAC modeling and experiment results of (a) load-displacement curves for dry 
Barnett sample and (b) constant load creep test on various shale samples (From previously submitted 2018 
project final report).  

 
Figure 3-7  Geometries of the investigated calcite precipitation layer geometries  

 

 
Figure 3-8 Axisymmetric TOUGH-FLAC model for numerical simulations of single proppant embedment.  
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Modeling Results 
We first present results related to elasto-plastic embedment of a proppant subject to increasing force 
leading to almost complete embedment and fracture closure. Figure 3-9 shows that 140 N (Newtons) of 
indentation force on a single proppant on a shale half space without a precipitation resulted in ~0.4 mm 
of embedment. The results also show that a 100 µm-thick surface layer most effectively impeded the 
elasto-plastic embedment. This is also seen in the final deformation geometries presented in Figure 3-10 
which shows simulation results for three selected cases where the 100 µm thick surface layer case kept 
the fracture open the most. Because the embedment was primarily the result of local yielding of the 
shale around the proppant grain, a stiffer layer 0.5mm below the fracture surface had negligible impact 
on the elasto-plastic embedment.  

Next, we present the results of visco-elastic (creep) embedment of a proppant subject to a smaller force 
of 20 Newton. Compared to the elasto-plastic modeling, this has an implication for long-term proppant 
embedment behavior.  Figure 2-11 shows the results as embedment versus time. Initially, there is an 
instantaneous elasto-plastic embedment of about 50 µm and this is then followed by a time dependent 
embedment amounting to about 400 µm after 60 hours. The simulation shows that, in contrast to 
elasto-plastic embedment, the surface layer has almost no impact on the visco-elastic embedment 
(Figure 3-11a). A thicker layer away from (but still close to) the fracture surface appears, on the other 
hand, to impede creep embedment (Figure 3-11b). This result indicates that creep embedment occurs 
over a larger area around a proppant grain. The deformation geometries shown in Figure 3-12 proves 
that this is the case for a calcite layer located at 0.5 to 1.5 mm depth, which had the biggest effect of 
impeding visco-elastic embedment.  
 
In summary, the results indicate that a calcite precipitation layer on the fracture surface or just below 
the fracture surface is the most effective to impede elasto-plastic proppant embedment, whereas a 
thicker layer that could be deeper into the host rock can be more effective for impeding visco-elastic 
(creep) proppant embedment. However, it was assumed in this case that visco-elastic deformations of 
the calcite layers are negligible compared to that of the shale. This assumption is questionable and has 
not been tested and observed in the laboratory.    

 

2.2.3 Subtask 3.3 — Multi-grain/asperity simulations of proppant-embedment/asperity 
(Year 1) 

In this task, we used the modeling capabilities of the TOUGH-FLAC simulator (Rutqvist, 2017) which was 
developed previously in the preceding project cycle (2016-2018). The modeling capability was expanded 
from the single proppant-embedment calculations in Subtask 3.2 to computation of the effect of 
interacting multiple proppants.     
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 (a) (b) 

Figure 3-9 Results of TOUGH-FLAC elasto-plastic proppant embedment for increasing proppant load. (a) Impact 
of calcite layer on the shale surface, and (b) impact of calcite layer located below 0.5 mm depth.  

 

 

 (a)  

 (b)  

(c)  

Figure 3-10 Result of TOUGH-FLAC elasto-plastic proppant embedment at a proppant load of 140 N for (a) base-
case without calcite layer, (b) a 100 microns calcite layer on the surface, and (c) a 1 mm thick calcite layer 
located 0.5 mm below the surface.  
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 (a) (b) 

Figure 3-11. TOUGH-FLAC modeling results of creep embedment under a constant proppant load of 20 N. (a) 
Impact of calcite layer on the shale surface, and (b) impact of calcite layer located below 0.5 mm depth.  

 
 
 

 (a)  

 (b)  

 (c)  

Figure 3-12. Result of TOUGH-FLAC of creep embedment at a proppant load of 20 N for 60 days (a) base-case 
without calcite layer, (b) a 100 microns calcite layer on the surface, and (c) a 1 mm thick calcite layer located 0.5 
mm below the surface. 
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Model Setup 
The impact of interaction of neighboring proppants on the creep embedment can the considered by 
accounting for repetitive symmetry in uniformly distribute proppants. Figure 3-13 shows two possible 
configurations that can be simulated. The model for these two cases would be three-dimensional (3D) 
covering an angle of respectively 360/8° = 45° or 360/12° = 30° for square-packed and triangularly-
packed proppants. However, for an initial scoping calculation we used the axisymmetric model that was 
developed and applied in the last quarterly report. The impact of neighboring proppants is then assured 
by restricting displacement to zero normal to the outer radius boundary. Figure 3-13 shows two 
different cases, where the case of fixing the boundary at 0.5 mm would be an extreme case of closely 
packed proppants. Although these are ideal regular proppant placement gemoetries, in favor of a simple 
model, we continued using the axi-symmetric model in Figure 3-14.  

 
Figure 3-13. Different single layer proppant pack geometry and symmetric model geometry that could be applied 
to simulate such as system. Note that along the broken lines, lateral displacement is zero.  

 
             Figure 3-14.  Simplified axisymmetric model geometry for multiple-grain interaction 

Results for Burger creep model   
Figure 3-15 shows the results where we used the Burger creep parameters adopted in the section 2.2.2 
for Barnet shale samples. The results show reduced embedment when the radial size of the model is 
smaller and hence represent increased interaction between neighboring proppants. For a radial size of 2 
mm or larger there is little impact of neighboring proppants. Figure 3-16 shows deformed mesh and 
contours for the two extreme cases of radial model sizes of 3 mm and 1 mm to illustrate the effects of 
the single layer proppant packing density on the individual proppant embedment. Examining Figure 3-
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15b we can see that the results does not show clear log(t) behavior for the embedment over the time 
period from 0 to 50 hours. Here we have to recognize that the model calibration of the Burger creep 
parameters were done for thee that the Burger creep model parameters were calibrated against a 0.5 
hour test, which might be too short and not repetitive for 50 hours embedment.  

 

 
 (a) (b)     

Figure 3-15.  Simulation results for an axisymmetric model considering different packing density and interaction 
between neighboring proppants through different distances to the outer radius boundary.  

 
Figure 3-16. Simulation results for an axisymmetric model considering different packing density and interaction 
between neighboring proppants through different distances to the outer radius boundary. Here the model 
results of vertical displacement after 50 hours has been assembled to illustrate interaction between two 
neighboring properties for the cases of 1 and 3 mm radial model size.  

2.2.4 Subtask 3.4 — THMC modeling of laboratory-observed fracture closure (Year 2) 

In this task, we conducted reactive transport modeling and time-dependent fracture deformation 
modeling of the behavior of shale fractures observed in laboratory experiments.  
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2.2.4.1 Reactive transport modeling of laboratory experiment—I. Without proppant 

Initial modeling 
For modeling reductions of proppant grain embedment in shale, we need to understand how the near-
fracture reservoir environment affects precipitation of carbonate minerals (which is our target mineral). 
During the current reporting period, we continued our 1D reactive transport modeling using 
CRUNCHFLOW software package (Steefel, Appelo et al. , 2015).  

The 1D model considers a sample thickness of 45.54mm, and fracture aperture of 1 mm at the top. A 
range of pressure gradients across the shale matrix were assumed and applied to the model, under 
ambient and high temperature (120˚C), to predict precipitation occurring in the core-scale visualization 
experiment in Subtask 2-6. Initially, the fluid in the fracture is rich in HCO-, whereas the fluid in the 
matrix is Ca2+ -rich. The mixing of the two fluids results in precipitation of calcium carbonate (Figure 3-
17).  

The results of the parametric studies for three pressure gradient values, 0, 10, 50 psi/44.45 mm (=0, 2.2, 
and 11 psi/cm), and for two temperature values, 25 and 120 ˚C, for each pressure gradient. In Figs.3-18 
and 3-19, the vertical axis corresponds to the conceptual diagram: the lower part is the sample, and top 
is the fracture, as delineated by the black dashed line. Porosity change, saturation index with respect to 
calcite, and calcite volume fracture are plotted, with each curve indicating the distribution for a given 
lapse time (shown in hours in the legend). Fig.3-18 shows the results for ambient temperature, and 
Fig.3-19 for an elevated temperature. Magnified views of the calcite volume fraction in the fracture are 
shown in Fig.3-20. 

 

 

Figure 3-17. Calcium-rich fluid in the shale matrix (lower layer) percolates into the fracture (top layer) in which 
bicarbonate salt is dissolved, resulting in precipitation of carbonate minerals at the interface.  
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Pressure 
gradient across 
the model 

Porosity, Saturation Index (SI), and Precipitated calcite volume 

0psi 

 
10psi 

 
50 psi 

 
Figure 3-18. Ambient-temperature (25˚C) tests for CaCl2+NaCl brine and NaHCO3+NaCl brine reaction to produce 
carbonate (calcite, CaCO3). The differential pressures applied between the bottom (upstream) and the top of the 
one-dimensional model are shown on the left. Each curve represents porosity, saturation index, and (relative) 
volume of precipitated calcite. Precipitation occurs primarily on the “fracture” surface although it is still small. 
Another, smaller peak in the precipitation occurs inside the shale slightly (2-3 mm) away from the fracture 
surface.    
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Pressure 
gradient across 
the model 

Porosity, Saturation Index (SI), and Precipitated calcite volume 

0psi 

 
10psi  

 
 
 
 

(Note: Viewgraphs not available) 
 
 
 
 
 

50 psi 

 
 
Figure 3-19. Higher-temperature (120˚C) tests for CaCl2+NaCl brine and NaHCO3+NaCl brine reaction to produce 
carbonate (calcite, CaCO3). The differential pressures applied between the bottom (upstream) and the top of the 
one-dimensional model are shown on the left. Each curve represents porosity, saturation index, and (relative) 
volume of precipitated calcite. The precipitation on the “fracture” surface observed for the lower-temperature 
experiment is now gone. In contrast, no significant change occurs in the precipitation behavior inside the shale 
matrix.  
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Pressure 
gradient across 
the model 

Ambient Temperature (25˚C) Elevated Temperature (120˚C) 
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Figure 3-20. Magnified views of calcite precipitation distribution near the fracture surface (located at 44.45 
mm=at the bottom of the mode).  The high-temperature cases show much reduced precipitation compared to 
the low-temperature cases.  
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Two key observations from this initial 1D reactive transport modeling are 

• The amount of precipitates increase with increasing pressure gradient, i.e. velocity of the flow 
from the matrix into the fracture increase. However, the increase in the amount of precipitates 
is minor. There amount of precipitation does not change significantly over time, the curve for 
day 30 overlap with that of day 15. 

• At the high temperature, the overall precipitation is lower than the ambient temperature 
simulations by about one order of magnitude. This is because even though the solubility of the 
mineral phase decreases as temperature increases, the speciation of aqueous species results in 
lower carbonate concentration at high temperature. The net effect is a decrease in calcite 
precipitation. In addition, at the high temperature, more precipitation is predicted in the matrix, 
instead of in the fracture, because Ca++ concentration contributes more to the supersaturation 
as carbonate concentration in the initial fracture fluid decreases.  

The lack of sensitivity to the flow rate is because the bicarbonate fluid is only supplied through the initial 
fracture fluid, and as that fluid becomes displaced by the matrix fluid, there is not enough carbonate in 
the system to create supersaturation state with respect to the mineral. This observation points to a 
question if under realistic reservoir conditions the shale matrix adjacent to the fracture is saturated by 
the reservoir-fluid. Because of the high injection pressure during fracture creation and the fracture pore 
pressure during the subsequent shut-in period before the start of hydrocarbon production (without acid 
treatment in this case), the injected fluid can be forced into the shale matrix, replacing the pore fluid by 
bicarbonate-rich fluid. This would result in more precipitates within the shale matrix at this initial phase. 
To prove this hypothesis, we conduct further numerical modeling of this behavior, and apply that to the 
laboratory experiments. 

Modeling with alternate flow boundary conditions 
The laboratory experiments had difficulties in introducing the desired flow boundary conditions for the 
matrix part of the system. Namely, because of fracturing of the shale matrix and leaks in the seals, cross-
matrix flow of brine has not been properly realized in the experiment. However, we believe that the 
supply of calcium ions through the matrix is a critical factor for inducing ductility-reducing precipitation 
of calcite within the shale matrix and on the fracture surface. Therefore, we perform numerical 
simulations to assess this effect quantitatively. 

We started to implement more realistic (in the laboratory experiment sense) boundary conditions for 
both fluid flow and ions in the fluid. As before, CRUNCHFLOW software package (Steefel, Appelo et al. , 
2015) was used, and for now, we continued working with 1D reactive transport models. The same fluid 
chemistry and shale properties as the previously reported modeling were used, and the temperature 
was assumed to be 120°C.  

Two different models with slightly different chemical boundary conditions in the fracture were used in 
the current simulations (Figure 3-21). These were 

• Model I “Flux” boundary condition:  The chemical boundary condition is set as flux, the fracture 
fluid is flushed out and replaced by matrix brine, and there is only a short period of mixing and 
thus precipitation 
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• Model ll “Dirichclet” boundary condition: The boundary cell of the fracture is connected to a big 
reservoir, allowing supply of the HCO3

- through diffusion from the reservoir back to the fluid in 
the fracture. This is implemented through a Dirichlet boundary condition. 

Note that the hydrological boundary condition is given by specifying the fluid pressure at the top and 
the bottom of the shale layer, and the chemical flux at the bottom is computed from the resulting flow 
rate. Another factor that affects the precipitation behavior significantly is whether precipitation is 
allowed in the shale matrix. This is because, within a nanoscale pores of shale, the solubility of minerals 
can be higher, exhibiting different behavior than in larger pores. Additional, this can result in imperfect 
filling of the pore space by precipitation, leaving finite permeability.  

    

 (a) (b) 

Figure 3-21. 1D reactive transport models with two different chemical boundary conditions. In the first model, at 
the top (fracture) end, the ions in the fluid are simply flushed out advectively (a). In contrast, in the second 
model, ions in a large reservoir are allowed to diffuse back into the fracture, allowing longer mixing time.  

The new 1D model has a shale layer thickness of 6.35 mm, consistent with the actual laboratory sample. 
The top fracture layer has a thickness of 1 mm (i.e. approximate proppant diameter). The fluid in the 
fracture is rich in HCO- from the introduced NaHCO3, whereas the fluid in the shale matrix (and below) is 
Ca2+ -rich (TMSL brine). The mixing of the two fluids results in precipitation of calcium carbonate. The 
test temperature is 120 ˚C. 

First, we present the result of the simulation in Figure 3-22, using a flux chemical boundary condition at 
the top. The fracture surface is located at 6.35 mm in the left vertical scale. The pressure difference 
across the shale layer was assumed to be 100 psi. Although these result in very large pressure gradient, 
the modeling have certain relevance to the reality, because the shale matrix near a fracture can 
experience a sharp pressure gradient (although 1,000 psi over ~0.25 inch may be rather excessive) when 
the fluid in the fracture is suddenly depressurized immediately after the initial stimulation (fracking). For 
the two sets of plots showing time-dependent changes in the distribution of the porosity, calcite 
saturation index, and the relative calcite volume, the first set assumes when the precipitation in the 
matrix is prohibited by the nano-scale process, and the second set allows precipitation up to the point 
50% of the porosity is occupied by the precipitates (although this threshold was never reached). Also 
note that in reality, such a high pressure gradient should not happen near the fracture for an extended 
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period of time. Rather, the gradient becomes smaller over time as the pressure front diffuses deeper 
into the shale matrix.  

From the two sets of the results, we observe that 

• For non-matrix-precipitation case, although the saturation index is positive (i.e. precipitation is 
encouraged) initially within the shale matrix, precipitation happens exclusively and rather 
quickly only on the fracture surface.  

• In contrast, when matrix precipitation is allowed, much less precipitation happens on the 
fracture surface. Instead, a widely distributed, small amount of the calcite is precipitated in the 
shale matrix continuously from the fracture surface and to some depth (~2mm).  

 

(a) Matrix precipitation is prohibited 

 

(b) Matrix precipitation is allowed 

Figure 3-22.  Test cases with the top chemical boundary condition given by a flux boundary condition. The 
pressure difference across the shale layer (0 to 6.35 mm) is 100 psi. When matrix precipitation is allowed, most 
precipitation happens in the form of a widely distributed zone from the fracture surface to a certain depth, with 
a sharp peak.  
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Next, we considered a Dirichlet (or diffusion) chemical boundary condition at the top of the model 
(Figures 3-23 and 3-24). The pressure difference across the shale layer was assumed to be either 100 psi 
(Figure 3-23) or 1,000 psi (Figure 3-24), for examining the effect of faster fluid and chemical transport 
within the shale matrix. The observed behavior is 

• Similar to the flow flux boundary case, when the precipitation is prohibited in the matrix, the 
amount of precipitation increases rather slowly but eventually nearly fill the space. This 
behavior was very similar for the low flow rate (ΔP=100 psi) and high flow rate cases (ΔP=1,000 
psi). 
 

 
(a) Matrix precipitation is prohibited 

 
(b) Matrix precipitation is allowed 

Figure 3-23  Test cases with the top chemical boundary condition given by a Dirichlet boundary condition. The 
pressure difference across the shale layer (0 to 6.35 mm) is 100 psi. When matrix precipitation is allowed, 
precipitation initiates at some distance away from the fracture surface, and the fracture surface precipitation 
does not start until the matrix precipitation stops.  
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• When the precipitation in the matrix is allowed, quite interestingly, the low flow rate results in 
precipitation of calcite initiating at some depth (~2.5 mm) then expands across the entire shale 
layer. Once the matrix precipitation stops (“saturated”), precipitation on the fracture surface 
follows.  

• For the high flow rate case, the initiation depth of calcite moves closer to the fracture surface, 
and the precipitation of the fracture surface starts before the matrix precipitation stops.   

 

 

 

(a) Matrix precipitation is prohibited 

 

(b) Matrix precipitation is allowed 

Figure 3-24  Test cases with the top chemical boundary condition given by a Dirichlet boundary condition. The 
pressure difference across the shale layer (0 to 6.35 mm) is 1,000 psi. For a faster flow rate, the depth 
precipitation initiates moves closer to the fracture surface. Additionally, the fracture surface precipitation starts 
before the matrix precipitation completes.  
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Lastly, using only the Dirichlet chemical boundary condition which we think is more appropriate for 
modeling the laboratory experiment, we conducted tests with alternating flow directions, somewhat 
simulating the initial injection of the fracturing fluid with chemicals into the formation (with ΔP=-100 
psi), then the flow back of the injected fluid and the formation fluid into the fracture (ΔP=100 psi or 
1,000 psi). In these tests, the HCO3- -rich fluid in the matrix is initially forced into the Ca2+-rich shale 
matrix. After 3 days, the flow direction is reversed, and the fluids in the shale are allowed to flow into 
the fracture over 1 month (Figures 3-25 and 3-26). 

 

 

(a) Matrix precipitation is prohibited 

 

(b) Matrix precipitation is allowed 

Figure 3-25.  Test cases with alternating flow directions across the shale layer. A Dirichlet chemical boundary 
condition was applied at the top. The initial downward pressure gradient was 100 psi, followed by an upward 
pressure gradient of 100 psi. The case prohibiting matrix precipitation showed similar behavior as the previous 
cases. For the case allowing matrix precipitation, the depth of the precipitation initiation moved away from the 
fracture, and the overall precipitation became less.  

1

2

3

4

5

6

7

-1 -0.5 0

Porosity

t=1 day

t=3 day

t=34 day

1

2

3

4

5

6

7

-2 0 2 4

SI calcite

t=1 day

t=3 day

t=34 day

1

2

3

4

5

6

7

0 0.5 1

calcite volume [m3/m3]

t=1 day

t=3 day

t=34 day

1

2

3

4

5

6

7

-0.04 -0.02 0

Porosity

t=1 day

t=3 day

t=34 day

1

2

3

4

5

6

7

-2 0 2 4

SI calcite

t=1 day

t=3 day

t=34 day

1

2

3

4

5

6

7

0 0.02 0.04 0.06

calcite volume [m3/m3]

t=1 day

t=3 day

t=34 day



128 
 

 
• Although there are small differences from the unidirectional flow cases in Figures 3-25 and 3-26, 

overall, the precipitation behavior for the cases prohibiting the matrix precipitation was 
unchanged (Figures 3-25a and 3-26a).  

• When the matrix precipitation is allowed, the depth of the precipitation initiation moved away 
from the fracture surface. Also, the overall amount of precipitation decreased compared to the 
unidirectional flow case (Figure 3-24b). 
 

 

(a) Matrix precipitation is prohibited 

 

(b) Matrix precipitation is allowed 

Figure 3-26.  Test cases with alternating flow directions across the shale layer. A Dirichlet chemical boundary 
condition was applied at the top. The initial downward pressure gradient was 100 psi, followed by an upward 
pressure gradient of 1,000 psi. The case prohibiting matrix precipitation showed similar behavior as the previous 
cases. For the case allowing matrix precipitation, unexpectedly, the depth of the precipitation initiation did not 
change compared to the slower reverse flow rate in Figure 3-25b.  
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• When the flow rate for the reversed flow was increased, puzzlingly, the depth of precipitation 
initiation did not change compared to the slower flow rate. The overall precipitation was also 
less compared to the corresponding case with unidirectional flow (Figure 3-24b) 

In conclusion, the one-dimensional reactive transport modeling for calcite precipitation within a shale-
fracture system revealed that 

(1) The choice of the chemical boundary condition at the fracture has a large impact on the precipitation 
behavior, 
(2) When calcite precipitation within the shale matrix pore is allowed, the precipitation initiates at some 
distance away from the fracture surface, followed by its expansion and eventual precipitation on the 
fracture surface, 
(3) When the rate of fluid flow into the fracture is increased, the depth of the initial precipitation tends 
to move closer to the fracture surface, 
(4) When the flow direction is alternated by applying initial injection of fracture fluid into the matrix, the 
overall precipitation within the shale matrix decreased. Additionally, the location of the initial 
precipitation did not shift when the reverse flow rate was increased.  

The reason for the precipitation behavior of the system with alternating flow directions (4) is difficult to 
explain, and further investigation and validation of this specific modeling case may be needed.  

2.2.4.2 Reactive transport modeling of laboratory experiment—II. With proppant/guar-gum 
islands 

In the laboratory, we employed the clustered proppant emplacement strategy (Figure 2-49) which 
involve islands or “blob” of proppant and proppant additive (sodium bicarbonate) with fracking fluid 
such as cross-linked guar gum (note that the actual experiment used non-gelled guar gum). The 
numerical simulations in this task investigated the impact of such heterogeneous permeability and 
chemistry distribution in a fracture, on the precipitation of carbonate minerals.  

Model Setup 
The models shown in Figure 3-27 describe the flow conditions in the simulations. Flow scenario 1 is a 
highly simplified case, and flow scenario 2 represents the experimental conditionals more closely. In all 
simulations, the flushing process is not considered, and 120 hours of 0.001 ml/min flow was simulated.  

The open channel is 1mm wide, and was assigned a permeability of 8e-8 m2. Two clusters of proppant 
and guar gum regions were added in the fracture. They are initially saturated with NaHCO3, and were 
assumed to have a porosity of 50% and a permeability of 1e-10 m2. The shale sample has a permeability 
of 7e-20 m2 for scenario 1 and 7e-17 m2 for scenario 2. This adjustment is because with the complexity 
in flow scenario 2, large permeability contrast results in numerical instability. This adjustment should 
not affect the flow pattern substantially because the permeability contrast remains significant. A side 
fracture was added to capture the possibility of a breaking sealing. It is assumed to have an aperture of 
100 µm and permeability of 8e-10m2.  
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Figure 3-27.  Sketch of the flow scenarios investigated. 

Results  
Flow scenario 1:  
The simulation showed that calcite precipitates primarily at the interface between the shale matrix and 
the fracture, especially in the regions occupied by the proppants and guar gum, where bicarbonate was 
present to react with CaCl2 solution from the matrix. By hour 120, a total amount of 7e-11 m3 calcite 
was predicted in the 2D cross section, assuming a thickness of 1 mm for the slice.  

 
Figure 3-28.  Precipitation pattern at hour 120 for flow scenario #1. The color bar represents the volume fraction 
of calcite in the numerical grid cell.  

Flow scenario 2: 
Similarly, the simulation showed that calcite precipitates primarily at the interface between the shale 
matrix and the fracture, especially in the regions occupied by the proppants and guar gum, where 
bicarbonate was present to react with CaCl2 solution from the matrix. However, there are some subtle 
differences. First, there is precipitation in the open fracture-matrix interface, because advection in the 
direction along the fracture allowed NaHCO3 to be transported from the proppant clusters into the open 
fracture. Second, there is more build-up of calcite at the intersection of the downstream cluster and the 
open space. By hour 120, a total amount of 7.2e-11 m3 calcite was predicted in the 2D cross section, 
assuming a thickness of 1 mm for the slice. This is slightly higher than flow scenario #1.  
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Figure 3-29. Precipitation pattern at hour 120 for flow scenario #2. The color bar represents the volume fraction 
of calcite in the numerical grid cell. 

 

Overall, similar amount of calcite precipitation has been predicted regardless of the flow scenarios, 
which is an indicator that the precipitation is largely controlled by the initial fluid chemistry. However, 
the flow patterns affect the precipitation pattern.  

2.2.4.3 Time-dependent mechanical deformation modeling of a propped lab fracture 

A long-term creep test on a proppant filled fracture in Tuscaloosa Marine Shale was conducted based 
upon a set of laboratory data. The results in Figure 3-30a shows that after quite a rapid embedment 
during the first 50 hours, the rate of closure decreases and then reaches a linear time dependency from 
50 hours and on (Note that after the experiment, the linear behavior was found to be the result of 
sample fracturing. However, modeling here is applied to the entire deformation history). 

 
Figure 3-30. Time dependent creep behavior observed from constant stress creep tests on Tuscaloosa Marine 
Shale.    
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A model calibration was carried out in order to match the experimental data in Figure 3-30. The results 
shown in Figure 3-31 and was simulated using the axial symmetric model with 3 mm radius, i.e. no 
significant interaction between individual proppants. The agreement with the experimental results 
appears to be excellent in Figure 3-31a while if looking at the compaction versus log time some 
deviation can be observed in the first 10 hours. The model simulations were conducted at a same 
constant load as for the previous model simulations shown in Figure 3-15 and 3-16. The shale 
parameters are listed in Table 3-6.    

The measured and simulated response follows the typical behavior of creep according to the Burger 
model in which the different phases may be related to different rheology. This is shown in Figure 3-32 in 
terms of creep compliance J(t) which is the ratio of the measured strain to the applied stress, or inverse 
modulus. An initial elastic response is first observed, followed by a delayed elastic response and finally a 
steady state (linear) viscous response at longer times. The gradient of this line is equal to the strain rate 
and can therefore be used to calculate the zero shear viscosity. If the steady state linear response is 
extrapolated back to zero time then the intercept is equal to the equilibrium compliance (JE). This is the 
compliance or strain response associated with just the elastic components of the material i.e. springs in 
the Burgers model. The long-term linear compliance behavior is expected to level out and reach a 
plateau for a solid material.   

 

(a)        (b) 

Figure 3-31. Comparison of modeling and experiment on fracture closure of proppant filled fractures. 
Compaction versus time (a) and compaction versus log time (b).   

Table 3-6.  Material parameters for modeling the fracture compaction in Tuscaloosa Marine Shale.  

Constitutive Model Parameter (unit) Value 
Elasto-plastic parameters for 
Mohr-Coulomb model 

Young’s Modulus (Pa) 16×109 
Poisson’s ratio (-) 0.33 
Friction Angle (°) 25 
Cohesion (Pa) 8.5 
Tensile Strength (Pa) 3×106 

Visco-elastic parameters for 
Burger creep model 

Kelvin Shear Modulus (Pa) 2.3×108 
Kelvin Viscosity (Pa⋅s) 7.0×1012 
Maxwell Shear Modulus (Pa) 6.9×1012 
Maxwell Viscosity (Pa⋅s) 2.0×1014 
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Figure 3-32.   (right) representation of a Burger model and (left) expected profile of a Burger model undergoing 
creep and recovery testing with equilibrium compliance (J) and recovery compliance (J)  
(https://theanalyticalscientist.com/app-notes/a-basic-introduction-to-rheology).  

In this task, we conducted a preliminary investigation on the effect of interaction of multiple 
neighboring proppants, on the creep fracture closure behavior. The results show the effect of reducing 
the creep closure for closely packed proppants in a mono layer. We applied the Burger creep model and 
it is possible to match closely the fracture closure behavior measured on a sample of Tuscaloosa Marin 
Shale, which is quite ductile. We note that there is some log(t) behavior in the first 100 hours. However, 
the data also follows linear time behavior, when the shale sample suffered premature fracturing. Also, 
the laboratory fracture compaction experiments indicated the slope of the log(t) curve sometimes 
exhibits a clear kink point (i.e. the slope changes during compaction), which is more pronounced for 
ductile fractures. In Year 3, we conducted further, more detailed modeling work to explain this behavior 
which is potentially useful for long-term prediction of propped fracture closure.  

2.2.5 Subtask 3.1EXT — CRUNCFLOW modeling of mineral precipitation in complex fluid 
system (Year 3) 

In this task, we introduced the realistic fluid chemistry and flow geoemtry involved in the laboratory 
experiments on TMSL shale. The formation fluid used the chemistry of the produced fluid, and the 
fracking fluid used the chemistry of saturated sodium bicarbonate (to avoid overly complex reactions, 
guar gum’s cross linking and de-linking behavior was not modeled in the simulations.   

2.2.5.1 Mineral precipitation from brine with a complex, realistic chemical composition 

Model description and simulation setup  
In this set of numerical simulations, we aim to explore different fluid chemistry and the impacts on the 
precipitation behavior. The simulations used a simplified flow setup as illustrated in Fig.3-33. The flow 
was injected continuously from the bottom of the shale sample, which is 1.75’’ in diameter and 0.25’’ 
thick, at a constant flow rate of 0.001 ml/min for 120 hours (Note that laboratory experiment with 
proppant additive [NaHCO3] was also conducted with this matrix flow). The fracture is 1 mm wide, and 
is open without adding proppant or guar gum. The modeling was conducted at 25˚C in spite of the 
higher laboratory temperature (~125˚C). Although this makes the simulation less realistic, for lack of 
necessary thermodynamic data for some of the involved chemical species in the brine (especially iron 
minerals), this was necessary.   

https://theanalyticalscientist.com/app-notes/a-basic-introduction-to-rheology
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Figure 3-33. The sketch of the investigated flow scenario 

 

Two fluid chemistries were considered for the influent. One is a simple CaCl2 solution at a concentration 
of 0.2445 mol/L. The other solution (brine#2) was formulated based on the flow-back fluid chemistry, 
and prepared using the recipe in Table 3-7. As observed in the laboratory, this solution developed 
yellowish precipitates over time, indicating the precipitation of Fe-bearing oxides and hydroxides. In the 
simulation, the solution was allowed to react for a couple of days first and the resulting fluid 
composition was used as the influent, which is equivalent of filtering out the precipitates from the 
laboratory solution. The fracture is initially saturated with respect to NaHCO3. Three scenarios were 
considered, which represent different levels of replenishment of bicarbonate in the fracture.  

Table 3-7. Recipe used to prepare solution #2. 

Chemical Weight [g/L] 
CaCl2 ∙ 2H2O 40.3463 
𝐹𝐹𝐼𝐼𝐶𝐶𝑆𝑆2 ∙ 4𝐻𝐻2𝑂𝑂 0.488 
𝑀𝑀𝑀𝑀𝐶𝐶𝑆𝑆2 ∙ 6𝐻𝐻2𝑂𝑂 7.89 

𝑁𝑁𝑃𝑃2𝑆𝑆𝑂𝑂4 0.739 
𝑁𝑁𝑃𝑃𝐻𝐻𝐶𝐶𝑂𝑂3 0.216 
𝑆𝑆𝑃𝑃𝐶𝐶𝑆𝑆2 1.34 
𝑁𝑁𝑃𝑃𝐶𝐶𝑆𝑆 95.836 
𝐾𝐾𝐶𝐶𝑆𝑆 1.314 

 

Results  
The overall precipitation behavior is similar between the two fluid chemistries. Rather, the availability of 
bicarbonate in the fracture is the dominant factor that controls the precipitation behavior.  

For the simple influent and in the scenario in which there is no additional supply of bicarbonate (Fig.3- 
34(a)-(c)), its concentration in the fracture quickly decreased to the value of the influent. As a result, 
only a small amount of CaCO3 is observed on the fracture surface, where the fracture fluid and the 
matrix fluid first mixes. The precipitation occurred rapidly in the first day, and volume of CaCO3 showed 
slight decrease later due to changes in the saturation state and mineral dissolution.   

In the scenario with a small amount of addition of bicarbonate in the fracture fluid (Fig.3-34(d)-(f)), for 
which the bicarbonate concentration is maintained ~0.015 mol/L, the mixing of the fracture fluid and 
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matrix fluid resulted in supersaturation in the fracture all the time. Precipitation is observed in the entire 
fracture region, and it continues over time. Local volume fraction of the precipitate is low, indicating 
that it is more likely to have colloidal CaCO3 precipitates in the solution in this case.  

In the scenario with a higher amount of addition of bicarbonate in the fracture fluid (Fig.3-34(g)-(i)) that 
raised bicarbonate concentration to ~0.2 mol/L by hour 210, the precipitation amount is much more 
significant. The entire fracture region is close to be clogged.   

 

 
Figure 3-34. Calcite precipitation (a,d,g) at hour 210, the colorbar represents the volume fraction of calcite in the 
numerical grid cell (assuming a thickness of 1 mm for the 2D computational domain); total calcite volume over 
time (b,e,h); and bicarbonate concentration at hour 210 (c,f,i). (a)-(c) no addition of bicarbonate, (d)-(f) low level 
of addition of bicarbonate, and (g)-(i) high level of addition of bicarbonate.  
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For the more complex fluid chemistry, two differences are noticeable. First, with no additional supply of 
bicarbonate (Fig.3-35(a)-(c)), the initially precipitated CaCO3 dissolves completely at later time steps in 
presence of other cations. Second, with the high level of bicarbonate addition, minerals in addition to 
CaCO3 becomes over-saturated, and in this case, magnesite precipitation was observed, but at very low 
amount. It is expected that in presence of multiple cations and sufficient supply of bicarbonate, the 
precipitation dynamics (e.g., composition and relative rate) will become more complicated.  

 

 
Figure 3-35. Calcite precipitation (a,d) at hour 24 and (b,e,g) at hour 210, the colorbar represents the volume 
fraction of calcite in the numerical grid cell; total calcite volume over time (assuming a thickness of 1 mm for the 
2D computational domain) (c,f,i); magnesite precipitation at hour 210. (a)-(c) no addition of bicarbonate, (d)-(f) 
low level of addition of bicarbonate, and (g)-(i) high level of addition of bicarbonate.  
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2.2.5.2 Mineral precipitation in a fracture involving complex fluid flow geometry 

Simulation setup 
One of the key objectives of the experiments was to investigate how induced calcium-carbonate 
precipitation can affect the mechanical properties of the system. The numerical simulations were 
performed to provide additional information regarding the factors that control the spatial pattern and 
amount of precipitation. The computational domain used in the simulations represents a 2D slice of the 
experimental system. The domain includes a shale sample, which is 1.75’’ in diameter and 0.25’’ thick, 
and fracture, which is 1 mm wide.  For the baseline simulations, a constant pressure difference of 25 psi 
was applied across the inlet and outlet, following the experimental conditions. The fracture domain is 
initially saturated with NaHCO3, which is constantly replenished, and the matrix brine, i.e., the influent, 
is a simple CaCl2 solution at a concentration of 0.2445 mol/L. Sensitivity analyses examined a range of 
flow, transport and fluid chemistry conditions. All simulations are performed using the geochemical 
code CrunchTope (Steefel et al., 2015). The mineral reaction of focus is calcite precipitation (and the 
precipitation of other carbonate minerals when more complex fluid chemistry is used), and reactions of 
other minerals such as clay minerals are not considered because of their slow kinetics and the relative 
short timeframe of the experiments. The kinetic parameters for calcite follow (Chou et al., 1989), and 
other kinetic parameters are taken from (Palandri, 2004).  

The impacts of flow configurations  
Three flow configurations shown in Figure 3-6 with increasing complexity were tested. The fracture has 
a permeability of 8e-8 m2, and is completely open in flow scenario 1. Two regions with proppant and 
guar gum were added in the fracture in flow scenario 2 and 3. These regions have a porosity of 50% and 
a permeability of 1e-10 m2. The shale sample has a permeability of 7e-20 m2 for scenario 1 & 2, and 7e-
16 m2 for scenario 3. This adjustment is because with the complexity in flow scenario 2, large 
permeability contrast results in numerical instability. This adjustment should not affect the flow pattern 
substantially because the permeability contrast remains significant. A side fracture is added in flow 
scenario 2 and 3, to capture the possibility of a breaking sealing. It is assumed to have an aperture of 
100 µm and a permeability of 8e-10 m2.  

 

Figure 3-36. A sketch of the flow scenarios investigated. The black lines represent the no flow boundary, the red 
line depicts a micro fracture in the shale matrix.  



138 
 

The results from this set of simulations show some differences in the precipitation pattern (Figure 3-37). 
In flow scenario 1, calcite precipitates uniformly at the interface between the shale matrix and the 
fracture where the bicarbonate and Ca2+ mix. In flow scenario 2 and 3, calcite precipitates primarily at 
the interface between the shale matrix and the fracture, away from the side fracture. This is because the 
side fracture allows more brine to flush through, which is not sufficiently in contact with the bicarbonate 
in the rest of the main fracture. This effect is particularly evident in flow scenario 2 compared to 
scenario 3, because of the placement of the outlet. There are also slightly more precipitates in the 
regions occupied by the proppants and guar gum. This is partly because in these regions, the initial 
NaHCO3 solution is displaced by advective flow at a lower rate compared to the open fracture, and thus 
has a longer residence for reacting with the Ca2+ matrix solution. Another subtle difference arise from 
the flow pattern is slight precipitation in the open fracture in flow scenario 2, and precipitation in the 
side fracture in flow scenario 3. The former indicates that because Ca2+ flushed through the side fracture 
is abundant, has diffused to the left to react with bicarbonate in the open main fracture. The 
precipitation in the side fracture in flow scenario 3 is an indication of bicarbonate being transported into 
the side fracture to mix and react with Ca2+.   

 

 

Figure 3-37. precipitation pattern at hour 210 for flow scenario (a)1, (b)2, and (c)3. The colorbar represents the 
volume fraction of calcite in the numerical grid cell.  

There are also quantitative differences among the three flow scenarios. By hour 210, a total amount of 
calcite was 5.91e-10, 4.56e-11 m3, 8.15e-11 m3 for flow scenario 1, 2, and 3, respectively, assuming a 
thickness of 1 mm for the computational domain. For flow scenario 1, even though the maximum local 
volume fraction is smaller compared to flow scenarios 2 and 3, the larger coverage results in the more 
total precipitation. This scenario is the case when the mixing between the open fracture solution and 
matrix brine is most extensive.  

This set of simulations highlight that uniform or preferential precipitation, as preferred by the practices, 
can be achieved by adjusting the flow configuration. For the following simulations, we will focus on flow 
scenario 1 for simplicity. This will also allow us to report an average thickness for the precipitation layer, 
which can be a useful parameter for mechanical tests.   
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2.2.6 Subtask 3.2EXT — CRUNCHFLOW modeling of electrokinetic precipitation 
enhancement effect (Year 3) 

2.2.6.1 The impacts of solute transport  

Diffusive transport  
One solute transport mechanism - which is particularly important for the mixing of NaHCO3 and CaCl2 
solutions at the shale-fracture interface - is diffusion. Diffusion is primarily controlled by the molecular 
diffusion and the tortuosity of the porous media. When an electric field is applied, it can also be affected 
by electromigration. For ions affected by electromigration, the diffusion coefficient can be calculated as 

 𝐷𝐷 = 𝜇𝜇𝐾𝐾𝜇𝜇/𝑍𝑍𝐼𝐼 .       (3-5) 

Where 𝐾𝐾 is the Boltzmann constant 1.38e-23 J/K, 𝜇𝜇 is the temperature [K], 𝑍𝑍 is the valence, and 𝐼𝐼 is the 
electron charge 1.6e-19 [C]. 𝜇𝜇 is the ionic mobility [m2/Vs], and is related to the electric field (E is the 
electric field [V/m]) and the drift speed 𝑆𝑆 [m/s] as 

 𝜇𝜇𝜇𝜇 = 𝑆𝑆 .       (3-6) 

Given that there is no independent measurement of the drift speed or the ionic mobility during the 
experiments, determination of the diffusion coefficient was not possible. However, it was reported that 
for a given electric field of 600 – 800 V/m, the diffusion coefficient can be increased by a factor of 5-25 
(Maes et al., 1998). For an electric field of ~60-85 V/m, the increase in diffusion coefficient is less 
significant, by about 1.5 times. In our experiment, an electric potential of 0 and 1 was applied in the 
fracture and the reservoir, respectively, which resulted in an electric field [V/m] of 157.5 V/m.   

Two cases have been considered. In one case, the diffusion coefficient of all species was increased by a 
factor of 10, assuming that the electric field has the same effect on all species. In the other case, the 
diffusion coefficient of Ca was increased by a factor of 10, assuming the electric field does not have a 
noticeable effect on other species. These are simplified scenarios that can provide some bounding 
analyses. 

The precipitation patterns are similar among simulations with different diffusion coefficients as shown in 
Figure 3-37(a), and thus not shown here. The amount of precipitate increases as the diffusivity increases. 
By hour 210, a total amount of calcite is predicted to 6.39e-10 m3 when there is a 10x increase in the 
diffusion coefficients of all species, and the value is 6.24e-10 m3 when the diffusion coefficient is only 
increased for Ca2+. These represent a relative increase of 8.1% and 5.1%, and correspond to an increase 
in the average thickness from 13.3 µm to 14.4 and 14 µm, assuming no porosity in the precipitates. The 
observation highlights that maintaining efficient transport of bicarbonate may also be important for 
inducing more precipitation, especially considering that the flow direction is opposite to the 
concentration gradient in bicarbonate that is driving its diffusion. 

Advective transport  
The impact of advective transport rate was investigated by varying the pressure gradient across the 
sample using values of 0, 25, 250 and 2500 psi. With a pressure difference of 0 psi, the only transport 
mechanism is diffusion, and it resulted in calcite precipitation that amounts to 7.57e-11 m3, i.e., an 
average thickness of 1.7 µm. As advective transport increases, the amount of precipitation increases 
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significantly and almost linearly with the pressure difference across the sample. The volume of calcite 
precipitations increased from 5.91e-10 to 5.79e-9 and 4.22e-9 m3 for the simulations with a pressure 
difference of 250 and 2500 psi, respectively. As a result, more than 15% of and almost the entire 
fracture is blocked by the calcite precipitates.  

This set of simulations highlights the importance of advective transport from the matrix to the open 
fracture for calcite precipitation at the interface. However, while the precipitates coating the fracture 
surface can improve the mechanical properties, too much precipitation may have a negative impact on 
the fracture flow by closing the pathway.    

 

Figure 1-38. precipitation pattern at hour 210 for a pressure difference of (a)0, (b)25, (c)250 and (d) 2500 psi. The 
colorbar represents the volume fraction of calcite in the numerical grid cell.  

2.2.6.2 The impacts of brine chemistry  
In addition to the simple matrix fluid of a CaCl2 solution (which will be referred to as brine 1), two more 
realistic brine chemistries are compared in this section. Brine 2 was formulated based on the flow-back 
fluid chemistry, and prepared using the recipe in table 1. As observed in the laboratory, this solution 
developed yellowish precipitates over time, indicating the precipitation of Fe-bearing oxides and 
hydroxides. In the simulation, the solution was allowed to react for a couple of days first and the 
resulting fluid composition was used as the influent, which is equivalent of filtering out the precipitates 
from the laboratory solution. Brine 3 is developed based on the reservoir brine from the HFTS sites 
(Table 3-8).  

For the simplified brine chemistry, calcite is the only mineral precipitation, whereas for the other two 
brine chemistries, magnesite precipitation was predicted as well but at a much lower amount due to the 
low Mg2+ concentration.  

The amount of the calcite precipitation is sensitive to the brine chemistry, specifically the amount of 
Ca2+. Brine 2 results in calcite precipitation (6.63e-10 m3) that is one order of magnitude more than that 
in the brine 3 simulation (5.71e-11 m3), because of the proportionately higher Ca2+ concentration. 
Similarly, as brine 3 has lower Mg2+ concentration, the amount of magnesite is 2.47e-11 m3, and much 
lower than that in the simulation using brine 2 (which is 6.86e-11 m3). Overall, the thickness of 
carbonate precipitates (calcite and magnesite) is 13.3 µm, 16.46 µm, and 1.84 µm for the three brine 
chemical compositions (Table 3-8).  
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Table 3-8. Brine chemistries used for comparison.  

Brine chemistry #2 Brine chemistry #3 
Chemicals g/L Chemicals g/L 

CaCl2*2H2O 40.3463 CaCl2·2H2O 3.48 
FeCl2*4H2O 0.488 LiCl 0.0489 
MgCl2*6H2O 7.89 2MgCl2·3H2O 1.67 

Na2SO4 0.739 KCl 0.572 
NaHCO3 0.216 2SrCl2·3H2O 0.548 

SrCl2 1.34 NaHCO3 0.689 
NaCl 95.836 H3BO3  0.0125 
KCl 1.314 NaBr 0.322 

  
NaCl 46.2 

  
NaI 0.0473 

  
Na2SO4 0.592 

 

Figure 3-39. precipitation patterns at hour 210 for (a) brine 1, (b) brine 2, (c) brine 3. The colorbar represents the 
volume fraction of calcite(left) and magnesite (right) in the numerical grid cell.  
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For Brines 2 and 3, the same sensitivity simulations as reported in section 3 were also performed. Table 
3-9 shows similar transport controls on the total amount of precipitates, i.e., increasing the diffusive 
transport increases precipitation, by a larger extent if the increase is for all species instead of only for 
Ca2+. In all cases, increasing diffusivity by a factor of 10 resulted in a <10% increase in the total amount 
of precipitation. An increase in the advective transport, in comparison, led to proportionate increase in 
the amount of precipitate.  

Table 3-9. Summary of precipitation thickness [µm] for three brine chemistries under different conditions.  

 Brine 1 Brine 2 Brine 3 
Baseline 13.30 16.46 1.84 
Dca x 10 14.04 17.27 1.93 
D x 10 14.37 17.79 1.99 
0 psi 1.70 2.11 0.23 

250 psi 130.24 160.54 18.05 
2500 psi 949.90 965.48 173.26 

 

2.2.7 Subtask 3.3EXT — TOUGH-FLAC modeling for mineral precipitation in complex fluid 
system (Year 3) 

2.2.7.1 Time-dependent multi-grain modeling for Log(t) creep compaction  

We conducted modeling of proppant creep embedment, focusing upon its log(t) creep compaction 
which has been observed consistently in experiments conducted in this project. A review of some of the 
most recent journal papers on shale creep show that log(t) creep deformation has been observed in 
both indentation tests and triaxial tests on shale core samples (e.g. Mighani et al., 2019). Therefore, we 
attempted to use such a creep law and apply it for modeling proppant creep, fracture compaction and 
indentation tests. Note that, similar to the rheological, viscoelastic processes, proelastic processes can 
also have an impact on proppant embedment and shale compaction. We also performed some test 
simulations to model poro-elastic responses during proppant creep embedment.  

Log Time Creep Law  
Mighani et al., (2019) found that, in both nanoindentation and triaxial creep tests, displacements and 
strains are approximately depended upon the logarithm of time. For brevity, we use the term “log time 
creep”. This behavior was generally preceded by a very short transient (5 to 10 seconds for the nano-
indentations and about 500 seconds for the triaxial tests), likely related to the fact that, in practice, the 
prescribed stresses and forces were not exact step functions of time. As a consequence, the beginning of 
a hold step is not well defined, and it is difficult to separate time-independent strains generated during 
the final moments of the loading cycles from the time-dependent strain that started to accumulate at 
the same time (Mighani et al. 2019).  

Sone and Zoback (2014) when analyzing creep experiments also considered a power law and a 
logarithmic creep law. They found that a time-hardening power model of the type 

 ε𝑖𝑖𝑁𝑁𝑁𝑁𝑁𝑁𝑝𝑝 = 𝐵𝐵σ𝑖𝑖  (3-7) 
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matched better with experimental data of shale creep. They used only the constants B and n to fit the 
model reasonably well with laboratory creep experiments. In the last quarterly report, we presented 
modeling results based upon this type of power model. It appeared to show some log time creep initially, 
but over a longer time, the model prediction deviated from such behavior. A creep law involving 
hardening with the logarithm of time can be written as 

 ε𝑖𝑖𝑁𝑁𝑁𝑁𝑁𝑁𝑝𝑝 = 𝐴𝐴 + 𝐵𝐵𝑆𝑆𝑃𝑃𝑀𝑀(𝑃𝑃) (3-8) 

where A and B are constants. In terms of the strain rate, this becomes  

 ε̇𝑖𝑖𝑁𝑁𝑁𝑁𝑁𝑁𝑝𝑝 = 𝐵𝐵/𝑃𝑃  . (3-9) 

This law was implemented into the simulator, but with a time shift t0 which is included in Equation (3-9) 
to avoid an asymptotic, extremely high creep strain at very small times.  

Modeling proppant embedment and shale compaction 
Figure 3-40 shows examples of laboratory data of creep compaction of shale samples on a monolayer of 
proppants. The results show log time closure behavior, though it is not always exactly linear, but slight 
downward bending. Note that the upward bending seen with TMSL1 is attributed to sample failure. The 
experimental results in Figure 3.40 denoted HFTS is for Wolfcamp shale.  

We try to model this behavior considering a symmetric model of a proppant filled fracture (Fig. 3-14). 
We adopt the model approach used previously where the impact of interaction of neighboring 
proppants on the creep embedment can the considered by accounting for repetitive symmetry in 
uniformly distribute proppants here approximated by an axisymmetric model. The packing density of 
the proppants is simulated by changing the radial distance to the outer boundary.  

 

 
Figure 3-40.  Experimental results closure displacement during creep compaction of a shale sample with on a 
monolayer of proppants (figures extracted from previous reports of this project). 
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Using the axisymmetric model geometry, we simulate as closely as possible of the boundary conditions 
of the experiments, with a reasonable level of computational difficulties. Typically, the experiments 
were conducted with a sub-monolayer of proppants dispersed on a ~40 mm-diameter sample surface. 
The proppants, about 1 mm in diameter, covered about 50% of the surface area. The creep experiments 
were typically conducted at an effective stress of 27 MPa. We used this information to calculate and 
approximate load on each proppant to be about 170N. In reality the load on each proppant varies, 
depending on the grain size and the local degree of packing. Here we used 180 N as a constant load 
during creep.  

Figures 3-41 through 3-43 present simulation results for different cases the creep law in Equation (3-9) is 
used. The results are presented in terms of closure displacement as a function of log time in hours for 
direct comparison to experimental results in Fig. 3-40. As seen, approximately log-time behavior is 
retained although not as an exact straight line. The curves tend to bend down slightly especially in cases 
where proppants are packed closely together.  

The apparent bi-linear behavior is clearly shown in Fig. 3-41 for a case with center-to-center proppant 
distance of 1.5 mm. That is a case where a proppant on average covers about 50% area of the shale 
surface. The simulation result is conducted with creep parameters B = 1e-10 and t0 = 36 s (0.01 hours). 
Thus, although using a creep law of straight line log-time behavior as in Equation (3-9), it seems that the 
interaction between neighboring proppants can result in an apparent bi-linear behavior. As shown in Fig. 
3-42, the apparent bi-linear behavior is more pronounced in the cases when proppants are packed 
closer together. Fig. 3-43 shows the closure displacement for different values of B, and indicates 
perhaps a more pronounced apparent bi-linear behavior for high B values. This might indicate bilinear 
behavior more pronounced for ductile shale when more substantial embedment occurs.  

 
Figure 3-41.  Simulation results of creep closure displacement as a function of log time for a case with 1.5 mm 
center-to-center proppant distance. 
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Figure 3-42.  Modeling of closure displacement over time for embedment of proppants into a shale sample for 
different distances between individual proppants simulated by changing the radius of the model.   

 
 
 
 

 
 
Figure 3-43.  Modeling of closure displacement over time for embedment of proppants into a shale sample for 
three different B-values and assuming a center-to-center proppant distance of 1.5 mm. 
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Figure 3-44.  Modeling results in Fig.3-40 overlaid upon experimental results in Fig. 3-43 showing a general good 
agreement between model and experimental results. 

Figure 3-44 presents a general comparison of the modeling results from Fig. 3-43 with the experimental 
results what was presented in Figure 3-40. The result shows how the more ductile shales such a Pierre 
shale could be represented by a higher B value. The comparison between model simulations with B = 
1.0e-10 and experimental results on TMSL sample #1 in Fig. 3-40 are very close, including a slightly 
bending of the indentation curve. The comparison between the model simulation with B = 0.5e-10 is 
very close to TMSL sample #2 and Wofcamp (HFTS).   

In contrast to the viscoelastic creep models, which involve the use of empirical or somewhat more 
mechanistic rheological models, poroelastic modeling of shale deformation is based upon microscopic 
hydromechanically coupled behavior. Figures 3-45 and 3-46 show the results of a poro-elastic simulation 
during proppant embedment. The simulation results are conducted with a shale permeability of 1e-22 
m2, a Biot’s modulus M = 8 GPa, Biot’s coefficient α = 0.5, and porosity of 5%. An initial pressure of 0.1 
MPa was assumed and the pressure of 0.1 MPa is fixed at the upper shale boundary. Modeling poro-
elastic behavior of shale coupled with creep deformation is difficult and computationally demanding. 
The results for the effect of poro-elasticity presented here should be considered as preliminary.  
However, the results so far indicate relatively small impact on the creep compaction rate except for 
shifts in the early part of the compaction curve. We speculate that the pressure increases during the 
initial elasto-plastic compaction resulted in this shift. The pressure then reduces gradually as a result of 
the constant pressure boundary at the top.  
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Figure 3-45.  Pressure distribution during creep deformation. 

 

           
 

(a)       (b) 
 
Figure 3-46.  Modeling results with and without consideration of poro-elastic effects. (a) Short term behavior 
during first half an hour and (b) longer term response.  

2.2.7.2 Consideration of proppant crushing  

Experimental results in this project have shown that proppant crushing will occur in most cases except 
for the most ductile shales. Here the simulation are conducted considering that the proppants may fail. 
Using the axisymmetric model geometry in Figure 3-14, we simulate the proppant boundary conditions 
in the laboratory experiments using reasonable computational effort, although the geometry is rather 
simplified. Based upon the laboratory experiments, the modeling assumed a sub-monolayer of proppant 
grains dispersed on the 40 mm-diameter sample surface. The proppants, about 1 (to 1.5) mm in 
diameter, covered about 50% of the surface area. The creep experiments were typically conducted at an 
effective stress of 27 MPa. Given these conditions, we calculated and assumed the load on each 
proppant to be about 47 N. In reality the load on each proppant will likely vary, depending opon their 
size and the local degree of packing.  
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Table 3-10 Material parameters for modeling the impact of a calcite precipitation layer on proppant embedment   

Parameter (unit) Ductile Shale  Brittle Shale Quartz Grain 
Young’s Modulus (GPa) 16 27 80 
Poisson’s ratio (-) 0.33 0.19 0.16 
Friction Angle (°) 25 25.1 60  
Cohesion (MPa) 8.5 27.2 50 (strain softening) 
Tensile Strength (MPa) 3 3 13 (strain softening) 

 
Here we consider a quartz proppant grain with the grain properties listed in Table 3-10. In this table, we 
also list the mechanical properties assumed for the ductile and brittle shales. The ductile shale 
properties typically shows a lower Young’s modulus and lower shear strength parameters that leads to 
significantly increased irreversible embedment as measured from indentation tests. A strain softening 
Mohr-Coulomb model was applied for the grain to simulate more brittle behavior with complete loss of 
cohesion and tensile strength upon failure.  

Figure 3-47 shows the results at 27 MPa stress applied normal to a proppant filled fracture, clearly 
showing the fundamental difference in the behavior for more ductile versus more brittle shale. For the 
ductile shale, significant proppant embedment occurs while the proppant itself is intact. In the case of 
more brittle shale, in contrast, significant crushing of the proppant occurs while embedment is small. 
This is in line with observations from our laboratory experiments.  

The simulations indicate that the evolution of the contact between the propant and the shale can play a 
key role in determine whether proppant crushing will occur or not. In the case of a more brittle shale, 
very high compressive-stress concentration occurs at the contact area. In the case of a more ductile 
shale, the contact area increases along with the proppant embedment and stress concentrations are 
smaller at the proppant-shale contact.  

 

 
 
Figure 3-47.  Deformed model showing the results for ductile and brittle shale at 27 MPa stress. 
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Proppant crushing results in minor embedment, which leads to flat contact area geometry. One 
question is if this will impact the creep compaction rate. To investigate this issue we conducted 
simulations for the two cases of brittle and ductile shale. We started the creep simulation from the stage 
after the initial elasto-plastic compaction and simulated the creep using the same creep parameter B = 
2e-10 for both cases. Figure 3-48 compares the time evolution of the creep compaction over the first 
1000 hours. In general, creep compaction occurs in both cases with slightly larger creep compaction in 
the ductile rock case.  

The impact of calcite precipitation layer was already modeled and presented previously in Section 
2.2.2.2 using the Burger creep model. Here simulation are conducted using the identified log(t) creep 
law. For more realistic ductile shale creep simulation, we conducted analysis with B = 5e-10. This creep 
simulation shows results that are closer to the observed creep compaction for the TLMS, i.e. about 120 
µm of fracture closure during 1-month creep tests. Here we simulate a case with 100 µm thick 
precipitation layer. The results in Fig.3-49 show a reduced creep rate when considering the calcite layers. 
The 100 µm is a 10 times thicker compared to the 10 µm thick layer obtained by the most recent 
CrunchFlow simulations. A 10 µm thick precipitation layer would result in very small impact on the creep 
embedment.  

 

 
Figure 3-48.  Creep compaction up to 1000 hours when starting from the ductile and brittle initial load 
compaction but assumes same creep parameter of B = 2e-10. 
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Figure 3-49.  Creep compaction up to 1000 hours with and without a 100 micron thick calcite precipitation layer. 

2.2.7.3 Summary of Creep Compaction Modeling  

Using numerical models, we have successfully modeled a number of laboratory-observed shale-
proppant interaction and long-term fracture compaction behavior. The deliverables of THMC 
simulations of the effect of precipitation layers calculated with CrunchFlow and TOUGH-FLAC, as well as 
the simulations of proppant filled fractures with comparison of TLMS and Wolfcamp shales have been 
completed. In particular the modeling showed that  

• The apparent bi-linear log time behavior may be explained by the interaction between 
neighboring proppants if the degree of packing is high.  

• Brittle shale properties lead to proppant crushing that can significantly contribute to fracture 
closure, whereas embedment and creep compaction is lower for brittle shale properties.  

• A precipitation layer on the ductile shale can help to prevent severe embedment, while a stiff 
and strong precipitation layer can lead to proppant crushing.  

It should be acknowledged that the simplified axisymmetric model geometry could have a significant 
impact on the results of proppant crushing. A full three-dimensional model could allow proppant grains 
to split approach to from sharp edges with enhanced embedment as observed experimentally.  
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2.3 Final Remarks 
Throughout this project, we investigated chemistry-based methods for manipulating the ductility of 
shale for improving the sustainability of hydraulic fractures. Two key problems related to both short and 
long-term sustainability of shale fracture permeability are the proppant embedment in clay-rich ductile 
shale and the proppant crushing in clay-poor brittle shale  (Figures 4-1 and 4-2). In both cases, produced 
debris, either from the shale matrix or the pulverized proppant grains, also creates fines which can 
migrate and clog fracture and proppant packs. In the following, we will briefly state several key findings 
and lessons learned throughout the project.  

Strategies for chemical manipulation of hydraulic fracture sustainability 
For clay-rich, ductile shale, we attempted to reduce the overall closure and closure rate of a fracture by 
chemically precipitating ductility-reducing carbonate minerals (calcite and aragonite), utilizing the 
calcium-rich reservoir fluid. For this study, we used fluid model and shale samples from Tuscaloosa 
Marine Shale Laboratory. This involved: 

• Use of high-concentration sodium bicarbonate (NaHCO3) mixed with proppant+guar gum 
• Heterogeneous emplacement of the fracking fluid (proppant mix) on the fracture 

Compared to chemically untreated sample/proppant mix, a long-term experiment (up to ~2 weeks) 
conducted under elevated temperature and stress/pressure exhibited significant reductions in the 
ductility, particularly in the rate of long-term fracture compaction (or proppant embedment).  

For carbonate-rich, brittle shale behavior in which severe proppant crushing is a problem, we tried to 
use a different mode of chemical manipulation of shale fracture closure. This method “enhances” –
rather than reduces—the ductility of the brittle shale, by chemically altering the pore structure of the 
matrix: 

• Dissolution of carbonate minerals by using low-pH fluids, which increases the porosity of the 
rock adjacent to the injected proppant and therefore the ductility of the shale matrix.  

For this study, we used data and samples from HFTS project (Wolfcamp shale) with various clay, 
carbonate, and silicate compositions.  

Reduction of shale ductility via mineral precipitation 
1. Precipitation of carbonate minerals from reservoir fluid and added chemicals 
Our reactive-transport modeling revealed that the precipitation pattern is largely affected by the flow 
scenarios, which in turn are controlled by the spatial distribution of the proppant and guar gum and the 
locations of microcracks in the matrix. The types of minerals that precipitate is primarily controlled by 
the brine chemistry, i.e., the presence of divalent cations. The amount of precipitation is sensitive to the 
abundance of the divalent cations (which is controlled by brine chemistry) and efficiency of mixing of the 
bicarbonate-rich fracture fluid and the matrix brine, which is controlled by flow patterns and the rates of 
advective transport and diffusive transport. These findings provide insights regarding manipulating the 
patterns and amount of precipitation by controlling the flow scenario, fluid chemistry and transport rate.   

2. Effect of precipitation location—Fracture vs matrix 
Based upon the predicted precipitation of carbonate minerals, we conducted a series of mechanical 
modeling, focused primarily on the embedment of proppant grains into ductile shale. This modeling 
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revealed the importance of the location of the mineral precipitation on the time-dependent proppant-
shale interaction. A hard layer of minerals precipitating on the fracture surface primarily reduces the 
proppant embedment and fracture closure at the early stage. In contrast, assumed mineral precipitation 
away from the fracture surface contributes to later, long-term embedment and closure. However, 
laboratory experiments did not show any significant precipitation within the shale matrix. 

 

Figure 4-1. Key problems negatively affecting the sustainability of hydraulic fracture permeability in shale.   

 
Figure 4-2. Both brittle and ductile shale fractures can lead to premature, excessive fracture closure and 
permeability loss. By chemically manipulating the ductility/brittleness of the adjacent shale properties, however, 
the optimum propping of the fracture may be achieved.    
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3. Effect of proppant emplacement combined with mineral precipitation 
A series of laboratory experiments conducted at elevated, reservoir temperature and effective stress did 
indeed demonstrate that the proposed method of controlled mineral precipitation from calcium-rich 
reservoir fluid can reduce the rate of fracture closure after proppant emplacement. The experiments 
showed there are two key factors contributing to the reduction of proppant embedment and fracture 
closure, related to both mineral precipitation and the clustered proppant emplacement. Originally, we 
introduced the latter method for efficient introduction of chemical additive. However, we found that the 
clustered emplacement itself can have a large contribution to the proppant embedment reduction. This 
is a rather counter-intuitive result, because, as we mentioned previously, we expect less fracture closure 
for uniformly distributed (dispersed) proppant, when the shale matrix behavior is elastic. One possible 
mechanism for this contradictory behavior is the entrapment of plastically and visco-elastically 
deformed shale matrix between proppant grains (Figure 4-3). Due to the frictional forces between the 
shale debris and proppant grains (including the shale debris particles themselves), the closely spaced 
proppant grains with debris effectively increases the proppant size, which reduces the stress applied to 
the individual proppant grains and therefore the embedment. We suspect that cementation of the shale 
debris by the precipitated minerals, although the experimentally observed cohesion seemed to be small, 
also can enhance this mechanism. Interestingly, the experimental results for clustered proppant 
indicated that creep fracture closure with mineral precipitation initially showed a smaller rate than the 
case without precipitation, but they started to converge with increasing time. This result is consistent 
with what the numerical modeling predicted: mineral precipitation on the fracture surface has a larger 
impact for the early part of the fracture closure/proppant embedment, and in-matrix precipitation is 
needed to have a large impact on the later time behavior.  

 

Figure 4-3. Possible mechanism for reduced fracture closure/ductility for clustered proppant. For the same 
number of proppant grains (or “true” contact area), it is known that the elastic fracture closure increases when 
the proppant (or contact patches) is clustered. The observed reduction of fracture closure can be explained by 
the plastically/viscoelastically deformed shale debris which is trapped between proppant grains and support a 
part of the compaction force (i.e. the force contributing the proppant embedment is reduced).   
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4. Semi-Log(t) fracture closure law 
Another very important observation—although not directly related to the mineral precipitation—is the 
possible existence of a near-universal fracture closure law for propped fractures. For a wide range of 
fracture ductility, we observed semi-logarithmic time dependency of shale fracture closure, primarily 
due to the time-dependent deformation of the shale matrix interacting with proppant grains. (Note that, 
of course, the very early fracture closure behavior less than a few minutes does not follow this law.) 
Additionally, more ductile shales tend to exhibit a sudden change in its slope typically between 10-24 
hours from the beginning of fracture compaction, producing bi-linear semi-logarithmic relationships. We 
believe that the mechanism behind this bi-linear behavior is the same as shown in Figure 4-3, the 
interaction between neighboring proppant grains, through time-dependent growth of viscoelastically (or 
viscoplastically) deformed zones. Numerical modeling of the time-dependent proppant interaction 
successfully reproduced the laboratory-observed fracture closure relationship, providing confidence to 
our hypothesis. Our modeling also reproduced the laboratory-observed semi-logarithmic time-
dependency using empirical rheological model of shale matrix which was derived by others based upon 
laboratory tests on shale cores. However, at this point, the fundamental (or microscopic) mechanism 
behind the semi-logarithmic time dependency has not been revealed. One possible mechanism may be 
the existence of multiple scales and a range of relaxation times involved in proppant embedment (for 
e.g. Sneider et al., 2017).  

Reduction of shale brittleness via mineral dissolution   
As a counterpart to the technology based upon chemical manipulation of ductile shale, we examined the 
possible, intentional use of low-pH fluids (i.e. acid) for reducing the brittleness of carbonate-rich shale 
and the resulting proppant crushing. A series of experiments was conducted on shale samples from the 
same reservoir (HFTS, Wolfcamp shale) but with different mineral compositions and heterogeneity.  

The observed, overall impact of the acid treatment on fracture closure and proppant crushing was 
rather small. As our micro X-ray imaging revealed, this may be because the applied acid treatment was 
rather weak, and the depth of the affected zone (i.e. with increased porosity) extended only a small 
fraction of the proppant grain diameter. However, a statistical analysis of crushed proppant grains 
revealed the acid did reduce the number of (completely) crushed proppant grains for carbonate-rich 
shale samples, compared to clay and silicate-rich samples which are less affected. Therefore, we expect 
that more aggressive treatment of the shale, including both strength and concentration of the acid and 
the duration of the exposure to shale, will have more significant impact on the sustainabililty of 
proppant and in-situ fracture permeability. 
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