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ABSTRACT

Hydraulic fracturing with proppants in enhanced geothermal systems (EGS) improves reservoir permeability, thereby enhancing the
efficiency and economic viability of geothermal energy recovery. Accurate fracture diagnostics remain critical for the long-term success
of EGS projects. Borehole electromagnetic measurements using electrically-conductive (EC) proppants and fluids provide a promising
approach for mapping fractures and proppant distribution. To evaluate the effect of using EC proppants under EGS conditions, we
conducted comprehensive measurements of the hydraulic and electrical conductivities of EC proppant-supported fractures under stress
and temperature conditions typical of the Utah-FORGE EGS. EC proppants of 30/50-mesh and 40/70-mesh sizes were placed in the space
between two Sierra White granite slabs and then subjected to confining stresses up to 10,000 psi and the temperature of 230 °C. Hydraulic
conductivity of the EC proppant-supported fracture, defined as the product of fracture permeability and fracture width, was measured
under various confining stresses and proppant concentrations. The proppant concentration is defined as the proppant mass per unit fracture-
face area. The results revealed non-monotonic dependence of the fracture hydraulic conductivity on the proppant concentration. These
findings indicate that significant fracture hydraulic conductivity can be achieved using a partial-monolayer proppant pack in granite
fractures, underscoring the potential for reducing material costs. Measurements under dry conditions show that EC proppant-supported
fractures exhibit increasing electrical conductivity with confining stress due to enhanced interparticle contacts. It establishes a benchmark
for electrical conductivity of EC proppant-supported fractures, which serves as a reference for subsequent measurements under brine-
saturated conditions. These comprehensive laboratory testing data highlight the potential of using EC proppants in field-scale EGS fracture
diagnostics.

1. INTRODUCTION

The rising global energy demand, together with mounting environmental challenges, has made the transition from fossil fuels to clean and
renewable energy a widely recognized long-term objective. Compared with other renewable energy sources such as wind, solar, biomass,
and hydropower, geothermal energy has attracted considerable attention due to its non-intermittent nature and substantial subsurface heat
potential, thereby providing stable and continuous baseload power generation (Natasa A. Kablar, 2019; Szanyi et al., 2023; Meng et al.,
2025). Naturally occurring geothermal systems require three essential elements: heat, fluids, and sufficient permeability to enable fluid
circulation and energy extraction (Jolie et al., 2021). However, in many regions, substantial geothermal resources are hosted in hot dry
rock formations characterized by high temperatures but limited natural permeability and fluid availability (Tomac and Sauter, 2018; Jolie
et al., 2021). To overcome these limitations and fully utilize such geothermal resources, enhanced geothermal systems (EGS) employ
engineered reservoir stimulation to reactivate pre-existing natural fractures and create artificial fracture networks, thereby enabling fluid
circulation, enhancing permeability, and achieving efficient heat extraction (Al Balushi et al., 2023; Nath et al., 2024).

At the depths relevant to enhanced geothermal systems, fractures within hot dry rock are subjected to large confining stresses, which tend
to progressively close fractures or significantly reduce their hydraulic conductivity (Li et al., 2019, 2020; Al Balushi et al., 2023). In
engineering practice, hydraulic stimulation techniques are commonly employed, in which proppants, such as ceramic materials, are
injected with fracturing fluids to keep fractures open and provide sufficient hydraulic conductivity for sustained fluid flow (Li et al., 2016;
Li et al., 2025). Importantly, the primary objective of stimulation in enhanced geothermal systems is not merely to improve fluid
circulation, but to extract heat at higher rates (Gan and Elsworth, 2016; Liang et al., 2025; Zhang et al., 2025). Extensive field observations
and numerical analyses indicate that, despite the presence of complex fracture networks, fluid flow often localizes into only a limited
number of fractures or effectively short-circuits between injection and production wells (Li et al., 2024; Liu et al., 2025). Such preferential
flow pathways significantly reduce the effective heat exchange area and, consequently, the overall heat extraction efficiency (Gong et al.,
2020; Li et al., 2024).

Accordingly, optimizing fracture treatment design requires accurate characterization of mapping fracture development and proppant
distribution (Zhang et al., 2021). To this end, a variety of diagnostic and monitoring techniques have been developed to characterize
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fracture geometry and evolution. However, their capability to resolve proppant distribution throughout the fracture network remains highly
limited. Existing methods either cannot directly assess proppant placement, such as micro-seismic imaging and acoustic logging, or are
largely restricted to only near-wellbore characterization of proppant distribution, such as proppant tracers and fiber-optic surveys (Palisch
etal., 2017; Zhang et al., 2021). Nevertheless, the characterization of proppant distribution throughout the fracture network is critical not
only for fracture treatment optimization, but also for well spacing design and perforation cluster placement, which together play a key
role in enhancing reservoir performance over the entire life cycle of enhanced geothermal systems (Palisch et al., 2017; Zhang et al., 2021;
Qu et al., 2024; Ren et al., 2025).

Electromagnetic (EM) borehole measurement methods have been proposed to map fracture development and proppant distribution
throughout fracture networks by exploiting changes in electric and/or magnetic field responses associated with electrically-conductive
(EC) proppants in resistive formations (Hoversten and Schwarzbach, 2021; Zhang et al., 2021; Wu et al., 2024). When a large electrical
conductivity contrast exists between EC proppants and resistive formations, the detection and characterization of proppant-supported
fractures are enhanced. Accordingly, EC proppant particles have been developed to achieve conductivity contrasts of several orders of
magnitude relative to the host formation (Palisch et al., 2017). Existing studies related to proppants in enhanced geothermal systems can
be broadly categorized into two research directions. On one hand, EC proppants have been investigated for electromagnetic-based fracture
diagnostics, demonstrating their potential for estimating proppant-supported fracture volumes and supporting EM measurements
(Hoversten and Schwarzbach, 2021; Zhang et al., 2021). On the other hand, proppant behavior in enhanced geothermal systems has been
examined primarily from a thermal and mechanical perspective, with a focus on heat extraction and thermal breakthrough behavior, as
well as proppant mechanical performance under high-temperature conditions (Al Balushi et al., 2023; Balushi and Taleghani, 2023; Ko
et al., 2023). However, the comprehensive laboratory tests on the fracture hydraulic and electrical conductivities of EC proppants under
EGS-relevant temperature and stress have not yet been systematically reported. Moreover, the reported material costs of EC proppants
remain prohibitively high.

In this study, we conducted well-controlled comprehensive laboratory experiments under stress and temperature conditions typical of the
Utah-FORGE enhanced geothermal system (EGS) to investigate the hydraulic and electrical conductivities of EC proppant-supported
fractures against proppant concentration, ranging from 0 to 2 Ib/ftz. The measurements of fracture hydraulic conductivity were performed
to evaluate the ability of EC proppants to maintain hydraulic conductivity and provide effective fracture support during fluid circulation.
The measurements of fracture were conducted to quantify fracture electrical conductivity of EC proppant-supported fractures and support
the field-scale application of borehole electromagnetic (EM) measurements in enhanced geothermal systems.

2. METHODS AND MATERIALS

2.1 Laboratory equipment and materials

Figure 1 illustrates the equipment used for measuring fracture hydraulic and electrical conductivities, including a measurement cell, in
which proppant particles were placed between two Sierra White granite slabs. All Sierra White granite slabs used in the experiments had
dimensions of 7 inches in length, 1.5 inches in width, and 0.5 inch in thickness, and were cored from the same parent rock block to ensure
comparable initial mechanical properties. Two sizes of iON electrically-conductive proppants, 30/50-mesh and 40/70-mesh, were
employed in the experiments. During the experiments, the closure stress was applied up to 10,000 psi with a precision of 0.2%, and an
electrical heater maintained a testing temperature of 230 °C with a precision of 0.4%, corresponding to stress and temperature conditions
typical of the Utah-FORGE enhanced geothermal system.

Proppant Granite slabs

Figure 1: Experimental setup for measuring fracture hydraulic and electrical conductivities. The system includes a measurement
cell in which proppant particles are placed between two Sierra White granite slabs and subjected to confining stress.

2.2. Hydraulic conductivity measurements

Hydraulic conductivity measurements were conducted to investigate the effects of proppant packing structure and effective stress on the
hydraulic conductivity of EC proppant-supported fractures. A range of proppant concentrations was tested for the two proppant sizes
described above to represent different packing conditions. The proppant concentration within the fracture was determined based on the
proppant mass and the surface area of the rock slabs, and this definition was used for the measurements of both hydraulic and electrical
conductivities. For 40/70-mesh proppants, concentrations of 0.06 Ib/ft? (a partial-monolayer proppant pack), 0.16 Ib/ft? (a full-monolayer
proppant pack), and 1 and 2 Ib/ft2 (multilayer proppant packs) were tested. For 30/50-mesh proppants, concentrations of 0.06 Ib/ft? (a
partial-monolayer proppant pack), 0.22 Ib/ftz (a full-monolayer proppant pack), and 1 and 2 Ib/ft2 (multilayer proppant packs) were tested.
The partial-monolayer proppant concentration of 0.06 Ib/ft2 was selected based on prior experimental and numerical studies that identified
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characteristic proppant concentrations associated with optimized fracture hydraulic conductivity (Fan et al., 2019; Li et al., 2022). Five
effective stress levels ranging from 2,000 to 10,000 psi, in increments of 2,000 psi, were applied in the measurements of fracture hydraulic
conductivity.

The hydraulic conductivity of a fracture, C, is defined as the flow rate contributed by a unit length of fracture. Accordingly, C, is calculated
as:

= = kQlwr QL
C= ka = Ap-A = Aph (1)

where C is the fracture hydraulic conductivity (m3); k is the fracture permeability (m?); wy is the fracture width (m); h is the size of the
longer dimension of the fracture cross section (m); A is the area of fracture cross section and equal to w; - h (m?); p is the fluid viscosity
(Pa-s); Q is the flow rate (m®/s); L is the length over which the pressure difference is measured (m); Ap is the pressure difference (Pa).
Note that y, L, and h in Equation (1) are known. The measured flow rate, Q, and pressure difference, Ap, are then imported into Equation
(1) to calculate the fracture hydraulic conductivity.

2.3. Electrical conductivity measurements

Electrical conductivity measurements were conducted to investigate the effects of proppant packing structure and effective stress on the
electrical conductivity of EC proppant-supported fractures. Measurements were performed using the same measurement cell described
above, integrated with an LCR meter to measure the electrical resistance of the EC proppant-supported fracture. A four-point probe
method, as shown in Figure 2, was adopted to effectively minimize the influence of electrode and lead contact resistance (Zhang et al.,
2021; Suzuki et al., 2024). During testing, a 60-Hz AC current was applied through the current electrodes, which were electrically isolated
from the measurement cell, while additional electrical insulation tape was used to isolate the EC proppant-supported fracture region from
surrounding cell components, thereby minimizing unintended current leakage paths.

Figure 2: Schematic plot of the four-point probe method used for electrical conductivity measurements of an EC proppant-
supported fracture.

A range of proppant concentrations was tested for the two proppant sizes described above to represent different packing conditions. For
40/70-mesh proppants, concentrations of 0.16 Ib/ft? (a full-monolayer proppant pack) and 1 and 2 Ib/ft2 (multilayer proppant packs) were
tested. For 30/50-mesh proppants, concentrations of 0.22 Ib/ft? (a full-monolayer proppant pack) and 1 and 2 Ib/ft2 (multilayer proppant
packs) were tested. Confining stress levels ranging from 1,000 to 10,000 psi, applied at increments of 1,000 psi, were used during the
electrical conductivity measurements.

The electrical resistivity of an EC proppant-supported fracture, p, was calculated from the measured fracture resistance, R, using the
fracture cross-sectional area A and a fixed electrode spacing, d, according to Equation (2):

p=? 2

where p is the fracture electrical resistivity (2-m), R is the measured electrical resistance of the fracture (Q), d is the electrode spacing
(m). The fracture electrical conductivity, o (S/m), is calculated as the reciprocal of the fracture electrical resistivity p.

3. RESULTS AND DISCUSSION

3.1 Hydraulic conductivity

As shown in Figure 3, the hydraulic conductivity of EC proppant-supported fractures decreases with increasing effective stress, which has
been widely associated with stress-induced proppant embedment and compaction between opposing fracture surfaces, as reported in
previous experimental and numerical studies (Chen et al., 2015; Fan et al., 2021; Li et al., 2022). The reduction in fracture hydraulic
conductivity is most pronounced at 2,000 - 6,000 psi, particularly for partial-monolayer and multilayer proppant packs, due to progressive
proppant embedment and compaction between the opposing granite slab surfaces. The fracture hydraulic conductivity did not change
noticeably when the effective stress exceeded 6,000 psi, suggesting that proppant embedment and compaction had largely stabilized and
that the proppant structure within the fracture became relatively steady under higher stress conditions. These tests showed that the fracture
generally maintained adequate hydraulic conductivity under an effective stress of 10,000 psi with various proppant concentrations.
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Figure 3: Laboratory-measured fracture’s hydraulic conductivity of a) iON 30/50 EC proppants, and b) iON 40/70 EC proppants
against effective stress at 230 °C.

Figure 4 presents the same dataset but illustrates the fracture’s hydraulic conductivity against proppant concentration. The non-monotonic
dependence of fracture hydraulic conductivity on the proppant concentration was observed. A local minimum in fracture hydraulic
conductivity corresponded to full-monolayer proppant structures for 30/50-mesh and 40/70-mesh proppants, with concentrations of 0.22
and 0.16 Ib/ft?, respectively. By contrast, a local maximum in fracture hydraulic conductivity was observed for partial-monolayer proppant
structures at 0.06 Ib/ft2 for both proppant sizes. At this concentration, proppant particles did not fully cover the fracture surfaces, resulting
in higher fracture porosity and permeability, which in turn enhanced fracture hydraulic conductivity. Previous experimental investigations
have demonstrated that partial-monolayer proppant packs can achieve fracture conductivities comparable to, or exceeding, those obtained
with traditional multilayer proppant assemblies (Chen et al., 2008, 2009; Bestaoui-Spurr and Hudson, 2017; Fan et al., 2017; Wang et al.,
2025). Fan et al. (2019) demonstrated that the non-monotonic evolution of fracture hydraulic conductivity results from a competing
interplay between fracture permeability and fracture width during the transition from partial-monolayer to multilayer proppant packs,
based on combined laboratory experiments with the discrete element method (DEM) and lattice Boltzmann (LB) method. The detailed
evolutions of fracture width, porosity, permeability, and conductivity go through four distinct stages with the increasing proppant
concentration, as summarized in Table 1.
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Figure 4: Laboratory-measured fracture’s hydraulic conductivity of a) iON 30/50 EC proppants, and b) iON 40/70 EC proppants
against proppant concentration at 230 °C.

Table 1: Evolutions of fracture width, wy, porosity,¢ , permeability,k , and fracture hydraulic conductivity, k - w; with an
increasing proppant concentration.

wr @ k Hydraulic conductivity (k-w;)  Geometry of proppant pack

Stage 1 T l 1 1 Partial monolayer
Stage 2 1 l l 1 Partial monolayer
Partial monolayer to full
Stage3 T | | 1
monolayer
Stage 4 o= = T Full monolayer to multilayer

Note: The arrows “1%, “|*, and “—” denote “increase”, “decrease”, and “stay constant”,

respectively. The pattern is similar to those reported by Fan et al. (2019) and Li et al. (2022).

In Stage 1, the proppant concentration is low, and proppant embedment is initially significant. As additional proppant particles are
introduced into the fracture, embedment is progressively mitigated, leading to an increase in fracture width and fracture permeability.
Meanwhile, the increasing number of proppant particles occupies the available fracture void space, resulting in reduced fracture porosity,
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which has a negative impact on permeability. Because the permeability gain associated with fracture widening exceeds the permeability
loss caused by porosity reduction, the net effect is an increase in fracture permeability. Consequently, fracture hydraulic conductivity
increases in this stage, as both fracture permeability and fracture width increase simultaneously.

In Stage 2, with further increases in proppant concentration, the permeability reduction caused by decreasing fracture porosity begins to
exceed the permeability gain associated with fracture widening, leading to a gradual decline in fracture permeability. However, the
reduction in permeability occurs at a slower rate than the increase in fracture width. As a result, fracture hydraulic conductivity, defined
as the product of fracture permeability and fracture width, continues to increase during this stage.

In Stage 3, as proppant concentration continues to increase, the rate of permeability reduction eventually surpasses the rate of fracture
width increase, causing fracture hydraulic conductivity to reach a local maximum and then begin to decline. The proppant concentration
corresponding to this local maximum is defined as the optimal partial-monolayer proppant concentration, at which the fracture achieves
its maximum fracture hydraulic conductivity, referred to as the optimal hydraulic conductivity of a fracture. This stage persists until the
fracture surface becomes fully covered by a monolayer proppant pack.

In Stage 4, the proppant pack transitions from a full-monolayer structure to a multilayer structure. Once the fracture is filled with a densely
packed proppant assembly, fracture porosity and permeability become primarily controlled by particle and pore-scale characteristics and
are largely insensitive to further increases in fracture width. Consequently, fracture permeability and conductivity show limited variation
with additional proppant loading.

Figure 5: a) Embedded proppant particles and embedment impressions on granite surface, and b) a microscopic view revealing
residual proppant particles partially embedded on the granite surface. Both pictures were observed after high-stress testing
of EC proppants in partial-monolayer packs.

Figure 5 illustrates noticeable proppant embedment on the granite slab surfaces after high-stress testing of EC proppants in a partial-
monolayer pack. This observation is consistent with previous laboratory studies (Chen et al., 2015; Fan et al., 2019, 2021; Li et al., 2022),
which reported more pronounced embedment in partial-monolayer proppant packs compared to multilayer proppant packs due to higher
localized loading on individual proppant particles. These results highlight the importance of considering proppant embedment when
interpreting fracture hydraulic conductivity behavior in partial-monolayer proppant packs. Field studies have reported successful
applications of partial-monolayer proppant structures (Posey and Strickland, 2005; Dahl et al., 2015). From both hydraulic and economic
perspectives, such proppant packs are attractive, as they reduce material requirements while maintaining sufficient fracture hydraulic
conductivity.

3.2 Electrical conductivity measurements under dry conditions

In this work, electrical conductivity measurements under dry conditions are used as a benchmark to isolate the effects of proppant packing
structure and confining stress on conductive pathway development, serving as a reference for subsequent measurements under brine-
saturated conditions. Figures 6a and 6b illustrate the fracture electrical resistivity of 30/50-mesh and 40/70-mesh proppants against
confining stress under dry conditions at 230 °C. Across all proppant concentrations, the fractures propped by multilayer proppant packs
(i.e., 1 and 2 Ib/ft? for both 30/50-mesh and 40/70-mesh proppants) exhibited lower electrical resistivity than those propped by full-
monolayer proppant packs (i.e., 0.22 Ib/ftz for 30/50-mesh and 0.16 Ib/ft? for 40/70-mesh), indicating the formation of more efficient
conductive pathways when multiple proppant layers were present. This behavior can be interpreted using an equivalent-circuit analogy,
where a multilayer proppant structure resembles a parallel network in which three-dimensional interparticle contacts provide multiple
conductive pathways, resulting in lower electrical resistivity. In contrast, a full-monolayer proppant structure is analogous to a series
network, where particles are primarily aligned in the horizontal direction, limiting the number of conductive pathways and resulting in
higher electrical resistivity.
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Figure 6: Laboratory-measured electrical resistivity of the fracture propped by a) iON 30/50 EC proppants, and b) iON 40/70 EC
proppants, and the corresponding electrical conductivity of the fracture propped by c) iON 30/50 EC proppants, and d)
iON 40/70 EC proppants, against confining stress under dry conditions at 230 °C.

In most cases, fractures propped by multilayer proppant packs exhibited a decrease in electrical resistivity with increasing confining stress,
primarily due to compaction-induced reduction of interparticle pore space, which enhanced particle-to-particle contacts and promoted the
formation of more effective conductive pathways. However, a notable exception was observed for the 40/70-mesh sample at 2 Ib/ft2. In
this case, electrical resistivity exhibited a nonmonotonic trend between 3,000 and 6,000 psi, which was attributed to localized structural
changes caused by particle rearrangement and detachment of metal coating on proppant surface, affecting the continuity of conductive
pathways. At confining stresses above 6,000 psi, the electrical resistivity declined again, indicating that a stable and continuous
interparticle conductive network had formed. In this stage, the enhanced interparticle contacts dominated electrical transport, outweighing
the adverse effects caused by the detachment of metal coating.

Figure 7: a) schematic illustration, and b) laboratory photos of EC proppants in a full-monolayer pack before and after high-
stress testing, showing stress-induced aggregation and deformation of proppant particles.

Fractures propped by full-monolayer proppant packs exhibited a characteristic two-stage response in electrical resistivity to increasing
confining stress. At stresses below approximately 6,000 psi, electrical resistivity decreases rapidly. This behavior was primarily controlled
by particle deformation and aggregation, as shown in Figures 7a and 7b, which enlarged contact areas between adjacent proppant particles
and progressively enhanced conductive network connectivity. In addition, the detached metal coating fragments under increasing stress
bridged interparticle voids, further facilitating charge transport. Above 6,000 psi, the fracture electrical resistivity began to stabilize. At
this stage, a stable and continuous conductive network had already formed, and further increases in confining stress contributed only
marginally to additional improvements in network connectivity.
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As shown in Figures 6¢ and 6d, under the highest applied confining stress of 10,000 psi, the EC proppant-supported fracture exhibited an
electrical conductivity exceeding 200 S/m, more than five orders of magnitude higher than that of fractured granite without EC proppant
(< 0.001 S/m) (Lockner and Byerlee, 1986; Gomaa, 2021). This result highlights the strong potential of EC proppants to generate highly
conductive fracture networks suitable for borehole electromagnetic measurements.

4. CONCLUSION

This study presents a comprehensive laboratory investigation of the hydraulic and electrical conductivities of electrically-conductive (EC)
proppant-supported fractures under stress and temperature conditions typical of the Utah-FORGE EGS. The results demonstrate the
feasibility of using EC proppants to simultaneously sustain fracture hydraulic and electrical performance, thereby enabling effective
borehole electromagnetic (EM) fracture diagnostics and supporting the optimization of fracture design and long-term performance in EGS
reservoirs.

The hydraulic conductivity of EC proppant-supported fractures does not increase monotonically with proppant concentration. Instead, its
evolution reflects a competition between fracture permeability and fracture width. As a result of this competing mechanism, an optimal
proppant packing concentration emerges, at which partial-monolayer proppant packs can achieve conductivity levels comparable to, or
even higher than, those of multilayer assemblies. This outcome carries important practical implications: high-strength EC proppants can
sustain high fracture hydraulic conductivity while requiring substantially less material, thereby lowering material costs.

The electrical conductivity of EC proppant-supported fractures generally increases with confining stress under dry conditions at 230 °C,
as particle contacts progressively improve across different proppant concentrations and particle sizes. Stress-induced particle deformation,
aggregation, and detachment of metal coating collectively affect interparticle contact characteristics and the continuity of conductive
pathways. Overall, the EC proppant-supported granite fracture exhibits an electrical conductivity more than five orders of magnitude
higher than that of fractured granite without EC proppant, indicating strong potential for detecting and delineating proppant-supported
fractures in EGS formations using borehole electromagnetic (EM) measurements. Additionally, these dry-condition measurements provide
a well-defined baseline for subsequent investigations under brine-saturated conditions, which is essential for realistically simulating
fracture behavior in enhanced geothermal systems (EGS) reservoirs.
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