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Abstract

Conventional Diagnostic Fracture Injection Tests (DFITs) are widely used for formation
pressure estimation, but in practice, they frequently require days, weeks, or even months
of extended shut-in periods, a challenge particularly pronounced when large injection
volumes are coupled with ultra-low formation permeability. While recent studies have
proposed various modified DFIT approaches to reduce testing time, direct physical valida-
tion confirming the reliability of the derived formation pressure estimates remains scarce
in the literature. This study applies a low-rate/volume injection mini-frac approach that
integrates flow regime identification and Horner analysis. Two complementary field cases
are presented: a standard DFIT in a shale reservoir to validate the baseline methodology,
and a low-volume mini-frac in a tight granite formation to demonstrate rapid estimation.
Results show that low-volume injections exhibit a flow regime evolution identical to stan-
dard DFITs, yet this approach is expected to accelerate the transition to the pseudo-radial
flow regime. To verify the reliability of formation pressure estimates derived from such
methods, the formation pressure estimated in the low-rate/volume injection mini-frac case
was benchmarked against a decade of continuous downhole fluid pressure monitoring
data from the same well, yielding a relative error of less than 5%. The findings suggest
that employing a lower injection rate and volume can improve formation pressure testing
efficiency, with potential applications in unconventional hydrocarbon development and
deep geo-energy engineering.

Keywords: formation pressure; geo-energy; flow regime identification; Horner time;
mini-frac test; pseudo-radial flow

1. Introduction

Pore pressure represents the fluid pressure within the pore spaces of porous rocks.
Since the mid-1960s, when abnormally high pore pressure (overpressure) was encountered
in U.S. drilling operations, the phenomenon has drawn extensive attention across the
rock mechanics and structural geology communities [1,2]. Accurately determining pore
pressure is a prerequisite for safe and economic hydrocarbon exploration and develop-
ment. In unconventional reservoirs, overpressure typically signals favorable preservation
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conditions and is critical for identifying sweet spots [3-5]. During reservoir stimulation,
pore pressure directly dictates the effective stress state and fracture pressure gradient,
making it a core parameter for optimizing volume fracturing designs and fracture network
morphology [6]. Furthermore, in deep fluid injection and extraction projects—such as
geothermal energy extraction and underground gas storage—formation stability is closely
tied to the pore pressure state. Fluid injection increases pore pressure and reduces effective
normal stress, thereby elevating the risk of fault shear instability. Consequently, accurate
pore pressure data is essential for defining safe operating windows and assessing induced
seismicity risks [7-9]. Therefore, rapidly and accurately determining pore pressure is of
great engineering and practical importance.

Current strategies for constraining formation/pore pressure can be grouped into
two complementary paradigms: prediction and in situ measurement. Prediction infers pore
pressure from seismic and logging observables (e.g., velocity, resistivity, and acoustic transit
time) through empirical compaction trends or rock-physics relationships, offering cost-
effective, spatially extensive characterization that supports early-stage risk screening and
well design [10-13]. Nevertheless, such predictions are intrinsically assumption-sensitive
and may incur systematic bias where lithologic heterogeneity, diagenetic overprint, un-
loading, compartmentalization, or mixed overpressure mechanisms invalidate a single
transferable trend. In contrast, the mini-frac is a widely used in situ method for determin-
ing in situ stress, formation pressure, and permeability [14]. As a direct observation of
formation seepage characteristics, mini-frac results are generally considered highly reliable.
Early work by Nolte established the G-function analysis based on the Carter leak-off model,
laying the theoretical foundation for inverting fracture geometry and closure pressure
from falloff data [15]. Determining formation pressure, however, requires analyzing the
pressure falloff after the fracture has completely closed. Soliman and Craig and Blasingame
integrated Pressure Transient Analysis (PTA) into After-Closure Analysis (ACA), revealing
that post-closure pressure decay is governed by the transient seepage mechanisms of the
porous media [16-19]. This framework enables the estimation of formation pressure by
identifying the transition from linear to pseudo-radial flow and extrapolating pressure data
to infinite time using Horner or superposition time functions [20-23].

Nevertheless, the practical application of this technology is constrained by two main
factors. First, rigorous validation of these formation pressure estimates against independent,
long-term monitoring data remains scarce in the literature. Second, injecting large fluid
volumes at high rates creates a large radius of investigation. This necessitates extended shut-
in periods for pressure diffusion and re-equilibration. In practice, these periods often span
days, weeks, or even months, resulting in significant operational inefficiency, particularly
in unconventional reservoirs. These limitations have hindered broader adoption of the
technology, raising the critical question of whether reducing volume compromises the
fidelity of the inferred formation pressure. Consequently, recent studies have increasingly
focused on optimizing test designs and improving interpretation models to overcome these
practical constraints [24,25].

This study applies a low-volume mini-frac approach for efficient formation pressure
estimation. The paper first details the testing procedures and the theoretical basis of flow
regime identification and Horner analysis. The methodology is then validated through
two complementary field cases: a standard DFIT in a shale reservoir (Case 1) to establish the
baseline, and a low-volume mini-frac in a tight granite formation (Case 2) to demonstrate
rapid estimation. Notably, the estimation results are rigorously verified against a decade of
continuous monitoring data. The applicability and future optimization directions of this
approach are then systematically discussed, offering a practical reference for implementing
low-volume formation pressure testing in field operations.
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2. Methods and Procedures
2.1. Brief of Mini-Frac Test

Hydraulic fracturing tests with limited fluid volumes are collectively known as mini-
frac tests—a diagnostic category distinct from large-scale reservoir stimulation. Among
these, the Diagnostic Fracture Injection Test (DFIT) is a conventional method typically
performed with a single injection at relatively high rates (300-1500 L/min) [26]. In contrast,
the mini-frac test in Case 2 of this study employed a strictly limited fluid volume and
a significantly lower rate (10-100 L/min) to initiate only micro-fractures. Even so, the
resulting fractures should extend to a distance of at least 3-5 borehole radii, which is
sufficient to penetrate beyond the stress-altered near-wellbore zone. Following a brief
shut-in period to allow for natural pressure decay, pumping was resumed to reopen the
fractures. This injection/shut-in sequence was cycled to record the breakdown pressure
during the initial cycle and reopening pressures in subsequent cycles [14]. The theoretical
pressure response curve is illustrated in Figure 1. Crucially, this study extended the shut-in
duration of the last reopening cycle. Downhole memory gauges were deployed to capture
a complete dataset of pressure falloff, spanning both pre- and post-closure periods, for
flow regime identification. By isolating falloff data corresponding to specific flow regimes,
formation pressure parameters were estimated through regression analysis against the
appropriate time functions and subsequent extrapolation [16,19].
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Figure 1. The idealized curve in mini-frac tests shows the interval pressure (P) and surface injection
flow rate (Q) during the initial fracturing and subsequent refrac cycles. The curve is divided into
three distinct phases: Pressurization (Injection), Shut-in (Pressure decay due to leak-off), and Vent,
each highlighted by different background colors to differentiate the stages. The interval pressures
indicated are those at breakdown pressure (P,), re-opening pressure (P,), and closure pressure (P;).
The extended shut-in curve from the last reopening cycle is utilized for flow regime identification.

2.2. Flow Regime Identification

Fundamentally, pressure falloff data recorded during the shut-in period reflect the
fluid seepage process within the formation. As illustrated in Figure 2, distinct slope
characteristics observed on flow regime identification plots correspond to specific fluid flow
states occurring at different stages. Accurate identification of the flow regimes governing
the pressure falloff is a critical component of DFIT data analysis, serving as the basis for all
subsequent quantitative estimations of formation and fracture parameters [18]. This study
applies flow regime identification techniques derived from PTA to pressure falloff data
acquired during extended shut-in periods to analyze the distinct flow stages throughout
the pressure decline process.
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Figure 2. Theoretical framework of after-closure flow regime analysis. Schematic representations
of fluid seepage states at different stages: formation linear flow, and pseudo-radial flow. The
corresponding theoretical flow regime identification curves on log-log coordinates. The blue curve
represents the pressure change (AP) with respect to shut-in time. The red curve represents the
semilog derivative of pressure with respect to shut-in time, highlighting distinct flow regimes based
on slope characteristics: the +1/2 slope typically indicates fracture closure (although its signature
may not always be evident), the —1/2 slope corresponds to formation linear flow, and the —1 slope
corresponds to pseudo-radial flow. Crucially, this final regime provides the reliable pressure falloff
data necessary for accurate formation pressure estimation.

The theoretical basis for flow regime identification lies in the fact that different flow
regimes exhibit distinct pressure and pressure derivative characteristics on log-log plots.
The pressure derivative is highly sensitive to changes in flow conditions; consequently, its
shape serves as the decisive criterion for flow regime identification [26,27].

Equations (1) and (2) describe the relationship between pressure change and time for
the formation linear flow and pseudo-radial flow regimes, respectively [16]. The detailed
derivations are provided in Appendix A.

_ Vi H -1/2
AP(t) = 24, /T@Ct ot (1)

Vinjph
AP(t) = 4;’;;{}1 N 2)

where AP is the formation pressure change; Vj,; is the injected volume; Ay is the fracture

surface area; t is the natural time; k is the permeability; ¢ is the porosity; u is the fluid
viscosity; c; is the total compressibility; and & denotes the effective formation thickness.
A comparison of these two equations reveals that once the formation fluid enters the
pseudo-radial flow regime, the pressure change becomes independent of the hydraulic
fracture scale. Consequently, it is theoretically feasible to estimate formation pressure using
post-closure falloff data derived from micro-fractures created during mini-frac tests.

2.3. Formation Pressure Estimation Method

Accurately estimating formation pressure using post-shut-in falloff data is a critical
component of ACA. This step is essential for calculating reservoir permeability, assess-
ing stress states, and optimizing fracturing designs [18]. Among various interpretation
methods, the Horner analysis is widely regarded as reliable [20].

This approach estimates formation pressure by extrapolating pressure falloff data
against Horner time [16,21]. Its reliable application requires that the analyzed data fall
within a well-developed infinite-acting pseudo-radial flow regime, which is the key implicit
assumption of the Horner method. Two fundamental prerequisites must therefore be
satisfied: first, the pressure response must exhibit a sufficiently developed pseudo-radial

https:/ /doi.org/10.3390/en19102434


https://doi.org/10.3390/en19102434

Energies 2026, 19, 2434

50f 16

flow behavior; second, the selected analysis interval should not be significantly affected by
boundary effects, wellbore storage, leakoff, or other non-reservoir factors.
The method correlates the falloff data with a dimensionless time function, Horner

time (T},), defined as:
_ tpt+ At
Y

where tp is the injection time and At is the shut-in time.

T

)

In a Horner plot, bottomhole pressure is plotted on a Cartesian y-axis against Horner
time on a logarithmic x-axis. The pseudo-radial flow regime appears as a distinct linear
segment, whose slope is directly proportional to the formation flow capacity. Extrapolating
this linear trend to T}, = 1—which corresponds to infinite shut-in time (At — c0), yields
the estimated formation pressure at the y-intercept. This point represents the condition
when all injection-induced pressure perturbations have fully dissipated and formation
pressure has returned to its initial, equilibrium state.

3. Field Case Studies

This section presents two field applications. Case 1 demonstrates the application of
flow regime theory in a standard DFIT context within a shale reservoir, establishing the
baseline evolution of post-closure flow regimes under conventional operational parameters.
Building upon this established reference, Case 2 illustrates a low-rate/volume injection
mini-frac in a granite formation, where long-term monitoring data serve as a benchmark
for method validation.

The operational configurations for both cases are detailed in Table 1. Case 1 was
conducted in a cased horizontal interval within a shale formation at a depth of 2528 m. A
fracturing unit injected approximately 5 m? of clear water at a rate of 500 L/min for 10 min.
Pressure variations throughout the test were recorded by a wellhead pressure gauge with a
sampling frequency of 1 Hz. Case 2 involved an open-hole vertical interval in a granite
formation at a depth of 625 m. A surface plunger pump was utilized to inject roughly
0.018 m3 of clear water at a rate of 18 L/min for a duration of 1 min. High-frequency
pressure data were recorded at 1 Hz using both wellhead and downhole gauges to monitor
the full pressure history.

Table 1. Test configurations for the field cases.

Parameter Case 1 Case 2
Test depth (m) 4580 (TVD = 2528) 625
Lithology Shale Granite
Completion method Cased hole Open hole
Wellbore geometry Horizontal Vertical
Wellbore diameter 139.7 mm 76 mm
Injection fluid Clear water Clear water
Injection rate (L/min) ~500 ~18
Injection duration (min) ~10 ~1
Sampling frequency (Hz) 1 1
3.1. Case 1

In the evaluation of unconventional resources, the DFIT is extensively applied for
formation parameter inversion. Case 1 involves a horizontal well deployed in a typical
shale gas reservoir. A DFIT was conducted on this well to determine formation pressure and
other formation parameters, optimize the fracturing and gas testing design, and provide a
reliable basis for productivity evaluation.
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The test interval was located at the toe of the horizontal section and isolated using
a toe sliding sleeve system, with a wellhead pressure gauge installed to record pressure
variations. Using a toe valve is considered the best practice for DFITs, as it ensures the
test is conducted on a formation with no prior injection history. This precludes the risk of
injecting into a previously created fracture, which would otherwise distort the geometry
of the pressure transient. During the test, a fracturing unit injected clear water at a rate of
500 L/min until formation breakdown occurred. Injection continued for several minutes
before the well was shut in for an extended period to acquire pressure falloff data reflecting
reservoir transient behavior. Figure 3 illustrates the DFIT curve for Case 1, which had a
shut-in duration of approximately 427 h.

50 F;

m=  Wellhead pressure

Pressure (MPa)

0 1 1 1 I 1 1 1 1
0 50 100 150 200 250 300 350 400

Time (h)

Figure 3. Wellhead pressure response curve of DFIT for Case 1.

Subsequently, flow regime identification was performed on the pressure falloff data
to characterize the typical evolution of flow regimes during the DFIT. The corresponding
log-log diagnostic plot is presented in Figure 4.
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Figure 4. Flow regime identification analysis of Case 1 pressure falloff data. The red curve represents
the pressure derivative, the blue curve depicts the delta-pressure and the grey curve illustrates the
raw pressure falloff profile following shut-in.

To mitigate the severe noise often observed in late-time pressure derivatives calculated
via simple differentiation, the Bourdet derivative algorithm—a standard technique in PTA
as described in Appendix B—was applied to generate the diagnostic curves. The analysis
identifies the emergence of fracture linear flow approximately 74.8 h after shut-in, with the
transition to pseudo-radial flow occurring at roughly 213 h.

https:/ /doi.org/10.3390/en19102434
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Analysis of the Case 1 data reveals a characteristic evolution of flow regimes following
pump shut-in. Although the initial +1/2 slope phase signifying fracture linear flow is
subtle, the derivative slope shifts to negative values as the pressure transient propagates
into the far field, clearly exhibiting a distinct —1/2 slope characteristic of formation linear
flow before eventually evolving into the —1 slope of pseudo-radial flow.

Consequently, the pressure falloff data corresponding to the pseudo-radial flow regime
were isolated and regressed against Horner time, as shown in Figure 5.
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Figure 5. Regression and extrapolation of pseudo-radial flow pressure falloff data against Horner
time for Case 1.

The hydrostatic pressure (Py) of the static fluid column is determined by P, = p,gh,
where py, is the density of the injected clear water (1000 kg/m?), ¢ is the gravitational
acceleration (10 m/s?), and / is the true vertical depth of the test interval (2528 m). Applying
these parameters results in a hydrostatic pressure of 25.28 MPa, Consequently, summing
the extrapolated surface pressure (18.86 MPa) and the hydrostatic pressure (25.28 MPa)
yields a formation pressure of 44.14 MPa.

The conversion from wellhead pressure to bottomhole pressure can be influenced by
friction losses, hydrostatic effects, thermal effects, and wellbore-related transient distor-
tion. Friction-related effects are dynamic and dissipate rapidly after shut-in as the flow rate
approaches zero [14,24]. Wellbore storage mainly distorts the early-time pressure response
and is generally reduced before the late-time pseudo-radial flow regime is established [28,29].
For the hydrostatic correction, elevated downhole pressure compresses the wellbore fluid,
increases its density, and may lead to a slight underestimation of bottomhole and formation
pressure if a constant surface density is assumed. In contrast, geothermal heating thermally
expands the fluid, reduces its density, and may result in a marginal overestimation. Because
pressure compression and thermal expansion affect fluid density in opposite directions,
their effects may partially offset each other.

Therefore, these complex factors are expected to exert only a limited influence on the
conversion from wellhead pressure to bottomhole pressure. When a refined formation
pressure estimate is required, the net correction should be quantified using downhole
pressure-temperature profiles, with the pressure- and temperature-dependent fluid density
evaluated from the fluid compressibility and volumetric thermal expansion coefficient.

3.2. Case 2

Case 2 involves an experimental open-hole vertical well located in an area character-
ized by simple geological structure and flat terrain. The rock mass consists of homogeneous,
intact granite [30]. The test interval depth was determined through a comprehensive analy-
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sis of core samples and ultrasonic imaging logs to strictly avoid intersecting pre-existing
natural fractures.

Building on the flow regime theory validated in Case 1, a mini-frac test was performed
on this well to obtain in situ pressure falloff data for ACA. The test interval was isolated
using an open-hole straddle packer system with a 1.5 m spacing. Clear water was used
as the fracturing fluid, while both downhole memory gauges and surface gauges were
installed to continuously monitor pressure. The formation was broken down using a low-
rate/volume injection strategy. After completing several injection-falloff cycles, the well
underwent an extended shut-in period to acquire data reflecting the formation’s transient
behavior. Data processing follows the same methodology as DFITs: flow regimes are
identified via log-log diagnostic plots, the pseudo-radial flow phase is isolated, and Horner
analysis is applied to regress and extrapolate the data to estimate formation pressure.
Figure 6 displays the injection-falloff profile for the last reopening cycle, which included a
shut-in duration of approximately 4 h.

20 === Bottomhole pressure
18 H
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Figure 6. Bottomhole pressure response curve of last reopening cycle for Case 2.

Pressure falloff data acquired during the extended shut-in period were analyzed to
identify flow regimes, as shown in Figure 7.
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Figure 7. Flow regime identification analysis of the pressure falloff data from the last reopening cycle
in Case 2. The red curve represents the pressure derivative, the blue curve depicts the delta-pressure
and the grey curve illustrates the raw pressure falloff profile following shut-in.

As indicated by the diagnostic plot, the post-closure flow regime evolution for the
low-rate/volume injection mini-frac is identical to that of a standard DFIT. Both are charac-
terized by an initial formation linear flow with a slope of —1/2, followed by a transition to
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pseudo-radial flow with a slope of —1 during the late pressure falloff stage. The log-log
diagnostic plot indicates the onset of formation linear flow approximately 0.6 h after shut-in,
followed by a transition to pseudo-radial flow at roughly 2 h.

Subsequently, the pressure falloff data within the pseudo-radial flow regime—
identified via the flow regime analysis—were isolated and regressed against Horner time.
Extrapolating the fitted line yielded a formation pressure of 6.23 MPa, as shown in Figure 8.
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Figure 8. Regression and extrapolation of pseudo-radial flow pressure falloff data against Horner
time for the last reopening cycle of Case 2.

Continuous monitoring over the past decade shows that the static water level in
this borehole exhibits minimal fluctuation, indicating stable regional hydrogeological
conditions (Figure 9). Given this stability and interpreting the local aquifer as a well-
connected confined system, the initial formation pressure at the test interval can be reliably
calculated as the hydrostatic pressure corresponding to this static water level. Consequently,
the estimated formation pressure of 6.23 MPa aligns closely with this benchmark value of
6.10 MPa, corresponding to a relative deviation of approximately 2.13%, which is within 5%.

15.5 6.14
° =
N I -2 __ P PP
15.0 L ¢ " e 613 &
b
ol

145 |- @  Static Water Level - 6.12

=== Mean SWL (15.0 m)
A Hydrostatic Pressure
14.0 [ === Mean Pressure (6.10 MPa) { ¢ ||

g=10m/s*

Static Water Level (m)

Hydrostatic Pressure at 6

13.5 -‘.___A__.A.__A__.‘___‘__r_.A,_-A---A-——r 6.10

L L L L L 6.09
2016 2018 2020 2022 2024

Year

Figure 9. Decade-long variation history of static water level and the corresponding baseline formation
pressure (equivalent hydrostatic pressure) at the test depth of 625 m for Case 2. The dashed lines
represent the mean values over the monitoring period (Mean SWL = 15.0 m; Mean Pressure = 6.10 MPa).

Direct benchmarking of DFIT-derived formation pressure estimates against long-
term, independent monitoring data from the same well remains scarce in the literature.
Published results indicate that when DFIT data do not reach a clean after-closure impulse
signature, approximate pore pressure estimates derived from truncated data can carry
uncertainties on the order of £600 psi (+4.14 MPa), as reported by McClure et al. [31]
from a statistical analysis of 62 DFITs across nine shale plays. By contrast, the close
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agreement obtained in Case 2 (relative error of 2.13%, corresponding to ~0.13 MPa) reflects
the rigorous identification of pseudo-radial flow prior to Horner extrapolation and the use
of high-precision downhole memory gauges, both of which minimize potential sources of
systematic bias.

To evaluate the sensitivity of the Horner extrapolation to the choice of data interval
within the pseudo-radial flow regime, the analysis was repeated using three progressively
truncated data segments, with cutoff pressures of 6.85 MPa, 6.72 MPa, and 6.67 MPa,
respectively (i.e., the initial pressures of the pseudo-radial flow intervals; see Figure 7).
The corresponding Horner-extrapolated formation pressures are 6.24 MPa, 6.23 MPa,
and 6.23 MPa, respectively. The maximum variation among these estimates is 0.01 MPa,
confirming that the pore-pressure estimate is insensitive to the specific selection of data
points within the identified pseudo-radial flow window.

4. Discussion

The estimation of formation/pore pressure via the low-rate/volume injection mini-frac
technique discussed in this study essentially applies pressure transient analysis (PTA) to
falloff data acquired from the last reopening cycle. The time required to reach pseudo-radial
flow is governed depends on both test design parameters and intrinsic formation properties.
Regarding test design, Equation (2) indicates that the required shut-in time scales positively
with injected volume (f,44i01 & Viyj); a significantly reduced injection volume therefore accel-
erates pressure equilibration and minimizes the pressure perturbation radius. Regarding
formation properties, hydraulic diffusivity—governed by permeability, porosity, and sys-
tem compressibility—dictates the intrinsic pressure diffusion rate. In Case 2, pseudo-radial
flow emerged within approximately 2 h, demonstrating the rapid equilibration achievable
with minimal injection volume in the tested tight granite formation.

The two field cases serve distinct, non-comparative functions. Case 1 validates the
fundamental flow-regime identification and Horner analysis methodology in an ultra-low
permeability shale under standard DFIT conditions. Case 2 provides an independent
demonstration that a low-volume injection test in tight granite can yield a reliable forma-
tion pressure estimate within a short timeframe—a result corroborated by decade-long
monitoring data.

The theoretical basis of this methodology rests on the porous-media diffusion equation
and therefore extends, in principle, to other permeable lithologies. A clear limitation,
however, is that the present study relies on two cases that differ substantially in lithology,
depth, permeability, and wellbore configuration. Consequently, the rapid equilibration
observed in Case 2 cannot be directly compared with Case 1 to isolate the independent
effect of injection volume. Systematic validation incorporating a broader statistical sample
under strictly controlled, single-variable experimental designs is needed to quantitatively
decouple the individual contributions of injection volume and specific formation properties.

In field applications, however, the hydraulic fractures created by low-rate/volume
injection tests are significantly smaller in scale than those in standard DFITs. This renders
the +1/2 slope line characteristic of fracture linear flow much less distinct on the pressure
derivative curve compared to DFITs. To address this, we recommend using G-function
analysis and the recently proposed Total System Stiffness (TSS) method to rigorously iden-
tify the closure pressure and closure time [32-36]. Published studies indicate that in some
cases flow-regime diagnostics may identify a “false radial” signature—i.e., one that does
not correspond to genuine radial flow [28,37]. This approach ensures data used for Horner
plotting comes strictly from the after-closure phase. The small injection volume restricts the
pressure perturbation radius within the homogeneous, intact granite formation, thereby
maintaining an infinite-acting flow regime. The close agreement between the estimated
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formation pressure and the independent decade-long monitoring benchmark confirms
that the 4 h shut-in duration did not introduce systematic bias into the extrapolation. Fur-
thermore, high-quality pressure falloff data are essential for accurately identifying flow
regimes and obtaining reliable interpretation results. During data processing, the Bourdet
derivative algorithm was employed to effectively suppress the data fluctuations induced
by numerical differentiation.

5. Conclusions

Post-closure pressure falloff data derived from micro-fractures created by low-
rate/volume injection exhibit flow regime evolution characteristics consistent with those
observed in standard DFITs. Specifically, the flow regime progresses from formation linear
flow to pseudo-radial flow.

Estimating formation pressure using pressure falloff data acquired from the last
reopening cycle of a low-rate/volume injection mini-frac is both theoretically and practically
feasible. Provided that the falloff data display distinct pseudo-radial flow characteristics
after fracture closure on the log-log diagnostic plot, reliable formation pressure parameters
can be obtained by regressing the data from the pseudo-radial flow regime against the
Horner time function and extrapolating the trend.

Field measurements from scientific boreholes demonstrate that the formation pressure
estimated using this method is consistent with baseline values, yielding a relative error of
less than 5%. This indicates practical utility regarding testing time and diagnostic accuracy.
Although the current validation is restricted to granite, the methodology is fundamentally
based on porous media diffusion theory, suggesting applicability in other low-permeability
formations, including shale, sandstone, and limestone. Conversely, this method is less
suitable for high-permeability formations. The challenge in such formations lies not only
in the need for substantially higher injection rates or volumes, but more importantly in
the fact that rapid pressure dissipation generally prevents objective identification of flow
regimes during pressure transient analysis.
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Abbreviations

The following abbreviations are used in this manuscript:

DFIT  Diagnostic Fracture Injection Test
PTA  Pressure Transient Analysis
ACA  After-Closure Analysis

SWL  Static Water Level

TSS  Total System Stiffness

Appendix A

If the wellbore and hydraulic fracture are modeled as a single, connected system,
the flow of formation fluid through the porous medium is described by the diffusion
equation [38]. For a homogeneous, isotropic formation containing a slightly compressible
fluid, this governing equation takes the form:

V2p = 1oP (A1)
n ot
where 7 represents the hydraulic diffusivity, defined as:
k
=— A2
1= e (A2)

During the early post-closure period, the propagation distance of the pressure transient
is significantly smaller than the fracture length. At this stage, the fracture behaves as an
infinite plane relative to the fluid in its vicinity, resulting in flow that is predominantly
perpendicular to the fracture face (defined here as the x-direction) [15]. Consequently, the
governing equation reduces to a one-dimensional form:

P _19P
— === A3
9x2  n ot (A3)

According to the theory of partial differential equations [39], the fundamental solution
for an instantaneous plane source of strength released at x = 0 and time ¢ = 0 within an
infinite medium is expressed as:

S 22
AP(t) = P2 oy — 2 (A4)
2\/myt 4nt

where Sy, represents the plane source strength, related to the volume of fluid injected per

unit fracture area, defined as:

Vinj /A f
pct

For the bottomhole pressure response at the fracture face (as x approaches 0), the

S plane — (A5)

exponential term exp(0) approaches 1. Substituting the source strength S, and the
diffusivity 7 into the equation, and consolidating the constant terms, the solution for
bottomhole pressure is obtained as:

‘/in/' U . t*l/Z (A6)

AP(t) - ZAf 7Tk47Ct

As evident from the above equation, during the linear flow regime, the pressure
change is inversely proportional to the square root of time:

AP(t) o t71/2 (A7)
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As time progresses and the pressure transient propagates into the far field, the influ-
ence of fracture geometry becomes negligible. The fracture effectively degenerates into a
line source aligned with the wellbore axis, and the flow evolves into pseudo-radial flow
centered on the wellbore [16,17]. In a cylindrical coordinate system, neglecting vertical
flow, the diffusion equation is expressed as:

10/ dP 10P
r or (r or ) n ot (A8)

In an infinite formation, the fundamental solution for an instantaneous line source
released at » = 0 and time t = 0 is given by:

Sline r
AP(t) = 4m7texp " (A9)

where Sj;;,, represents the line source strength, defined as:
Vinilh
Sine = o0 (A10)

For bottomhole pressure measurement, where r is extremely small (r — 0 or r = ry,

where 7 is the radial distance and r, is the wellbore radius), when time t becomes sufficiently
large, the term exp(—r?/4yt) = 1, yielding:

Ve .
AP(t) = Yinjlt i1

"~ 47tkh (A11)

This indicates that during the pseudo-radial flow regime, the pressure change becomes
independent of fracture parameters and is inversely proportional to time:

AP(t) < t71 (A12)
The impulse solution for the pseudo-radial flow regime can be written as:
AP(t) = Cpt ! (A13)
Similarly, the linear-flow impulse solution can be written as:
AP(t) = Gt~ 1/2 (A14)
The derivatives with respect to t are written for after-closure pseudo-radial flow as:

_9aP() _ Cit2 (A15)
ot
for after-closure linear flow as:

_OAP(t) _ Ciy s
a2

(Al6)
The semi-logarithmic derivatives are calculated by multiplying the post-shut-in pres-

sure derivatives by time ¢. Table A1l presents the derivative terms and characteristic slopes
for each flow regime.
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Table Al. Derivative terms and characteristic slopes for various flow regimes.

Flow Regime Semilog Derivative Characteristic Slope
; OAP(t) _ Ci,—1/2 _
linear — 55 = St / 1/2
: ) —
pseudo-radial _t%(t) = Cpt~1 —1
Appendix B

In this study, the processing of pressure falloff data employs the differentiation algo-
rithm proposed by Bourdet [40]. This algorithm computes the pressure derivative at any
point i using a weighted mean of the slopes from adjacent data points:

Atd—p _(_dp _(dp\ _ (Ap1/AX1)AXs + (Apa/AXp)AXy (A17)

where X is explicitly defined as the natural logarithm of the elapsed shut-in time (X = InAt).
The variables Ap; and Ap, represent the pressure differences between point i and the
selected preceding (Point 1) and succeeding (Point 2) points, respectively, while AX; and
AX; denote the corresponding intervals in the logarithmic time domain.

To suppress noise, Points 1 and 2 are not necessarily the immediately adjacent data
records. Instead, the algorithm searches backward and forward from point i to select
the first points that satisfy a predefined minimum differentiation window, defined as the
smoothing parameter L (i.e., AX; > Land AXp > L).

The parameter L (practically ranging from 0 to 0.5) dictates the trade-off between noise
suppression and signal fidelity. A smaller L preserves the original characteristics of the
curve, whereas a larger L yields a relatively smoother profile. To optimize this balance for
the specific signal characteristics of each dataset, L is set to 0.5 for Case 1 and 0.1 for Case 2

in this study.
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