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over 60  h, but chemical dissolution and decreasing 
permeability over time were evident. Irreversible con-
ductivity reductions with crushing and embedment of 
proppants during loading stages were also observed. 
Overall, sintered bauxite proppant remains a promis-
ing option for low-temperature binary-cycle enhanced 
geothermal systems.

Article highlights 

1.	 Sintered bauxite proppant holds promise to 
enhance and sustain fracture conductivity under 
low-temperature EGS conditions.

2.	 Proppant crushing and embedment lead to irre-
versible conductivity decline.

3.	 Mineral dissolution from proppant and rock frac-
ture will diminish the benefit of proppant over 
time.

Keywords  Proppant pack conductivity · Hydraulic 
fracturing · Stress cycle · Dissolution

1  Introduction

Geothermal energy is a clean and reliable source of 
energy that has emerged as a viable source for base-
load electricity. In 2021, geothermal power plants in 
the United States produced about 16 TWh, which is 
0.4% of the utility scale electricity generation in the 

Abstract  Solid granular proppant particles are 
widely used in oil and gas development to sustain 
permeability through fractures after hydraulic stim-
ulation. Similar proppants are of interest for geo-
thermal applications where the goal of sustaining 
permeability is the same, but the harsh geothermal 
environment risks rapid proppant degradation that 
will reduce fracture permeability. Here, we present 
proppant conductivity experiments using saw cut 
granite, tensile fractured granite, and aluminum con-
trol specimens packed with sintered bauxite ceramic 
proppants at concentrations of 0.0, 0.1, and 1.0  kg/
m2. Simulated geothermal conditions included tem-
peratures up to 130 °C and normal closure stresses up 
to 60 MPa. Compared to unpropped specimens, peak 
fracture conductivity enhancement was up to 6 orders 
of magnitude. At simulated geothermal conditions, 
proppants were able to sustain fracture conductivity 
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country (EIA 2022). Most of the current geothermal 
plants generating electricity use conventional hydro-
thermal systems, which contain hot fluid (or vapor) 
and adequate permeability for economic production 
of electricity. Such systems are only feasible in cer-
tain geological regions and only represents a small 
portion of the total geothermal resources around the 
world (Xu et al. 2004; Bradford et al. 2013; Rutqvist 
et  al. 2016). In contrast, the vast majority of the 
remaining geothermal resources have sufficient heat 
but lack the required permeability to be economi-
cally produced using conventional methods. These 
resources require stimulation to create engineered 
fracture networks for economic extraction of energy 
(Tester et  al. 2006; Williams et  al. 2008; Ghassemi 
2012). Stimulated geothermal reservoirs are known 
as Enhanced Geothermal Systems (EGS; Häring 
et al. 2008; Cladouhos et al. 2016; Schill et al. 2017; 
Tomac and Sauter 2018). If these EGS reservoirs can 
be successfully tapped, Augustine et  al. (2019) esti-
mates that the USA will have 60 GWe of installed 
geothermal capacity by the year 2050.

When new fractures are created or existing frac-
tures are stimulated for EGS, the increased perme-
ability of these fractures must be sustained over 
time to enable heat extraction. Promising methods to 
sustain this increased fracture permeability include 
injecting proppant particles, shear asperity propping, 
high-pressure propping, and acid treatments (Portier 
et al. 2009; Cladouhos et al. 2016; Ye and Ghassemi 
2018; Bijay and Ghazanfari 2021; Frash et al. 2023a). 
Injecting solid proppant particles such as sand or 
bauxite grains is hoped to sustain fracture permeabil-
ity in the long-term even after the release of injec-
tion pressure (Liang et  al. 2016). Moreover, prop-
pant eliminates the necessity of fracture sliding (i.e., 
shearing) during hydraulic stimulation which would 
rely on having the Goldilocks mix of multiple suit-
ably weak, suitably oriented, sufficiently permeable 
(but not too permeable), appropriately positioned pre-
existing fractures and adequate in-situ shear stress to 
mobilize these fractures without inadvertently induc-
ing an earthquake (Meng et al. 2022). However, prop-
pant is not without its own limitations.

Effective permeability of proppant packs depend 
on good placement of particles within the fracture 
network and the particles and are known to have chal-
lenges with decreasing permeability over time due to 
crushing, fines migration, embedment, and chemical 

degradation (Bandara et  al. 2019; Barboza et  al. 
2021). A wide range of proppant particle types have 
been developed to combat these problems, includ-
ing natural sand, ceramics, resin-coatings, and baux-
ite (Liang et  al. 2016). These advancements helped 
proppant to achieve success in unconventional oil 
and gas stimulations to sustain the conductivity of 
stimulated fractures (Wang et al. 2018; Bandara et al. 
2020) but the applicability of proppant in harsh high-
temperature hard-rock high-stress EGS is unclear and 
unproven (Penny 1987; Bandara et al. 2019). In addi-
tion, proppant in EGS reservoir must maintain higher 
permeability than for oil and gas applications and it 
must maintain it for longer durations to be economic 
(Frash et al. 2023b). However, experience with prop-
pant use in geothermal fields is limited (Huenges 
et  al. 2004; Zimmermann and Reinicke 2010) so its 
long-term performance to sustain the fracture in geo-
thermal reservoir remains unknown.

Proppant performance in EGS has been investi-
gated through numerical modeling, laboratory tests, 
and limited field scale testing (Huenges et  al. 2004; 
Shiozawa et al. 2014; Zhang et al. 2022). Laboratory 
scale tests are used as a proxy to simulate proppant 
performance under in-situ EGS conditions. To evalu-
ate chemical stability, prior laboratory experiments 
immersed mixtures of proppant and crushed granite 
in fluid at elevated temperature for extended time to 
measure mineral precipitation/dissolution and prop-
pant degradation (McLin et  al. 2010; Brinton et  al. 
2011; Jones et  al. 2014). To evaluate mechanical 
strength against crushing and embedment, laboratory 
experiments have been conducted on proppant packs 
(Fredd et al. 2000; Bandara et al. 2021; Zhang et al. 
2022). This work showed that crushing and embed-
ment depends upon the in-situ conditions, such as the 
total stress applied to the fracture, effective stress in 
the proppant pack, fluid composition, and tempera-
ture. Proppant selection (e.g. sand versus bauxite) and 
proppant concentration (i.e., proppant loading or layer 
thickness) are also primary parameters that control 
long-term permeability (Bandara et  al. 2019). High 
strength ceramic proppant such as sintered baux-
ite are promising for field applications because this 
material is more mechanically and chemically stable 
than other proppants such as quartz sand at elevated 
temperature (Liang et al. 2016; Bandara et al. 2019). 
Higher concentrations of proppant minimize crush-
ing and embedment (Tang et al. 2018) but such high 
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concentrations are difficult to achieve far away from 
the injection point (Sahai and Moghanloo 2019; Chun 
et al. 2020).

In this study, we evaluate the performance of low 
concentration sintered bauxite proppant at EGS res-
ervoir conditions to assess the suitability of this 
material for field application. We conducted a suite 
of experiments on saw cut granite, rough fractured 
granite, and aluminum control specimens. Each spec-
imen included a central diametric fracture packed 
with proppant at three different concentrations. Prop-
pant pack conductivity was measured at an elevated 
temperature of 130  °C over 60 h during which time 
the specimen was subjected to an incremental stress 
cycle. Post test investigation included scanning elec-
tron microscopy (SEM) to evaluate embedment and 
crushing along with effluent aqueous chemistry to 
monitor dissolution. Our results will show that sin-
tered bauxite does sustain permeability over 60 h, 
but this material does degrade significantly over this 
time. Proppant performance will be shown to improve 
with thicker proppant packs and in rougher surfaced 
fractures.

2 � Materials and methods

2.1 � Rock specimens

Quarried hard crystalline granite sourced from Barre, 
Vermont, was selected for our experiments because 
granite is the most common basement rock type that 
is anticipated for EGS resources (Häring et al. 2008; 
Tomac and Sauter 2018). Moreover, our samples were 
fresh and unweathered to better mimic deep in-situ 
conditions (Bijay and Ghazanfari 2021). X-Ray Dif-
fraction (XRD) analysis of the Barre granite indicated 
that this granite is composed of 42.4% quartz, 36.7% 
oligoclase, 11.2% microcline, 3.9% biotite, 3.2% mus-
covite, and 2.6% accessory minerals including oxides, 
calcite, and chlorite (Caulk et  al. 2016). This Barre 
granite had a dry density of 2.63 g/cm3 ± 0.1 g/cm3, 
and porosity of 0.72% ± 0.15%. Both saw-cut and 
fractured granite specimens were prepared. As an 
experiment control, a saw cut aluminum specimen 
was also prepared.

To prepare 38.1 mm diameter cylindrical speci-
mens for the experiments, blocks of Barre granite 
were split by a tensile fracture (i.e., rough fracture) or 

with a saw cut (i.e., smooth fracture) along the center 
of the block (Fig. 1). A chisel in a hydraulic press was 
used to tensile fracture the block. Cylindrical speci-
mens were cored from the fractured blocks such that 
the specimen would contain a single horizontal frac-
ture at its center. The two ends of the specimen were 
polished to 0.025 mm surface flatness and parallelity. 
Two 3.2 mm diameter bore holes were drilled, one in 
each opposing half of the specimen, to serve as a flow 
path from the end face to the fracture surface. The 
aluminum specimen was simpler being a machine cut 
of a round aluminum stock on the center. The final 
total of three specimens are shown in Fig.  2 with 
details summarized in Table 1.

2.2 � Proppants

Sintered bauxite 40/70 mesh (nominal particle sizes 
from 210 to 400 µm) proppant was selected for our 
study because of its high strength and low chemical 
reactivity (Liang et  al. 2016; Bandara et  al. 2020). 
The proppant size should be smaller than the frac-
ture aperture in the field so that the proppant can 
enter the fracture during stimulation. Our selected 
proppant size is comparable to what was success-
fully injected at the Blue Mountain Geothermal field, 
where mixture of 100 and 40/70 mesh silica sand 
was used (Norbeck et  al. 2023). Moreover, sintered 
bauxite proppant is expected to be stable at elevated 
temperatures (Bagepalli et al. 2020) making it prom-
ising for EGS application. This proppant’s bulk den-
sity was 2.1 g/cm3 with a specific gravity of 3.6. The 
published American Petroleum Institute (API) crush 
value for this proppant at 100 MPa (15,000 psi) was 
2.8. Due to its high crush strength, this proppant is 
expected to withstand the high stresses of EGS reser-
voir without crushing when compared to commonly 
used proppant such as Ottawa sand which has crush 
value of 13.3 at 9000 psi (62 MPa) (e.g., Benson and 
Wilson 2015). As shown in Fig. 2, the proppant par-
ticles are spherical in shape which makes them more 
ideal to resisting crushing.

2.3 � Specimen assembly

The selection of a proppant concentration and the 
method to distribute proppant within a fracture is a 
known challenge for both the laboratory and the field. 
For example, the distribution of proppant mass in a 
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fracture, or set of fractures, will vary as a function of 
numerous parameters (e.g., proppant injection sched-
ule), some of which are uncontrollable (e.g., surface 
roughness). To simplify this challenge, we placed 
proppant in the fracture with different concentrations 
as a function of area. More specifically, we targeted 

proppants loading of 1.0, 0.1, and 0.0 kg/m2 because 
this has been suggested as adequate in previous lit-
erature (Fredd et  al. 2000). This allows for a more 
direct comparison of our laboratory data to field val-
ues that can be estimated using models. However, this 
does not imply uniform proppant distribution within 

Fig. 1   Cylindrical specimens were prepared from a gran-
ite blocks with fractures or saw cuts that were b, c cored to 
include fractures across the diameter at each specimen’s center. 

Next, d holes for fluid paths were drilled. This produced e the 
final three specimens ready for experiments

Fig. 2   Sintered bauxite 40/70 proppant enlarged to show texture and sphericity
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our specimens. We anticipate that it could be helpful 
to point out that even slight changes in the angle of 
the fracture would result in proppant flowing through 
the fracture if the proppant was placed while dry. To 
improve uniformity, we wetted the rock surface with 
deionized water to prevent this unwanted proppant 
motion during specimen preparation. To confirm the 
final loaded proppant mass, we used weight measure-
ments from before and after loading. Minor losses 
of proppant were recorded during sample handling 
and were the dominant source of uncertainty (± 5%) 
in the proppant concentrations. The two halves of 
the specimen were mated together and inserted into 
a Viton jacket. Special care was taken while insert-
ing the specimen with proppant into the Viton jacket 
to prevent the movement and loss of proppant. The 
initial fracture opening was larger when the proppant 
concentration was 1.0 kg/m2 compared with 0.1 kg/
m2 concentration (Table  1). This is due to proppant 
arrangement in multiple layers at higher concen-
tration. Two galvanized steel wire tourniquets, one 
tightened to the core holder and next on the rock 
specimen, were used on each side of the specimen to 
ensure the complete isolation of the specimen from 
the confining fluid and side seal around the rock spec-
imen (Fig.  3c). Finally, the pore pressure lines were 
connected, and the sample was placed inside the test 
vessel for testing (Fig. 3d, e).

2.4 � Experimental procedure

Our triaxial system was equipped with four pressure 
intensifiers to apply the radial confining pressure (σc), 
axial normal stress (σn), and pore pressures. Prior to 
applying stress on the specimen, the temperature of 
the test vessel was increased from room temperature 
to 130 ºC at a nominal rate of 1 ºC/min. Once the 
temperature of the confining fluid inside the test ves-
sel reached 130 ºC, the specimen was equilibrated for 

12 h. Next, the confining pressure was increased to 15 
MPa. The axial stress served as the normal stress (i.e., 
closure stress) for the propped fracture (Fig. 4).

The test included five stages to impose a stepwise 
loading–unloading cycle. The closure stress act-
ing on the specimen was increased (i.e., loading) or 
decreased (i.e., unloading) by 15 MPa in each stage. 
The closure stress during each step was held constant 
for 12  h to evaluate the long-term response of the 
proppant-fracture interaction. The stress was cycled 
because fracture normal stress in EGS will vary over 
time and in response to pore fluid pressure changes, 
such as when injection rates change (Segall 1989; 
Ellsworth 2013).

To simulate the water flow in an EGS reservoir, 
deionized water was passed through the fracture 
in the specimen at 1.33 ml/hr. Thermally equili-
brated deionized water was injected into the frac-
ture at its constant temperature of 130 ºC. All 
the experiments in this study were conducted at 
the same temperature conditions, which allows a 
direct comparison of proppant pack conductivity. 
The proppant pack conductivity was measured at 
the start and end of each stage to investigate the 
change in conductivity under constant stress con-
dition. The production pressure (i.e., downstream 
pore pressure) was maintained constant at 5 MPa 
during all stages of the test. Effluent samples were 
collected at the end of each stage to measure dis-
solution and precipitation. Ion concentrations in 
these samples were measured using Inductively 
Coupled Plasma—Optical Emission Spectroscopy 
(ICP-OES). This procedure provides informa-
tion on the hydro-mechanical-chemical (HMC) 
response of the proppant pack to better understand 
and quantify how these processes interacted at 
our simulated EGS conditions. In addition, Scan-
ning Electron Microscopy (SEM) was used for vis-
ual inspection the post-test fractures for evidence 
of proppant crushing and embedment. Crushed 

Table 1   Specimen details ID Material Fracture surface Diameter (mm) Length (mm) Proppant pack thick-
ness (mm)

0.1 kg/m2 1 kg/m2

S1 Granite Saw cut 38.1 42.67 0.18 0.28
S2 Granite Rough 38.1 41.23 0.29 0.40
S3 Aluminum Smooth 38.1 40.00 0.16 0.26
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proppant along with any gouge material present on 
the fracture surface after the completion of experi-
ment was transferred to a metal stub with carbon 
tape. The particles were then sputter coated with a 
thin layer of gold–palladium (Au–Pd) to minimize 
the electric charging effect and increase the qual-
ity of the SEM image. To image the fracture sur-
face, the entire surface was sputter coated with a 
thin layer of Au–Pd and a conductive carbon glue 
was painted from the fracture surface to the stub to 
remove the electric charge developed on the frac-
ture surface during imaging.

2.5 � Estimation of fracture conductivity

Barre granite is virtually impermeable due to its low 
porosity (0.72%). Thus, the dominant flow observed 
during the experiments was through the fracture. 
We estimate the conductivity of the fracture using 
Darcy’s law with fixed values for Q and W to ensure 
cross-comparability of the results as shown below:

(1)kwf =
�QL

WΔP

Fracture

(a)

(b)

Fr
ac

tu
re

 P
ro

pp
ed

 w
ith

 
Pr

op
pa

nt
s

Saw Cut Granite (S1) Rough Granite (S2) Aluminum (S3)

1 
kg

/m
2

Downstream 
Core holder

Upstream 
Core holder

Viton Jacket

Te
st

 
V

es
se

l

(c) (d)

Specimen

Base 
Plug

(e)

0.
1 

kg
/m

2

Fig. 3   Test procedure. a Proppant placement on the fracture, 
b rough fracture granite specimen with proppant on the frac-
ture, c specimen inside the Viton jacket with two core holders 

attached to it, d specimen on base plug to be put inside the test 
vessel, e high temperature/temperature triaxial instrument used 
in the study
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where Q is the steady state flow rate, L is the length 
of the fracture between two bore holes (28.1 mm), W 
is the width of the fracture (40.6 mm), ΔP is the dif-
ferential pore pressure from the injection port to the 
production port, and μ is the dynamic viscosity of 
the permeant fluid (deionized water with 2.82 × 10−4 
Pa·s at 130 °C). Following the prior work (Ye and 
Ghassemi 2018), the width of the fracture W was 
calculated as a width of the rectangular flow region 
with length L, that has the same area as the fracture. 
Steady state flow through the fracture was ensured by 
comparing the injection rate and collection (i.e., pro-
duction) rate of water. The actual fluid flow is differ-
ent from the above discussed method. However, this 
method provides a rapid estimate of conductivity, 
which serves as a common basis for comparison. For 
readers who prefer alternative approaches to estimate 
fracture conductivity, we note that our approach pro-
vides the necessary information for conversions that 
would account for more complex flow, such as for 
the method proposed by Rutter and Mecklenburgh 
(2018).

3 � Results and discussion

In this section we present our results and discussion 
organized into five subtopics. All experiments are 
presented in the order that they relate to: (1) fracture 

conductivity, (2) aperture and time, (3) chemical 
behavior, (4) proppant damage, and (5) implications 
to field scale EGS.

3.1 � Propped fracture conductivity

Figure 5 a–c show the evolution of fracture conduc-
tivity with the closure stress at each proppant con-
centration. The experiments without proppants on 
the fracture surface i.e., concentration of 0 kg/m2 in 
Fig. 5, was conducted to establish the baseline frac-
ture conductivity at different stress levels. This helps 
to investigate fracture conductivity enhancement 
when proppant is placed on the fracture at different 
concentration under different stress conditions. The 
conductivity values shown in Fig. 5 are measured at 
the beginning of the stage, in other words, conductiv-
ity right after changing the closure stress. The stress 
dependency of the propped fracture conductivity 
can be clearly observed. Use of proppant enhanced 
the fracture conductivity in all the tests. In particu-
lar, conductivity increased by ~ 4 order of magnitude 
for saw cut granite (S1), ~ 5 orders of magnitude for 
rough granite (S2), and 6 order of magnitude for 
smooth aluminum (S3) specimen. It is worth noting 
that the fracture conductivity of saw cut granite was 
similar to tensile fractured granite, i.e., approximately 
2 orders of magnitude higher than for smooth alu-
minum in the absence of proppant. This could be due 
to the imperfections in the saw cut fracture surface on 
the granite specimens. In addition, fracture conduc-
tivity of the rough fracture decreases with increase in 
the closure stress due to closure of the flow paths in 
rough fracture.

Proppant concentration of 1 kg/m2 exhibited 
higher fracture conductivity than 0.1 kg/m2 at all the 
closure stress levels in granite specimens. Higher 
proppant concentration results in larger fracture open-
ing (see Table 1) and higher fracture conductivity. As 
the granite closure stress increased, up to a 50% (0.3 
orders of magnitude) decrease in fracture conduc-
tivity was observed for both concentrations (Fig. 5). 
The conductivity of the propped fracture during each 
stage of all tests are reported in Table 2.

In the case of S3 (i.e., smooth aluminum) with a 
proppant concentration of 1.0 kg/m2, a significant 
drop in fracture conductivity was observed at the 
end of the 45 MPa loading stage. A white precipi-
tate, possibly of Aluminum Hydroxide (Al(OH)3), 

Δa

Production

Injection

Fracture filled 
with proppants

L

Fig. 4   Schematic showing the stresses and deformation of the 
specimen during the test
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Fig. 5   Conductivity enhancement due to use of proppants on the fracture a saw cut granite, b rough granite, and c smooth aluminum

Table 2   Fracture aperture and permeability values during each stage of the tests

L is loading stage and U is unloading stage

ID Closure 
stress (MPa)

Fracture closure (mm) Conductivity (mD-m)

0 kg/m2 0.1 kg/m2 1.0 kg/m2

0.1 kg/m2 1.0 kg/m2 Start End Start End

S1 30L 0.065 0.079 7.64 ± 0.64 × 10−5 0.69 ± 0.13 0.57 ± 0.23 1.31 ± 0.45 1.00 ± 0.32
45L 0.104 0.144 7.41 ± 0.38 × 10−5 0.59 ± 0.11 0.59 ± 0.09 0.74 ± 0.10 0.78 ± 0.08
60L 0.150 0.211 7.27 ± 0.46 × 10−5 0.39 ± 0.06 0.35 ± 0.03 0.64 ± 0.09 0.68 ± 0.07
45U 0.132 0.176 – 0.19 ± 0.10 0.16 ± 0.15 0.66 ± 0.08 0.64 ± 0.10
30U 0.098 0.138 – 0.04 ± 0.04 0.05 ± 0.03 0.70 ± 0.09 0.70 ± 0.22

S2 30L 0.076 0.090 2.30 ± 0.85 × 10−4 1.53 ± 0.96 1.41 ± 0.74 2.89 ± 1.15 2.85 ± 0.67
45L 0.114 0.151 9.42 ± 2.50 × 10−5 1.22 ± 0.41 1.04 ± 0.27 2.78 ± 0.52 2.54 ± 1.41
60L 0.165 0.206 4.48 ± 1.01 × 10−5 0.81 ± 0.25 0.67 ± 0.19 1.62 ± 0.24 1.64 ± 0.34
45U 0.145 0.170 – 0.61 ± 0.14 0.67 ± 0.30 1.51 ± 0.26 1.42 ± 0.17
30U 0.124 0.141 – 0.76 ± 0.13 0.81 ± 0.15 1.69 ± 0.68 1.50 ± 0.25

S3 30L 0.072 0.037 1.63 ± 2.54 × 10−6 1.10 ± 0.09 1.05 ± 0.13 0.74 ± 0.19 0.72 ± 0.08
45L 0.095 0.094 1.86 ± 1.39 × 10−7 1.38 ± 0.30 1.08 ± 0.22 0.68 ± 0.09 0.12 ± 0.04
60L 0.144 0.133 3.89 ± 9.55 × 10−7 0.91 ± 0.17 0.46 ± 0.07 0.21 ± 0.05 0.03 ± 0.004
45U 0.112 0.120 – 0.43 ± 0.08 0.39 ± 0.05 0.06 ± 0.01 0.008 ± 0.001
30U 0.084 0.105 – 0.48 ± 0.10 0.43 ± 0.06 0.02 ± 0.002 0.01 ± 0.002
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was observed at the end of this experiment. The pre-
cipitate coated the 200 mesh screens placed at two 
ends of the specimen, which could be the reason for 
the unexpected drastic reduction in the permeability 
observed in this case. Aluminum readily reacts with 
water to form Al(OH)3 even at room temperature. 
However, the reaction does not typically take place 
because a layer of aluminum oxide naturally coats the 
aluminum preventing the reaction. In case of smooth 
aluminum with proppant concentration of 1.0 kg/m2, 
we saw that a few proppants had migrated through 
the pore fluid hole to the top surface of the aluminum 
specimen (i.e., not the fracture surface). Since there 
were very few proppants on this surface, they embed-
ded into the surface and exposed fresh aluminum for 
reaction.

During the unloading phase of the experiments, 
all the specimens were unloaded back to initial clo-
sure stress levels (i.e., 30 MPa) to examine the effect 
of proppant concentration on unrecoverable con-
ductivity due to proppant crushing and embedment. 
However, in recovery of conductivity was negligible 
in all cases, and the conductivity could even be seen 
to continue declining in some cases. Total unrecov-
erable conductivity was higher when the proppant 
concentration was lower (Fig. 5). At 30 MPa normal 
stress and the proppant concentration of 0.1 kg/m2, 
94%, 50%, and 56% of respective initial conductivity 
remained unrecovered due to proppant crushing and 
embedment for specimens S1 (saw-cut), S2 (rough), 
and S3 (aluminum), respectively. The fracture con-
ductivity decrease during the unloading phase was 
apparently caused by dissolution, precipitation, and 
migration of fine particles from crushed proppants, as 
will be further investigated in the next subsections.

Despite the proppant crushing and embedment 
leading to decline in fracture conductivity, the frac-
ture conductivity was still 4 to 6 orders of magni-
tude higher when proppant was used to prop the 
fracture compared to the fracture without proppant. 
This indicates that while sintered bauxite proppants 
do risk conductivity loss at in-situ conditions, they 
retain potential to sustain high conductivity in EGS 
reservoirs.

3.2 � Aperture, conductivity, and time

The fracture aperture reduction due to stress 
cycling, and its effect on the fracture conductivity 

are shown in Figs.  6, 7 and 8. Here we use rock 
mechanics sign convention (i.e., compression posi-
tive) with positive values indicating compression 
and closure. Mechanical crushing or embedment are 
prompt, unlike creep, thermal, porous, and chemical 
processes that take more time (Bandara et al. 2021). 
Our experiments captured the rapid closure of frac-
ture due to crushing or initial embedment (if it was 
the dominant aperture reduction modality) and 
gradual closure due to proppant embedment or creep 
over time. Fracture closure was observed during the 
loading phase of all the experiments (Figs. 6, 7 and 
8). Subsequent unloading recovered only about 50% 
of the initial 30 MPa aperture which evidences plas-
tic deformation. In this case, plastic deformation is 
dominated by proppant crushing and embedment. 
However, near 100% recovery of the initial aperture 
was achieved in S3 (aluminum) with a low proppant 
load of 0.1 kg/m2. Also, aperture reduction due to 
fracture closure in S3 specimen is comparatively 
lower than the granite samples (S1 and S2) for both 
proppant concentrations (Table  2). The specifics 
for why proppant crushing was reduced in this case 
remains uncertain, but it is reasonable to suspect 
that this case involved less particle–particle com-
paction and a more uniform stress field which both 
help to reduce proppant damage.

In the case of S1 (saw-cut granite) and S2 (rough 
granite) specimens, the fracture aperture reduction 
due to fracture closure was 20% to 30% higher when 
the proppant concentration was 1.0 kg/m2 compared 
to that of 0.1 kg/m2 (Table 2). In the case of a 0.1 kg/
m2 concentration, the proppant was laid down as a 
sparse monolayer, whereas the proppants are arranged 
in multiple layers when the concentration was 1.0 kg/
m2 (Fig.  3). As will soon be shown using scanning 
electron microscopy (SEM), the deformation of the 
higher proppant loading seems to have been domi-
nated by particle packing and rearrangement while 
the deformation at lower proppant loading was domi-
nated by proppant crushing. This study did not seek 
to identify an optimal proppant loading because prop-
pant distribution in fractures in the field is notoriously 
difficult to control and is unlikely to be optimally 
placed.

Fracture conductivity was measured with nomi-
nally three or more datapoints at the beginning and 
end of each stage to examine its evolution under a 
constant stress and temperature. Fracture conductivity 
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Fig. 6   Evolution of frac-
ture closure and conductiv-
ity in S1 (saw cut granite) 
specimen for proppant 
concentration of a 0.1 kg/
m2, and b 1.0 kg/m2

0.1 kg/m2

1.0 kg/m2

(a) 

(b) 

Conductivity (Start) Conductivity (End)

Fig. 7   Evolution of fracture 
closure and conductivity in 
S2 (tensile induced rough 
fractured granite) specimen 
for proppant concentra-
tion of a 0.1 kg/m2, and b 
1.0 kg/m2

0.1 kg/m2

1.0 kg/m2

(a) 

(b) 

Conductivity (Start) Conductivity (End)



Geomech. Geophys. Geo-energ. Geo-resour.           (2024) 10:21 	

1 3

Page 11 of 17     21 

Vol.: (0123456789)

at the beginning of the stage is represented by purple 
circles and that at the end of the stage is represented 
by purple triangles in Figs.  6, 7 and 8. For clarity, 
conductivities at the start and end of the same stage 
are connected by a dashed purple line. These conduc-
tivity values are also reported in Table 2. Conductiv-
ity of the propped fractures promptly decreased with 
increasing closure stress during the loading stages in 
conjunction with the aperture reduction. In contrast, 
fracture conductivity at the end of the stage decreased 
or remained consistent with that of the beginning of 
the stage while having the overall trend of decreasing 
conductivity over time. This result is consistent with 
the prompt conductivity loss due to proppant crush-
ing, embedment, and packing when the closure stress 
is increased during each stage. The crushed prop-
pant and fines migrate under constant state of stress 
to clog the flow path and decrease the conductivity at 
the end of the stage as observed during some stages 
in this study. The conductivity loss due to creep, ther-
mal, and chemical effects were expected to be negli-
gible because 60 h of test duration is relatively brief 
with respect to these slower phenomena. However, 
it should be noted that these effects will continue to 

impact the fracture conductivity in the timescale of 
the reservoir operation.

3.3 � Chemical behavior

The results of ICP-OES analysis on the effluent solu-
tions collected at the end of each stage are shown in 
Fig. 9. Al, Ca, Fe, K, Mg, Na, and Si in the effluent 
sample indicate dissolution of minerals from the rock 
and proppant during the tests, with higher concentra-
tions indicating faster dissolution because flow rates 
and residence times were constant. In this study, tests 
on the aluminum specimen were intended to inves-
tigate the dissolution of constituents solely from the 
proppant, but we suspect that embedment may have 
caused the aluminum substrate to be reactive as well. 
The concentration of Ca, K, Na, and Si in the effluent 
indicates the dissolution of feldspar and quartz min-
erals present in the Barre granite (Caulk et al. 2016; 
Bijay and Ghazanfari 2021). Moreover, sintered baux-
ite proppant could also serve as a source for these ele-
ments. According to the manufacturer, the proppant is 
composed of 83.0% Al2O3, 5.0% SiO2, 7.0% Fe2O3, 
3.5% TiO2 and 1.5% of minor components such as 

Fig. 8   Evolution of fracture 
closure and conductivity 
in S3 (smooth aluminum) 
specimen for a proppant 
concentration of a 0.1 kg/
m2, and b 1.0 kg/m2

0.1 kg/m2

1.0 kg/m2

(a) 

(b) 

Conductivity (Start) Conductivity (End)
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K2O, CaO, MgO, Na2O, MnO, and others (Siegel 
et  al., 2015). Very small concentrations of Mg and 
non-detectable Fe concentration in the effluent solu-
tion indicates the dissolution of biotite and chlorite 
from Barre granite was insignificant. Al, which is the 
major constituent in bauxite (proppant) and feldspar 
in granite, was not detected in any sample. The non-
detectable Al and high concentration of Ca, Na, and 
K in the effluent indicates the possibility of formation 
of kaolinite, which precipitates in the system (Caulk 
et al. 2016).

Concentrations of all the detected ions (Ca, K, 
Mg, Na, and Si) were higher at proppant concentra-
tion of 1.0 kg/m2 compared to 0.1 kg/m2 in all the 
tests. In addition, the concentrations were highest 
during the first stage (i.e., 30 MPa loading). This 
indicates that crushing and embedment of proppants 
into the fracture surface exposes new surface, which 

increase the dissolution of minerals in the system. 
The concentration of Na and Ca is higher than other 
elements because salt rich in Ca and Na are more 
readily dissolvable than silicates. Moreover, the reac-
tion involving the formation of Kaolinite from feld-
spar (oligoclase and microcline) releases Ca, K, and 
Na ions (Caulk et  al. 2016), which could also have 
contributed to the elevated concentration of these 
elements in the solution. As seen in Fig. 9, the con-
centrations of Ca, K, Na, and Si in the effluents from 
the aluminum specimen (S3) are smaller compared 
to granite specimens (S1 and S2) under similar con-
ditions. This indicates the dissolution rate of miner-
als is higher from rock-proppant system compared 
to that from the proppant alone. Nevertheless, ions 
in the effluents from S3 specimen indicates that sin-
tered bauxite proppants will dissolve under the high 

Fig. 9   Dissolution of 
minerals at the end of each 
stage during the tests for 
a and b saw cut granite, c 
and d rough granite, e and 
f aluminum specimen. The 
left column i.e. a, c and e 
are for proppant concentra-
tion of 0.1 kg/m2 and the 
right column i.e. b, d, and f 
are for proppant concentra-
tion of 1.0 kg/m2
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temperatures and pressures encountered in EGS, 
which will negatively impact long-term performance.

3.4 � Visual analysis of proppant damage

Scanning Electron Microscopy (SEM) imaging was 
carried out on the post-test proppants and the fracture 
surfaces to assess crushing and embedment as well as 
possible precipitation of secondary minerals (Fig. 10). 
In the granite specimens, pervasive proppant crushing 
was observed at the 0.1 kg/m2 concentration. In con-
trast, intact proppant particles were more common at 
1.0 kg/m2. At the lower concentration with its sparse 
monolayer, the stress acting on individual proppant 
particles will be higher which should result in more 
crushing unless the particles embed into the host rock 
(Tang et al. 2018; Bandara et al. 2019). Moreover, the 
proppant crushed into finer particles in the case of S1 
specimen at 0.1 kg/m2 concentration compared to the 
S2 specimen at same concentration. This indicates 

that a smooth fracture surface can promote more par-
ticle crushing than rougher surfaces. Large gouge 
particles (up to ~ 1 mm in size) from asperities from 
the fracture surface were also observed in S2 (rough 
granite) specimen, suggesting more fracture surface 
damage or softer surfaces in the rough fracture. Fines 
produced as a result of proppant crushing and asper-
ity damage move in the flow direction, blocking pore 
throats and leading to permeability decline over time 
(Fan and Chen 2020). Moreover, these fines could 
also enhance the dissolution/precipitation in the prop-
pant-fracture system leading to permeability decline 
in long-run (Caulk et  al. 2016; Vogler et  al. 2016; 
Bijay and Ghazanfari 2021).

Indentation on the fracture surface left by prop-
pants after the test was observed in the saw-cut 
granite and aluminum. The indentation was difficult 
to visualize on the rough granite surface. However, 
the SEM images show that the proppant embedded 
into the fracture surface and remain attached on the 

Fig. 10   Proppant crushing 
is higher at lower proppant 
concentration. a, b saw 
cut granite (S1) specimen, 
c, d rough granite (S2) 
specimen, and e, f smooth 
aluminum (S3) specimen. 
The left column i.e. a, c and 
e are for proppant concen-
tration of 0.1 kg/m2 and the 
right column i.e. b, d, and f 
are for proppant concentra-
tion of 1.0 kg/m2

Gouge

300 µm(a)  Saw cut 0.1 kg/m2

300 µm(c)  Rough 0.1 kg/m2

300 µm(e)  Aluminum 0.1 kg/m2 300 µm(f)  Aluminum 0.1 kg/m2

300 µm(b)  Saw cut 1.0 kg/m2

300 µm(d)  Rough 1.0 kg/m2
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rough granite (S2) surface (Fig. 11). In the case of the 
saw cut specimen (S1), the proppant left indentation 
marks due to embedment, however the proppants did 
not attach on the smooth surface of the fracture. In 
addition, a secondary cracking from the embedment 
locations were observed in saw cut granite. These 
secondary cracks weaken the fracture surface result-
ing in spalling of particles from the surface and clog-
ging the flow path.

3.5 � Implication for EGS

Proppants have potential to sustain the conductivity 
of fractures in EGS reservoirs. Also, proppants elimi-
nate the necessity of other stimulation techniques 
such as shear stimulation or hydraulic propping 
(Norbeck et  al. 2018; Frash et  al. 2023a, b) for per-
manent permeability enhancement. Use of proppants 
can help to reduce injection pressures to mitigate the 
risk of induced seismicity in EGS, which is otherwise 
a hurdle for EGS development (Majer et  al. 2007; 
Deichmann and Giardini 2009). In addition, with the 
development of stimulation techniques such as ther-
mal and electrical stimulation (Tarasovs and Ghas-
semi 2011; Breede et  al. 2013; Bauer et  al. 2015), 
which induce tensile fractures similarly to hydraulic 
fracturing, proppants retain a huge potential to be 
used in future EGS applications. The results from 
this experiment indicate that proppant, even at very 
low concentration, can enhance the fracture conduc-
tivity by orders of magnitude. However, these prop-
pants will crush, embed, and dissolve at in-situ con-
ditions to create fines and reactive surface area that 
will reduce the conductivity in long-run (Vogler et al. 
2016; Ye and Ghassemi 2018; Bandara et  al. 2021). 
It is worth noting that conductivity loss in a fracture 
due to proppant crushing, embedment, fines migra-
tion, mineral dissolution, and precipitation under 

EGS conditions is a complex coupled problem. Our 
results show that proppant can sustain fracture con-
ductivity after crushing and embedment under stress 
in the short-term (< 60 h). However, conductivity loss 
due to creep, chemical processes and fines migration 
in the proppant pack will act at longer timescales than 
the test duration in this study, so we were unable to 
quantify this effect even though we suspect that these 
processes could be important for long term EGS 
productivity.

As expected, the effluent chemistry indicated dis-
solution of minerals from the rock as well as prop-
pants under EGS condition. Dissolved minerals will 
lead to precipitation of secondary minerals (Brinton 
et  al. 2011; Jones et  al. 2014) and scaling problems 
in wells, pipes, and accessories used in the plants (Xu 
et  al. 2004; André et  al. 2006). In addition, leach-
ing of minerals from the proppants could reduce the 
strength leading to reduced crush resistance over time 
(Mattson et al. 2016). This will result in performance 
losses for EGS over time.

4 � Conclusions

Laboratory flow-through experiments were conducted 
on saw-cut granite, rough fractured granite, and alu-
minum specimens filled with three different concen-
trations of sintered bauxite proppant. All fractured 
samples were subjected to low-enthalpy EGS condi-
tions of 130 ºC and up to 60 MPa normal stress, suit-
able for Organic Rankine or Binary electrical power 
production. Proppant successfully maintained the 
fracture conductivity at levels from 4 to 6 orders of 
magnitude higher than without, peaking at a conduc-
tivity of 3 mD-m. However, direct evidence of prop-
pant dissolution, crushing, and embedment was also 
observed in all experiments using stress-cycle plastic 

Fig. 11   Proppant embeds 
and remain attached into 
the a rough fracture surface. 
b secondary cracks could 
propagate from embedment 
location as seen in saw cut 
granite

Secondary 
Crack

Proppant Proppant
Embedment

(a) (b) 300 µm300 µm
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deformation measurements, hydraulic conductivity 
measurements over a 60 h period, post-test fracture 
surface SEM, and effluent ICP-OES. Ultimately, these 
results indicate that sintered bauxite holds promise 
for increasing fracture conductivity in the field while 
also confirming that the benefit of proppant will sig-
nificantly diminish over time.
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