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Abstract:

Geothermal energy continues to emerge as a reliable, low-carbon resource with strong
potential to support long-term clean energy goals. However, the development of enhanced
geothermal systems is often limited by incomplete understanding of fracture initiation,
propagation, and associated damage evolution within hot dry rock. Accurately charac-
terizing these processes is essential for predicting stimulation outcomes and ensuring
reservoir stability. This study employs high-resolution three-dimensional digital image
correlation (DIC) to quantify strain localization and damage progression in hot dry rock
samples collected from the Department of Energy Utah FORGE project’s Well 16B (78)-
32. Laboratory tests conducted under uniaxial compression and Brazilian tensile loading
provide a controlled framework for observing mechanical responses under contrasting
stress regimes. The DIC-based analysis identifies four distinct deformation stages: Initial
closure, linear elastic response, elastic-plastic transition, and a final plastic phase associated
with unstable fracture growth. Across both loading conditions, deformation is governed
by tensile-dominated strain fields, with fractures consistently initiating and propagating
along the specimen centerline. Damage variables derived from strain statistics range from
approximately 0.25410% in Brazilian tensile tests to 0.30£20% in uniaxial compression,
with all samples falling within a broader interval of 0.25 to 0.40. These values reflect
meaningful variations in internal degradation influenced by loading mode and specimen
geometry. Overall, the findings advance the fundamental understanding of hot dry rock
fracture mechanics and provide quantitative parameters that can enhance geomechanical
modeling, improve stimulation design, and contribute to more effective and reliable
geothermal reservoir development.

1. Introduction

Geothermal energy is increasingly recognized as a reliable

Within this broader energy landscape, hot dry rock (HDR)
formations are particularly attractive because of their vast heat

and environmentally responsible alternative to fossil fuels. Un-
like intermittent renewables, geothermal systems can provide
continuous baseload power, and even a small fraction of the
Earth’s geothermal heat could meet global energy demand
for extraordinarily long timescales (Diamandis and Rose-
Washington, 2023; Horne et al., 2025; Huenges et al., 2025).

content, widespread distribution, and suitability for large-scale
deployment, making them central to the future development of
enhanced geothermal systems (EGS).

EGS unlocks this heat by injecting fluids into deep, hot,
low-permeability rocks and circulating them through engi-
neered fracture networks. As the fluid moves through the rock,
it absorbs heat and returns to the surface for power generation
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Fig. 1. Location map of the Utah FORGE geothermal field
showing the orientation and spatial distribution of wells,
including Well 16B (78)-32, from which the HDR samples
used in this study were collected for laboratory mechanical
testing (Utah FORGE, 2025).

or direct-use applications (Xia et al., 2017; Fleckenstein et
al., 2022). The success of this process, however, hinges on
a delicate balance: Stimulation must enhance permeability
sufficiently to sustain circulation, yet excessive deformation or
fracture growth can compromise rock integrity and long-term
reservoir performance. This balance is governed by how HDR
deforms and accumulates damage under increasing stress.

During fluid injection, elevated pore pressure alters the in-
situ stress state, promoting microcrack initiation and progres-
sive deformation within the reservoir. While these processes
are essential for creating connected flow paths, they can also
weaken the rock framework, reduce reservoir lifespan, or trig-
ger induced seismicity if damage becomes uncontrolled (Xie
and Min, 2016; Simmons et al., 2019; Nadimi et al., 2020). A
mechanistic understanding of how damage initiates, localizes,
and evolves is therefore critical for designing safe and effective
HDR stimulation strategies.

Deformation provides the earliest observable signal of this
evolving mechanical state. As loading progresses, changes in
stiffness and strength accompany the growth of microcracks,
and strain begins to concentrate within localized zones (Xing
et al., 2020). With continued stress, these zones interact
and coalesce, ultimately forming macroscopic fractures that
produce nonlinear stress-strain responses and progressive loss
of load-bearing capacity (Amitrano, 2006; Luo et al., 2018).
Capturing this transition from distributed microcracking to
fracture-dominated failure is essential for predicting HDR
reservoir behavior and avoiding over-stimulation.

Damage variables offer a practical way to describe this
degradation by linking mechanical response to the progressive
failure of material integrity. Originally developed within con-
tinuum damage mechanics, this concept provides a quantitative
measure of how rock properties evolve under stress and
has become a useful tool for assessing long-term stability
in geosystems (Ni et al., 2009; Cui and Han, 2018). The
challenge, however, lies in measuring damage in a way that
reflects its true spatial complex heterogeneity.

Traditional techniques such as strain gauges or extensome-
ters record deformation at only a few points, often missing
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where damage actually initiates. Three-dimensional digital im-
age correlation (3D-DIC) overcomes this limitation by offering
full-field, non-contact measurements of surface displacement
and strain. By tracking changes in speckle patterns during
loading, 3D-DIC reveals where strain localizes, how fractures
initiate, and how damage evolves across the entire specimen
(Pan et al., 2009). This makes it especially well-suited for
studying the failure processes in geothermal rocks.

To date, most 3D-DIC studies have focused on sedimen-
tary rocks such as sandstones and shales, where fracture
patterns and strain localization have been well documented
(Zhang et al., 2012; Rue, 2015; Munoz et al., 2016; Zhou et
al., 2019). Other investigations have also contributed valuable
insights into fracture evolution in rock-like materials (Zhang
et al., 2012; Na et al., 2017; Chai et al., 2020). Its application
to HDR, however, remains comparatively limited. Recent
work on Utah FORGE granitic samples has demonstrated the
promise of 3D-DIC for tracking deformation and estimating
damage variables, but the coupling between stress, strain
localization, and damage evolution in HDR systems is still not
fully resolved (Nath et al., 2023; Nath and Cabezudo, 2024).

This study addresses that gap by applying 3D-DIC to
systematically investigate damage development in HDR cores
from the Department of Energy (DOE) Utah FORGE Well
16B(78)-32. Using unconfined compression and Brazilian disc
tests, the evolution of strain, fracture initiation, and dam-
age variables is tracked from initial loading through failure.
By directly linking full-field deformation measurements with
damage mechanics, this work provides new insight into how
HDR failure occurred under stress. These insights help refine
stimulation strategies, improve geothermal reservoir mechani-
cal properties, and support the long-term viability of EGS as
a cornerstone of a sustainable energy future.

2. Materials

This study collected potential HDR samples from well
16B (78)-32 of the DOE Utah FORGE project, located at
depths between 8,508.1 and 8,508.7 feet, as indicated by an
orange star on the FORGE site map (Fig. 1). This research
examined HDR samples obtained from Utah FORGE well
and the depths of the candidate sample between 8,508.3
and 8,508.5 feet. A portion of this sample was used for
the preliminary analysis of deformation evolution (Nath et
al., 2023) and the characterization of damage variables (Nath
and Cabezudo, 2024).

Building on the preliminary understanding of HDR de-
formation behaviors, the study conducted an in-depth exam-
ination of deformation characteristics and damage variables.
For this purpose, brazilian disc test (BDT) (ASTM D3967-
08, 2008) and the unconfined compressive strength (UCS)
test (ASTM D2938-95, 2017) were performed on a newly
prepared sample derived from the obtained core samples. Table
1 presents the details of the candidate samples.

Petrographic and X-ray diffraction analyses of Utah
FORGE cores reported by Jones et al. (2023) show that the
granitic host rock is composed mainly of plagioclase, K-
feldspar, and quartz, with minor biotite and hornblende. The
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Table 1. HDR tested sample descriptions collected from 16B (78)-32.

No. ggre depth g:rs)tt;dégmple Test type éz)erage dia éz;}rage length grerilight dB:;ls(l tg’ dAg/;:ii?e
(g/em?) (g/lem?)

1 §;§8§;§‘ g:ggg:g' BDT 0.898 0.389 10.509 2.60 2.636

2 2;282;;‘ 2:282:2' BDT 0.99 0.274 9.044 2.61 2.636

3 S:gggé‘ g:ggg:g' ucs 0.989 1.093 36.393 2.64 2.636

4 2:282:;‘ g:ggg:g' ucs 0.99 1.035 34.987 2.68 2.636

HDR sample from
well 16B (78-32)

Coring process using
1-inch dia drill bit

Fig. 2. Step-by-step sample preparation.
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Fig. 3. DIC principle.

average bulk density of 2.60-2.65 g/cm® measured for the
tested samples (Table 1) agrees with this mineral composition
and reflects the crystalline nature of the formation. These
characteristics explain the brittle behavior observed during
uniaxial and diametrical compression tests and confirm that
the tested specimens are representative of in-situ Utah FORGE
material.

Prior to conducting the tests, we dried the samples for 24
h at 30 °C in an oven, in compliance with ASTM guidelines.
After multiple steps for core specimen preparation, a black-
on-white dot speckled pattern was prepared on the front face
of the sample (toward the camera face of DIC system) by
spraying using a skilled hand (Fig. 2).

3. Methods

Samples for BDT and UCS tests

Test sample after
creating spackle

3.1 Fundamentals of 3D-DIC

DIC is a non-destructive technique used to measure de-
formation fields in materials. It captures two-dimensional and
three-dimensional displacement by comparing differences in
gray levels between two digital images of the specimen’s
surface in different states. To determine displacement fields,
DIC compares digital speckle images taken under various load
conditions. The correlation coefficient is calculated through
this method.

In Fig. 3, the coordinates of reference image (x,y) and de-
formed image (x*,y*) are mapped using a correlation function
between the two images, where (p, p*) and (gq,q*) represent
the positions of the same point before and after deformation,
respectively. In this process, u and v describe how each subset
of the image shifts in the x- and y-directions, while the gradient
terms du/dx, du/dy, dv/dx, dv/dy, capture the small strains
and rotations that develop within the rock material. The local
coordinates, Ax and Ay specify the position of each pixel
relative to the center of the subset, allowing the algorithm
to map how different parts of the subset deform. Distortion
factors for the X direction are considered, and the average
gray value of the reference image is denoted as f(x,y), while
the average gray value of the target image is represented as g
(x*,¥*). The correlation is based on comparing these average
gray values between the reference and target images.
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According to Zhang et al. (2012), the correlation coeffi-
cient can be computed using the following expression: This
formulation follows the approach originally proposed by Pan et
al. (2009) and has since been widely adopted in DIC analyses.
The correlation values ranging from -1 (poor match) to 1
(perfect match):
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The smoothness difference can also be used to measure
strain using computer methods. The Langrangian strain equa-
tion (Sutton et al., 2009) is used to figure out the strain in the
displacement gradient:

Horizontal strain:
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3.2 Damage variables estimation from 3D-DIC
strain map

Material degradation under stress is traditionally assessed
by the reduction in load-bearing area. However, DIC offers a
more precise method by analyzing strain distribution on the
surface. DIC estimates damage through the standard deviation
(S) of the principal strain and the maximum strain (Spax) at
the damage location, using specific points aligned with the
fracture path (Chai et al., 2020; Xu et al., 2024).

The damage variable D is calculated as follows:

S
3 (6)
max
Traditionally, damage is defined by the reduction in effec-
tive bearing area:

D:

A
D="¢ (7)
where A, is the defect area, and A is the effective bearing area.
This study modifies the damage variable by introducing the
standard deviation of the principal strain (S), with Spax as the
maximum strain at the damaged area. The standard deviation
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(S) is calculated as:

=,/%Z<Xl~—¥)2 8)
i=1

where n is the number of statistical points, X; is the principal
strain at the i-th point, and X is the average principal strain
along the measurement line. This value is calculated from the
deformation map created by 3D-DIC.

3.3 Calibration of 3D-DIC setup and image
acquisition

The Trilion 3D-DIC system used in this study includes a
pair of FLIR Spinnaker cameras equipped with fixed-focus
lenses, high-intensity blue-light illumination, and a dedicated
data-acquisition computer. The setup captures synchronized
images during rock compression, and all displacement and
strain fields are processed using GOM Correlate software
(Trilion, 2025).

During testing, the specimen fills the entire camera field of
view, and image sequences are recorded continuously using the
Trilion Snap system. The DIC analysis is performed by divid-
ing the surface into small subsets that track how each region
deforms throughout loading. A designated region of interest
on the sample surface is used to extract detailed strain and
displacement information. After the full sequence of images is
collected, GOM Correlate performs the necessary calibration
and computes the corresponding full-field deformation results.

Although only two or three frames are shown for clarity;
the selected images represent the full temporal evolution of
the deformation process. These stages were derived from
analyzing the entire DIC dataset, ensuring that no intermediate
mechanical behavior is omitted. Current study presents only
the frames where distinguishable behavior occur, to avoid
redundancy and maintain figure clarity. The strain field evolved
gradually between these stages and was tracked alongside the
load-displacement data in Figs. 5 and 6. Table 2 provides
a structured summary of the system setup and calibration
parameters based on best practice guidelines and used in our
experiment.

3.4 Testing procedure

The HDR tests were performed on an Instron load frame
under displacement control, with cameras synchronized to
the loading system and the sample surface prepared with
a black-and-white speckle pattern to enable accurate DIC
measurements. The methods follow those outlined by Nath
and Mokhtari (2018) and Aliabadian et al. (2019), Sharafisafa
et al. (2020) and Nath et al. (2023), with DIC principles from
Sutton et al. (2009) and Stirling et al. (2013). Fig. 4 illustrates
the testing procedure.

Experiments were performed under laboratory temperature
and pressure using uniaxial and diametral loading config-
urations to capture the deformation evolution of the HDR
samples. These loading paths mimic the fundamental mechan-
ical response relevant to multistage fracturing in EGS field
settings. Although only two specimens were tested in each
configuration due to limited core availability, both exhibited
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Table 2. System and test parameters.

Parameter Description

Two FLIR Spinnaker cameras, 50 mm fixed-focus lenses, blue-light sources,
System o S

Trilion Snap Image-acquisition System
Camera 3-megapixel CMOS, 1,920 x 1,200 resolution

Capture rate
Software

Subset size

Pixel spacing

Pixel size

Region of interest

Field of view calibration resolution
Compression test frame

Sampling rate

Synchronization

Speckle pattern

10 images per second

GOM Correlate Professional for image processing; Bluehill Universal
software for Instron load testing

~25 pixels

~17 pixels

0.5 mm per pixel

40 mm x 80 mm

< 0.04 um/pixel (after 13 steps)

100 kN Instron, 0.05 mm/min loading rate
10 Hz

Cameras and Instron synchronized

Black-and-white speckles (~1 mm)

Data transfer | Instron 5982 model

Time, s
Displacement, in|
Load, Ibf

-—

Transfer device

Fig. 4. Test set up employing 3D-DIC system.
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Fig. 5. Load-strain curve and DIC visualizations of Geother-
mal specimen during diametrical compression (BDT).
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Fig. 6. Load-strain curve and DIC visualizations of Geother-
mal specimen during Uniaxial Compression (UCS).

consistent fracture orientations, strain-evolution patterns, and
damage-variable trends, demonstrating reproducibility and
minimizing variability related to sample count.

4. Results and analysis

4.1 Load vs. displacement characteristics in
HDR

The preliminary analysis of damage, deformation, and
fracture on HDR sample was conducted by Nath et al. (2023)
and this study expanded by characterizing damage variables
by Nath and Cabezudo (2024).

This research investigates damage and deformation in HDR
samples from Utah FORGE well 16B (78)-32, using load-
strain data from UCS and BDT analyses (Figs. 5 and 6).
Brazilian tests showed pure tensile failure under diametrical
compression, forming linked fractures due to increasing stress.
BDT tests (Fig. 5) revealed failure due to pure tension under
diametrical compression, highlighting the rock failure process
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Fig. 7. Strain evolution (&, &y, and &) during indirect tensile testing (BDT 1).

involving fracture initiation, propagation, interaction, and dam-
age accumulation.

To better understand how the rock responds during uniaxial
compression, the discussion first focuses on how strain begins
to concentrate and how damage gradually builds throughout
loading. As the load increases, the specimen moves through
four recognizable stages: An initial response, a linear-elastic
phase, a transition into elastic-plastic behavior, and finally a
plastic stage where fractures become unstable. Fig. 6 visualizes
this entire progression, showing how early loading triggers
small internal breakdowns and compaction, which slightly
reduce the rock’s volume. With continued loading, these
internal disturbances evolve into visible cracks that grow and
eventually propagate rapidly, leading to unstable fractures and
the final failure of the specimen.

4.2 Damage evolution on the HDR samples
during BDT

A deformation evolution map illustrates the damage char-
acteristics resulting from both diametrical and uniaxial com-
pression using 3D-DIC. The deformation of the HDR sample
is shown progressing in Fig. 7, which also includes shear (&),
vertical (g,y), and horizontal (&) strain maps. A black circle
(horizontal), a white circle (vertical), and a dotted black circle
(shear) represent non-uniform variances.

These strain maps, which illustrate the onset and progres-
sion of fractures leading up to the samples’ ultimate failure
at various time steps (¢1, f), assist in identifying the types of
failure and damage under compression, tension, or shear. Figs.
7 and 8 provide a detailed view of the damage characteristics
under diametrical compression. As the radial load increases,

strain develops along the midline of BDT samples #1 and #2,
with strain accumulating at both ends (represented by black
and white circles). In BDT 1, a straight central fracture begins
to form as strain intensifies, while shear strain growth with
increasing load is indicated by the dotted black circles.

The strain maps clearly show that pure tension is the
primary failure mechanism for HDR samples. The variations
in non-uniform displacement contours in Fig. 7 are likely to
be due to the inherent variability of the HDR samples. In
BDT 2, the diametrical load increases until it reaches the black
circle, which marks the zone of maximum horizontal strain.
As the compressive load continues, shear strain accumulates
at the bottom loading end (dotted black circle), while vertical
strain localizes at both ends (white circle). Fig. 8 further
highlights the central failure pattern resulting from strain
buildup, underscoring the tensile failure of the HDR sample
under diametrical compression.

4.3 Damage evolution during uniaxial
compression

During the UCS test, the HDR sample exhibits a clear
buildup of strain along the vertical axis, accompanied by
fracture growth that tends to follow the specimen’s centerline.
As the load increases, the strain field becomes increasingly
dominated by tensile effects, guiding the direction and shape of
the developing cracks. Figs. 9 and 10 depict this progression,
capturing both the deformation pattern and the evolution of
damage as the specimen approaches failure.

The negative strain (for €, €y, and &,,) values represent
localized compressive zones that naturally develop adjacent to
areas undergoing tensile deformation. This behavior reflects
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Fig. 8. Strain evolution (&, &y, and &) during indirect tensile testing (BDT 2).
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Fig. 10. Strain evolution (&, &y, and &,,) during UCS 2 testing.

the stress redistribution that occurs prior to crack initiation,
where portions of the sample experience lateral confinement
or micro-compaction while neighboring regions accumulate
tensile strain.

These negative strain regions are therefore not mea-
surement artifacts, but a typical feature of mixed tensile-
compressive interactions during the transitional stages leading
up to tensile fracture.

Contrary to traditional assumptions, compression and shear
are not the predominant failure mechanisms. Instead, the
central fractures observed in all rock specimens confirm that
pure tensile failure is the primary mechanism driving rock
deformation under uniaxial compression conditions.

4.4 Damage variables

In rock mechanics, the damage variable quantifies internal
material deterioration under stress. While traditionally esti-
mated by reduced load-bearing area, DIC provides a more
precise method. DIC measures surface strain distribution,
enabling damage variable calculation using the standard de-
viation (§) of the major strain.

To quantify how damage develops within the rock, the
analysis uses a measurement line placed across the DIC strain
map, allowing the calculation of both the strain variability (S)
and the maximum strain (Syax). From these values, the damage
variable is defined as the ratio S/Syax, providing a simple
way to track how strain becomes more uneven as the material
deteriorates. This approach (illustrated in Fig. 11) was applied
to BDT 1, BDT 2, UCS 1, and UCS 2 to examine damage

progression along the ABCD line. The figure summarizes
three key outputs: (a) the evolution of the damage variable,
(b) changes in average maximum strain and strain standard
deviation, and (c) the corresponding spatial distribution of
damage on the DIC strain maps.

The damage variable calculation is organized into four
stages-initial closure, linear elastic response, elastic-plastic
damage, and finally plastic damage-based on how the strain
field evolves in the DIC maps. This phased interpretation helps
clarify the transition from early compaction to the onset of
irreversible deformation. Fig. 12 illustrates this process by
showing how the strain statistics change across these stages.
Similar DIC-based statistical approaches have been used ef-
fectively in previous studies, including Chai et al. (2020) and
Xu et al. (2024), to estimate damage variables with reasonable
accuracy.

The synchronized rise of & max and & sigmq standard
deviation in subfigures (b)-(c) mirrors the continuous increase
in the damage variable shown in (a), confirming that strain
heterogeneity with fracture evolution.

Initial damage progresses to micropore compaction, tran-
sitioning from internal to external changes. Visible damage
occurs after this threshold. Damage variables, shown in Table
3, follow a consistent pattern, with BDT variables exceeding
UCS values. The damage variables derived from DIC are
estimated to be 0.25 £+ 10% for the BDT and 0.3 +20% for
UCS tests. Across all HDR samples, the damage variable
ranges from 0.25 to 0.40, indicating internal microstructural
degradation.
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Fig. 11. Analysis of damage evolution in HDR along the drawn ABCD line-(a) evolution of the damage variable with loading
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Fig. 12. Damage variable analysis along line ABCD for (a) BDT 1, (b) BDT 2, (c) UCS 1, and (d) UCS 2.



Nath, F, et al. Advances in Geo-Energy Research, 2026, 19(2): 118-130

0.45

=4
~
I
t

035 +

<
w

0.25

e
)

0.15

Damage Variable, D (unity)
e

0.05

0.375
1
Oisg 0|75

BDT 1 BDT 2 UCS 1 UCS 2

Fig. 13. Maximum stable damage variables observed in HDR
samples damage variable analysis.

Table 3. Damage variable (D) of HDR during BDT and

UCS.
Type Exx (%) D (unity) Dinax
0.11 0.15
0.15 0.2
BDT 1 021 0.25 0.291
0.24 0.27
6.25 0.25
0.163 0.123
0.191 0.2
BDT 2 0.209 0.27 0.375
0.218 0.35
6.75 0.27
2.5 0.15
UCs 1 378 02 0.258
5.15 0.232
6.25 0.25
2.15 0.15
UCs 2 417 0224 0.275
5.35 0.25
6.75 0.27

The preliminary analysis of damage, deformation, and
fracture in HDR samples was presented by the authors in
Nath et al. (2023). This study was expanded by Nath and
Cabezudo (2024) and further extended through the character-
ization of damage variables.

The maximum stable damage variables for the HDR sam-
ples were determined through the damage-variable analysis,
revealing clear differences between the test configurations. The
highest value (D = 0.375) was observed during the Brazilian
tensile test (BDT 2), largely because this specimen had a
slightly smaller thickness. This reduced thickness led BDT 2 to
develop greater strain concentrations and a more pronounced
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tensile opening compared with BDT 1 under similar loading
conditions. Fig. 13 presents these findings, highlighting how
specimen geometry influences the onset and magnitude of
damage accumulation.

4.5 Fracture pattern and failure mode

To analyze tensile strength variations, fracture patterns
from BDT and UCS tests were examined. Table 4 categorizes
these patterns as central or off-center central fractures. No-
tably, central fractures, observed across all specimens, indicate
that tensile failure, rather than compression or shear, is the
dominant failure mechanism under both uniaxial and diametral
compression.

5. Discussions

5.1 Advanced fracture analysis using 3D-DIC in
HDRs

3D-DIC has proven to be a powerful technique for analyz-
ing the deformation and fracture behavior of HDR formations.
It captures key features such as strain localization, stress
concentration, and fracture initiation and growth. Unlike con-
ventional strain-measurement methods, DIC provides a full-
field, non-contact view of the entire sample surface, allow-
ing direct visualization of crack evolution with high spatial
resolution (Chai et al., 2020). It is important to note that the
predominance of tensile failure observed here arises from low-
confinement, room-temperature laboratory loading. Under in-
situ EGS conditions involving higher confining pressures and
thermal stresses, shear-slip mechanisms are expected to play
a larger role.

Despite its precision, laboratory experiments cannot fully
replicate the subsurface environment, where geothermal for-
mations experience coupled with thermal, mechanical, and
chemical effects (Na et al., 2017; Ma et al., 2018; Nath et
al., 2023). Nevertheless, these controlled conditions provide
valuable insight into the fundamental mechanical processes
that govern deformation under EGS-like stress regimes. The
tensile failure modes observed in this study are consistent with
the low-confinement, room-temperature loading environment
typical of laboratory DIC tests. In contrast, under in-situ EGS
conditions, where higher confining pressure and temperature
exist-slip mechanisms are expected to become more dominant.

5.2 Key considerations for DIC sample
preparation and fracture mapping

Accurate DIC measurements depend strongly on meticu-
lous sample preparation and system calibration. The surface
must be well-polished, uniformly coated with a fine speckle
pattern, and captured with properly aligned cameras to avoid
distortion. Small imperfections can introduce noise, reduce
correlation accuracy, or obscure fracture features (Chai et
al., 2020).

Ideally, a homogeneous and isotropic rock should fracture
symmetrically near the center under compression. However,
the DIC strain maps in this study show deviations from this
ideal behavior. These variations reflect the influence of miner-
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Table 4. Fracture pattern of tested HDR samples.

DIC
Type Fracture pattern schematic
of fracture
Central fracture;
BDT 1 Pure tensile failure ‘g)
Off It U
set central fracture;
BDT 2 tensile failure \ »
ucs 1 Offsvet ceptral fracture;
tensile failure
Central fracture; »
uces 2 Pure tensile failure I l

al heterogeneity and anisotropy, which cause local strain
concentrations and affect crack trajectories (Nath et al., 2023).
Most Utah FORGE HDR samples displayed central tensile
fractures, while one exhibited a slightly off-center failure-
likely due to local mineral variability or microstructural
irregularities. Such heterogeneity is inherent in crystalline
geothermal rocks and must be considered when interpreting
DIC data.

5.3 Mineralogical influence on fracture behavior

X-ray diffraction data from the Utah FORGE core
(LLNL, 2023) reveal a mineralogical assemblage dominated
by plagioclase, K-feldspar, and quartz, with accessory biotite,
titanite, hornblende, apatite, and mixed-layer clays. The me-
chanical contrast between these minerals directly influences
fracture patterns: Feldspars and quartz promote brittle failure,
whereas clay minerals and biotite contribute to ductile defor-
mation and anisotropy (Ma et al., 2018).

This mineralogical interplay explains the mixed fracture
responses captured by DIC, where localized strain accumula-
tions often follow mineral boundaries or cleavage planes. The
observed patterns align with earlier studies on heterogeneous
rocks, where fracture propagation was guided by mineral
composition and grain-boundary interactions (Na et al., 2017;
Nath et al., 2023). Understanding these microscale controls
is essential for linking mineralogy to macroscopic damage
evolution in HDR systems.

5.4 Environmental and engineering implications
for geothermal applications

In real geothermal reservoirs, multiple environmental and
operational factors influence fracture behavior and long-term
performance. These include:

1) Thermal expansion and contraction under high-pressure,
high-temperature conditions, which induce cyclic stress
variations and accelerate crack propagation.

2) Reactive transport within pore spaces, where mineral dis-
solution and precipitation continuously alter permeability
and fracture connectivity (Na et al., 2017).
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3) Chemical-mechanical coupling, where injected fluids
weaken mineral bonds and promote fracture linkage but
can also cause secondary mineralization and sealing over
time (Ma et al., 2018).

The interaction of these processes dictates reservoir evolu-
tion in EGS. While the present laboratory study isolates the
mechanical component of deformation, it provides a foun-
dational understanding of tensile-dominated fracture devel-
opment. Future research should integrate thermal, mechani-
cal, and chemical coupling, temperature-dependent tests, and
cyclic loading analyses to simulate in-situ conditions more
accurately.

A comprehensive understanding of long-term fracture sta-
bility, permeability evolution, and fluid-rock interactions will
be essential for optimizing stimulation design and sustaining
efficient geothermal energy extraction.

6. Conclusions

This study utilized 3D-DIC to investigate the deformation
and damage evolution of HDR formations from the Utah
FORGE site. The full-field, non-contact imaging capability
of 3D-DIC enabled precise tracking of strain localization,
fracture propagation, and microstructural degradation during
loading. This optical approach provides a robust framework
for evaluating fracture mechanics in geothermal materials and
supports the development of predictive tools for EGS. Key
findings are summarized as follows:

1) Damage Evolution Stages: Four sequential stages of
deformation were identified-initial, linear elastic, elastic-
plastic, and plastic damage. This progression confirms
that HDR failure occurs in discrete steps, transitioning
from stable deformation to unstable fracture growth.

2) Fracture Mechanisms: Experimental evidence shows that
tensile failure dominates both uniaxial and diametral
compression conditions. Central and near-central frac-
tures in all specimens reveal that tension, rather than
compression or shear, governs the primary deformation
mode.

3) Damage Variable Quantification: Damage variables de-
rived from 3D-DIC strain fields were estimated at 0.25+
10% for BDT and 0.30+20% for UCS tests. Across all
HDR samples, values between 0.25 and 0.40 indicate
progressive internal degradation and confirm the sensi-
tivity of DIC-based metrics for tracking microstructural
damage.

These results advance the understanding of fracture me-
chanics in HDR systems and highlight 3D-DIC as an effective
diagnostic tool for quantifying rock integrity under stress.
By linking laboratory-scale optical measurements with macro-
scopic damage variables, this work lays the groundwork for
physics-informed predictive modeling and improved geother-
mal reservoir management.

Future research should extend this framework to incorpo-
rate temperature-dependent deformation, cyclic loading, and
chemical-mechanical coupling to better approximate in-situ
EGS conditions. Integrating DIC data with geomechanical
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simulations will further enhance the predictive capacity of
damage-based models, ultimately guiding safer and more
efficient geothermal energy extraction strategies.
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