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Abstract

Prolonged water injection in unconsolidated sandstone reservoirs can induce pore rear-
rangement and modify flow pathways, thereby affecting reservoir performance. However,
quantitative characterization of pore evolution in both temporal and spatial dimensions
remains limited. This study investigates the mechanisms of pore-structure evolution dur-
ing extended injection through a series of multi-scale experiments. Scanning electron
microscopy and X-ray diffraction analyses were employed to compare mineral composition
and microstructural characteristics before and after injection, while in situ nuclear magnetic
resonance (NMR) monitoring captured the dynamic evolution process, enabling pore-size
classification from T2 spectra and fractal assessment of structural complexity. Segmented
NMR measurements at different distances further resolved spatial heterogeneity. The
results show that prolonged water injection reduced permeability by 10.4–32.1%, whereas
porosity exhibited only minor variation, indicating that the decline in flow capacity is
primarily controlled by pore–throat structural adjustment rather than pore volume loss.
Mineralogical redistribution and fine-particle migration decreased the median pore radius
by 21.5–51.8% and the micropore fractal dimension by 23.8–76.5%, with stronger responses
observed at higher permeabilities, while meso- and macropore fractal dimensions remained
nearly unchanged, indicating preferential modification of micropores with preservation
of the main connected flow framework. Consistently, NMR responses reveal pronounced
spatial heterogeneity along the flow direction. The NMR signal changes at the injection
end were 11.2–18.4% and 7.7–21.7% during the early and intermediate stages, respectively,
both exceeding those at the distal end (2.9–12.4% and 1.9–17.1%). These results indicate
a downstream-attenuating structural modification gradient. The findings provide new
insights into pore-structure evolution during prolonged water injection and offer a scientific
basis for optimizing water-injection strategies in unconsolidated sandstone reservoirs.

Keywords: fractal theory; hydrocarbon reservoirs; unconsolidated sandstone; prolonged
water injection; pore structure evolution

1. Introduction
As major reservoirs for hydrocarbon storage, unconsolidated sandstones are of great

economic value and engineering relevance in oil and gas exploitation [1–4]. Water injection,
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a conventional and effective method for pressure maintenance and reservoir manage-
ment, can trigger pore-structure reorganization and the evolution of seepage pathways
within these formations [5–7]. Such changes may negatively influence injection–production
performance, reduce well-pattern adaptability, and increase both operational risks and
economic costs. Therefore, a comprehensive evaluation of both the macroscopic porosity–
permeability response and the microscopic pore-structure evolution during water injection
is crucial for improving recovery performance and optimizing development strategies in
unconsolidated sandstone reservoirs.

Among the available non-destructive characterization methods, nuclear magnetic res-
onance (NMR) and computed tomography (CT) scanning have been extensively employed
to investigate pore–throat structures in reservoir rocks [8–11]. NMR provides an effective
means to evaluate pore-size distribution at various displacement stages in the same core
while maintaining high sensitivity to dynamic changes [12–15]. Because NMR-based pore
characterization depends on the inversion of relaxation signals, the resulting parameters
cannot directly reproduce the actual pore morphology or geometric configuration. In addi-
tion, the correlation between transverse relaxation time (T2) and pore size generally requires
calibration through independent experimental measurements [16,17]. Micro–CT imaging,
by contrast, is capable of generating high-resolution three-dimensional representations of
pore–throat systems at the pore scale. When combined with digital rock reconstruction
techniques [18], these datasets allow the extraction of diverse geometric and topological
descriptors, providing valuable quantitative constraints for evaluating reservoir storage
capacity and interpreting displacement processes. Nevertheless, the relatively high experi-
mental cost and limited imaging throughput of CT restrict its application in continuous
monitoring during long-term displacement experiments. Furthermore, destructive analyti-
cal methods, including scanning electron microscopy (SEM) and X-ray diffraction (XRD),
can deliver detailed information on mineralogical composition and surface morphology at
the microscale, yet they are inherently incapable of capturing temporal evolution during
ongoing flow processes. Integrating these destructive techniques with non-destructive
approaches such as NMR and CT therefore enables the establishment of a multiscale pore-
structure characterization framework, which supports a more systematic interpretation of
pore evolution mechanisms during water injection in unconsolidated sandstones.

Although conventional experiments yield rich pore-scale statistics and three-dimensional
imagery, they seldom provide a unified, multiscale descriptive framework for systemati-
cally assessing pore complexity and spatial heterogeneity. To fill this gap, fractal analysis
has been adopted as a mathematical approach for quantifying multiscale irregularity [19,20].
By fitting pore-size or pore-volume distributions (or cumulative T2 spectra) in log–log co-
ordinates, the fractal dimension furnishes quantitative measures of heterogeneity, scale
extent and connectivity changes and thus serves as an indicator of pore-structure evolution
induced by water injection [21]. Nonetheless, fractal metrics are contingent on model
assumptions and segmentation schemes and are typically inferred from indirect proxies
such as NMR or mercury-intrusion data; this limits their ability to directly reconstruct three-
dimensional pore morphology and necessitates validation against complementary observa-
tions when relating fractal measures to flow behavior. Unconsolidated sandstones exhibit
complex pore-structure changes during prolonged water-injection development, yet exist-
ing studies mostly provide single-point descriptions, lacking systematic, multi-dimensional
quantitative analyses of pore-evolution. To address this issue, multi-scale experimental
investigations were carried out to reveal the mechanisms controlling pore-structure evo-
lution in unconsolidated sandstones under prolonged water injection conditions. First,
SEM and XRD are used to compare mineralogy and micro-morphology before and after
water injection. Second, online NMR is employed to monitor pore-and-permeability char-
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acteristics in real time throughout the prolonged injection process; based on the T2 spectra,
pore sizes are quantitatively classified and fractal dimensions are calculated to characterize
the complexity changes in pore structures at different scales. In parallel, the total NMR
signal is analyzed in segmented intervals at different distances from the injection inlet to
capture the spatially heterogeneous response of pore structure to prolonged injection. This
work provides a reliable reference for elucidating the evolution patterns of pore structure
in unconsolidated sandstone reservoirs under prolonged water-injection conditions.

2. Materials and Methods
2.1. Equipment and Materials

Core-scale water injection tests were carried out using a multiphase flow system devel-
oped for porous media investigations. The mineralogical composition of the samples was
characterized through XRD analysis performed with an Ultima IV diffractometer (Rigaku
Corporation, Tokyo, Japan) following the SY/T 5163-2018 standard [22]. Microstructural
features were further analyzed using SEM on a JSM-5500LV instrument (JEOL Ltd., Tokyo,
Japan). In addition, T2 relaxation measurements were obtained using a MesoMR3-060H-I
NMR system (Newmai Company, Suzhou, China). Synthetic formation brine was prepared
by dissolving NaCl and KCl in water, resulting in a total salinity of 31,367.7 mg/L. The
fundamental properties of the core samples, together with the initial whole-rock mineral
composition and the relative abundance of clay minerals, are listed in Tables 1–3.

Table 1. Physical and petrophysical properties of the core samples.

Cores Length (cm) Diameter (cm) Porosity (%) Air Permeability (mD)

#1 5.2 2.46 20.33 94.25
#2 5.42 2.37 28.55 1173.73
#3 5.3 2.40 28.95 2599.89
#4 5.211 2.424 14.05 5504.67

Note: “#” denotes the core sample identification number.

Table 2. Initial whole-rock mineral content.

Cores
Contents (%)

Total Clay Minerals Quartz K-Feldspar Plagioclase Others

#1 24.6 55.1 2.9 16 1.4
#2 10.8 52.4 7.9 26.4 2.5
#3 9.3 44.5 9.4 31.0 5.8
#4 5.3 46.1 10.0 14.2 24.4

Note: “#” denotes the core sample identification number.

Table 3. Initial relative content of clay minerals.

Cores
Relative Contents (%)

Kaolinite Chlorite Illite Illite/Smectite Mixed Layer

#1 29.6 19.6 8.3 42.5
#2 11.2 17.8 14.5 56.5
#3 11.7 32.1 11.8 44.4
#4 7.1 12.9 45.5 34.5

Note: “#” denotes the core sample identification number.
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2.2. Experimental Methods
2.2.1. Measurement of Core Porosity and Permeability

Porosity and permeability analyses were carried out using a PoroPDP-200 overburden
porosity–permeability measurement system (Core Laboratories Inc., Houston, TX, USA) in
compliance with GB/T 29172-2012 [23]. Nitrogen with a purity of 99.999% was employed as
the testing gas. Gas-expansion measurements based on Boyle’s law were used to determine
porosity. Prior to testing, core plugs were oven-dried and subjected to a confining pressure
of 200 psi inside the measurement chamber. The pore volume was subsequently derived
from pressure variations associated with gas equilibration. Permeability was evaluated
using a non-steady-state pulse-decay approach. A minor pressure perturbation was intro-
duced across the sample, and pressure responses at both inlet and outlet boundaries were
continuously monitored. The evolution of differential and mean pressures with time was
analyzed in logarithmic form, and permeability was determined from regression analysis
of the pressure decay behavior. The application of low-pressure differentials reduced
deviations from Darcy flow, while measurements conducted under multiple pore-pressure
conditions enabled correction of gas permeability for the Klinkenberg effect.

2.2.2. Scanning Electron Microscopy Analysis

In accordance with the standard SEM analysis procedure for rock samples (SY/T
5162-2021) [24], cleaned and dried core samples were cut into cubic specimens with a
side length of approximately 1 cm. The specimen surfaces were sequentially ground with
progressively finer sandpapers (from 800 to 2000 mesh) to achieve a smooth and flat finish,
followed by argon ion polishing with an oil-based medium to further enhance surface
quality. After polishing, the specimens were dried at 60 ◦C for 4 h and cooled to room
temperature. Finally, a thin conductive gold coating was applied to the surfaces prior
to microstructural observation using a JSM-5500LV scanning electron microscope (JEOL,
Tokyo, Japan).

2.2.3. X-Ray Diffraction Analysis of Whole Rock and Clay Minerals

Mineralogical analysis of clay and non-clay components was conducted following the
XRD standard for sedimentary rocks (SY/T 5163-2018) [25]. Prior to analysis, rock samples
were dried at 60 ◦C for 4 h and allowed to cool naturally to ambient temperature. The
dried material was subsequently pulverized using an agate mortar until the particle size
was reduced to below 40 µm. The powdered samples were then placed into glass holders
and carefully flattened to produce a uniform surface suitable for bulk mineral analysis.
Whole-rock mineralogy was identified using an Ultima IV X-ray diffractometer (Rigaku,
Osaka, Japan). For clay mineral determination, the rock samples were first crushed to a
particle size of approximately 1 mm. About 6 g of the crushed material was then dispersed
in deionized water and subjected to ultrasonic treatment to enhance particle dispersion.
The clay-sized fraction was subsequently isolated through centrifugation at 3000 rpm for
30 min. Prior to separation, hydrogen peroxide was applied when required to eliminate
carbonate cement and trace organic matter. The obtained clay suspension was repeatedly
rinsed with deionized water and centrifuged until a stable dispersion was achieved. The
purified clay fraction was mounted on glass slides and naturally dried to form oriented
specimens. Identification and semi-quantitative analysis of clay minerals were finally
carried out using X-ray diffraction with an Ultima IV diffractometer.
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2.2.4. NMR T2 Spectra and Pore Size Distribution Analysis

T2 relaxation measurements of the core samples were performed using a MesoMR3-
060H-I nuclear magnetic resonance system (Newmai, Suzhou, China). The instrument
operated with a permanent magnetic field of 0.5 ± 0.08 T, corresponding to a resonance
frequency of 21.3 MHz. A GR-HSE pulse sequence was adopted, with an echo spacing (TE)
of 0.1 ms and a waiting time (TW) of 9000 ms, while 5000 echoes were collected during
each acquisition. Under these acquisition settings, the NMR measurements were capable
of detecting pore-fluid signals associated with pore sizes ranging approximately from
2 nm to 1 mm. The T2 values reflect the relaxation behavior of hydrogen nuclei, and their
fundamental relationship with pore geometry, when dominated by surface relaxation, can
be expressed as:

1
T2

= ρ
S

Vpore
(1)

In the equation, T2 denotes the relaxation time, ms; ρ is the surface relaxation rate,
µm/s; S and Vpore represent the surface area and volume of a single pore, respectively.
By adopting a simplified geometric approximation (e.g., nearly spherical pores), one has
S/Vpore = c/r for a sphere, which leads to an approximately linear relationship between
the pore radius r and T2:

r ≈ cρT2r (2)

To characterize the self-similar/power-law features of pores at different scales, the
cumulative signal intensity in a double-logarithmic coordinate system was used. Power-
law fitting was performed for T2. Let ∑ A(T2) denote the cumulative signal intensity
exceeding a certain T2 value. When the pore sizes follow a power-law distribution and T2

is approximately proportional to the pore size, a power-law relationship can be established:

∑ A(T2) ∝ Tα
2 (3)

In double-logarithmic coordinates:

log ∑ A(T2) = αlog T2 + C (4)

If the commonly used volumetric fractal characterization is adopted (the fractal dimen-
sion of the three-dimensional pore space is usually denoted as D, 2 < D < 3), theoretical
and empirical studies provide the relationship between the cumulative signal intensity
∑ A(T2) and the pore size r as ∑ A(T2) ∝ T3−D

2 . Since T2 ∝ r, it can be derived that:

α = 3 − D (5)

Therefore, the fractal dimension D can be inferred from the slope α obtained through
fitting:

D = 3 − α (6)

Based on the fitting results, the relaxation times corresponding to the pore-scale classi-
fication are as follows: Core #1—2.19 ms and 84.06 ms; Core #2—2.19 ms and 126.03 ms;
Core #3—2.02 ms and 19.56 ms; and Core #4—1.86 ms and 98.84 ms. Using these values, the
fractal dimensions D of different pore scales under various water injection multiples were
calculated to reveal the differential responses during the displacement process. With increas-
ing fractal dimension, the complexity of the pore structure is significantly enhanced, and
the pore-throat network becomes more tortuous. The coordinated evolution of multi-scale
fractal parameters provides insight into the changes in pore-scale flow pathways and flow
resistance, thereby exerting a pronounced effect on permeability and capillary behavior.
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2.2.5. Core-Scale Water Injection Experiments

Core-scale water injection experiments were conducted using sandstone samples with
varying initial permeabilities. Prior to the displacement tests, representative fragments
were separated from each core for microstructural and mineralogical characterization,
including SEM and XRD analyses to determine whole-rock mineralogy and clay mineral
composition. The remaining portion of each core was evacuated and subsequently saturated
with simulated formation water. After saturation, the initial water permeability of the cores
was determined, followed by NMR measurements to acquire the baseline T2 relaxation
spectra of the pore fluids.

For the water injection experiments, the saturated core was installed in a core holder
under controlled stress conditions. A confining pressure of 6 MPa was applied, while the
outlet boundary was maintained at atmospheric pressure. During injection, the confining
pressure was continuously adjusted to remain 1.2 MPa higher than the injection pressure
to maintain effective sealing of the core. Water was injected at a constant flow rate of
0.6 mL/min, and the corresponding injection pressure was monitored continuously as a
function of the cumulative injected volume. The injection process was continued until
either the pressure response stabilized or the injected water volume reached 1000 PV. Core
permeability at different stages of water injection was subsequently evaluated based on
Darcy’s law.

K =
5
3
× QµL

A∆p
(7)

where K represents the core permeability, mD; Q represents the production rate, mL/min;
µ represents the viscosity of water, mPa·s; L represents the core length, cm; A represents
the cross-sectional area of the core, cm2; ∆p represents the pressure difference, MPa.

Following completion of the water injection experiments, the core samples were re-
examined using SEM and XRD techniques, including analyses of both whole-rock composi-
tions and clay mineral fractions. These post-injection measurements were systematically
compared with the corresponding pre-injection data to characterize the evolution of pore
architecture and mineralogical features associated with prolonged water injection.

3. Results
3.1. Permeability and Porosity Variations During Prolonged Water Injection

The evolution of liquid permeability was continuously recorded for four unconsol-
idated sandstone cores in order to investigate how prolonged water injection influences
reservoir physical properties at the macroscopic flow scale. The evolution of permeability
during water injection is presented in Figure 1a. Core #1 exhibited an initial permeability
of 42.46 mD, which gradually decreased with increasing injected pore volume, reaching
28.81 mD at 1000 PV. Core #2 had an initial permeability of 434.29 mD and showed a slight
increase during the early stage of injection, followed by a gradual decline to 377.14 mD
at 1000 PV. Core #3, with an initial permeability of 1003.43 mD, experienced an initial
reduction followed by minor fluctuations, ultimately stabilizing at 824 mD at 1000 PV. Core
#4 initially exhibited a fluctuating increase before declining, decreasing from 2396.97 mD
to 2147.88 mD at 1000 PV. Overall, all cores exhibited permeability deterioration during
prolonged water injection.

Figure 1b illustrates the evolution of NMR-derived porosity for the four cores under
prolonged water injection. Overall, the porosity of all cores exhibits only minor variations,
indicating that extended water injection has a negligible effect on the total pore volume.
Low-porosity cores (Core #1 and Core #4, with initial porosities of approximately 19.2% and
12.8%, respectively) maintain relatively stable porosity throughout the injection process,
with only slight fluctuations. In contrast, high-porosity cores (Core #2 and Core #3, with
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initial porosities of approximately 26.5% and 27.9%, respectively) experience a minor
decrease during the mid-stage of injection, followed by stabilization.
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Figure 1. Evolution of permeability and NMR-derived porosity during prolonged water injection.
(a) Permeability; (b) NMR-derived porosity. The symbol “#” indicates the identification number of
each core sample.

3.2. Changes in Clay Mineral Composition During Prolonged Water Injection

To investigate the evolution of mineral composition under prolonged water injection, a
quantitative comparison of bulk mineral contents before and after injection was conducted
for four core samples, as shown in Figure 2. Overall, prolonged water injection induced
varying degrees of mineralogical alteration in all cores, characterized by a general increase
in Quartz content accompanied by reductions in clay minerals and certain feldspar compo-
nents. For Core #1, the Quartz content increased from 55.1% to 60.0%, while the total clay
mineral content decreased from 24.6% to 21.4%. The Plagioclase content showed a slight
reduction from 16.0% to 15.5%. In Core #2, Quartz content increased from 52.4% to 56.9%,
and total clay minerals decreased from 10.8% to 9.8%. The Plagioclase content declined
from 26.4% to 23.9%, whereas K-feldspar exhibited a slight increase. Core #3 displayed
a similar trend, with Quartz increasing from 44.5% to 53.8% and Plagioclase decreasing
from 31.0% to 26.2%. The total clay mineral content decreased slightly, accompanied by a
modest increase in K-feldspar. In Core #4, Quartz content increased from 46.1% to 47.7%,
while total clay minerals decreased from 5.3% to 4.9%. Both Plagioclase and minor mineral
components exhibited slight reductions, whereas K-feldspar showed a minor increase.
Overall, all cores exhibited relative Quartz enrichment and a reduction in clay minerals
and portions of feldspar minerals during prolonged water injection.

Given the higher sensitivity of clay minerals to variations in pore structure and flow
behavior, a more detailed analysis of clay mineral composition was conducted. The relative
abundances of major clay minerals before and after water injection are presented in Figure 3.
For Core #1, the Kaolinite content increased from 29.6% to 31.4%, and Chlorite increased
from 19.6% to 25.9%, whereas Illite content decreased markedly from 8.3% to 2.6%. The
Illite/Smectite mixed-layer (I/S) content showed a slight decrease from 42.5% to 40.1%.
In Core #2, Kaolinite and Chlorite contents increased significantly from 11.2% and 17.8%
to 25.6% and 38.3%, respectively. Illite content remained nearly unchanged, while the
I/S mixed-layer mineral decreased substantially from 56.5% to 21.8%. Core #3 exhibited
a different evolutionary pattern, with Kaolinite increasing from 11.7% to 13.4% and the
I/S mixed-layer mineral increasing from 44.4% to 49.2%, whereas both Chlorite and Illite
contents decreased. In Core #4, Kaolinite and Chlorite contents increased slightly from 7.1%
and 12.9% to 7.5% and 14.0%, respectively. Illite content decreased from 45.5% to 31.3%,
accompanied by an increase in the I/S mixed-layer mineral from 34.5% to 47.2%. Overall,
the responses of clay mineral assemblages to prolonged water injection varied among
different cores. However, a general trend of increasing Kaolinite and Chlorite contents was
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observed, whereas Illite and I/S mixed-layer minerals exhibited decreasing tendencies in
several cores.

(a) (b)

(c) (d)

24.6

55.1

2.9

16.0

1.4

21.4

60.0

2.7

15.5

0.40

20

40

60

80

C
o

n
te

n
t 

(%
)

 Before water flooding

 After water flooding

OthersPlagioclaseK-feldsparQuartzTotal 

clay minerals

10.8

52.4

7.9

26.4

2.5
9.8

56.9

8.6

23.9

0.80

20

40

60

80

C
o

n
te

n
t 

(%
)

 Before water flooding

 After water flooding

OthersPlagioclaseK-feldsparQuartzTotal 

clay minerals

9.3

44.5

9.4

31.0

5.89.0

53.8

10.7

26.2

0.30

20

40

60

80

C
o

n
te

n
t 

(%
)

 Before water flooding

 After water flooding

OthersPlagioclaseK-feldsparQuartzTotal 

clay minerals

5.3

46.1

10.0
14.2

24.4

4.9

47.7

11.1 12.5

23.8

0

20

40

60

80

OthersPlagioclaseK-feldsparQuartzTotal 

clay minerals

C
o

n
te

n
t 

(%
)

 Before water flooding

 After water flooding

Figure 2. Quantitative analysis of whole-rock minerals. (a) Core #1; (b) Core #2; (c) Core #3; and
(d) Core #4. The symbol “#” indicates the identification number of each core sample.
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Figure 3. Analysis of relative clay content. (a) Core #1; (b) Core #2; (c) Core #3; and (d) Core #4. The
symbol “#” indicates the identification number of each core sample.
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The variations in bulk mineral composition and clay mineral distribution are further
manifested at the microscopic scale as modifications in grain surface morphology and
pore–throat structures. Figures 4 and 5 present a comparison of SEM images of the cores
before and after prolonged water injection. In Core #1, post-injection observations reveal
that platy clay minerals developed coating, bridging, and localized filling features within
intergranular pore throats. Meanwhile, secondary minerals were observed adhering to
grain surfaces and occupying pore spaces. Grain edges appear smoother than those prior to
injection, accompanied by localized dissolution features. Core #2 exhibits microstructural
characteristics similar to those of Core #1, where platy clay minerals are distributed along
pore-throat surfaces and form bridging structures. Enhanced attachment of secondary
minerals is evident on grain surfaces, and accumulations of fine particles are observed
within pore spaces. In Core #3, Illite and platy clay minerals are notably more abundant
within intergranular pore throats, occurring as film-like coatings and partial fillings. In-
creased surface attachments are observed on mineral grains, together with discernible edge
dissolution features. In Core #4, fibrous and platy clay minerals are markedly reduced after
water injection, whereas reaccumulation of fine particles is observed within pore throats.
Localized alterations in grain surface morphology and depositional features within pore
spaces are also evident. Overall, prolonged water injection resulted in varying degrees of
grain surface modification and pore–throat structural adjustment in all cores, primarily
characterized by redistribution of clay minerals, enhanced secondary mineral attachment,
and localized grain-edge dissolution.

(a) (b)

(c) (d)

Figure 4. SEM images of all cores before water injection. (a) Core #1; (b) Core #2; (c) Core #3; and
(d) Core #4. The symbol “#” indicates the identification number of each core sample.
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(a) (b)

(c) (d)

Figure 5. SEM images of all cores after water injection. (a) Core #1; (b) Core #2; (c) Core #3; and
(d) Core #4. The symbol “#” indicates the identification number of each core sample.

3.3. NMR T2 Spectral Characteristics During Prolonged Water Injection

To further characterize the dynamic evolution of pore structures during prolonged
water injection, NMR measurements were conducted to continuously monitor pore-scale
variations in the core samples. Figure 6 presents the evolution of the NMR T2 distributions
for all cores under prolonged water injection. As the injected pore volume increased, the T2

spectra of all cores exhibited an overall shift toward shorter relaxation times, accompanied
by a gradual reduction in signal amplitude within the high-intensity region. This behavior
indicates a general transition of pore-size distributions toward smaller scales, suggesting
progressive refinement of the pore structure.

Figure 7 further illustrates the evolution of the median pore radius during prolonged
water injection. Overall, the median pore radius decreased in all cores with increasing
injected pore volume, although the magnitude of reduction varied among samples. For
Core #1, the main T2 peak exhibited only a slight shift with increasing PV, and the median
pore radius decreased from 0.535 µm to 0.420 µm, indicating relatively minor structural
variation. In Core #2, the median pore radius decreased from 2.830 µm to 1.365 µm, and the
T2 distribution at 1000 PV showed a pronounced deviation from its initial configuration.
Core #3 exhibited a reduction in median pore radius from 8.49 µm to 5.22 µm, together
with an overall shift of the T2 spectrum toward shorter relaxation times and a reduction
in high-amplitude signals. In Core #4, the T2 spectrum similarly shifted leftward, with
the median pore radius decreasing from 28.60 µm to 22.43 µm. Overall, prolonged water
injection resulted in a consistent reduction in pore size and progressive refinement of pore
structures across all cores.

To elucidate spatial pore-scale responses along the flow direction, total NMR signals
were measured at multiple positions along each core. After data-quality screening, the
effective analytical ranges were 20–30 mm (Core #1), 15–30 mm (Core #2), and 15–35 mm
(Cores #3–#4). The full T2 spectra demonstrating the reproducibility and evolution at each
position are provided in Appendix A (Figures A1–A4).
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Figure 6. T2 spectra of four cores. (a) Core #1; (b) Core #2; (c) Core #3; and (d) Core #4. The symbol
“#” indicates the identification number of each core sample.
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Figure 7. Evolution of median pore radius. The symbol “#” indicates the identification number of
each core sample.

4. Discussion
4.1. Mechanisms of Permeability Reduction During Prolonged Water Injection

During prolonged water injection, permeability in all cores exhibited a pronounced
declining trend (Figure 1a). The permeability reductions in Core #1, #2, #3, and #4 were
32.1%, 13.2%, 17.9%, and 10.4%, respectively, with the low-permeability core showing a
more significant relative deterioration. In contrast, the NMR-derived porosity evolution
(Figure 1b) indicates that porosity remained generally stable throughout the injection
process, with absolute variations at all stages remaining within 0.5% and no evident
monotonic increasing or decreasing trend observed. The coexistence of nearly invariant
porosity and continuously declining permeability suggests that the impact of prolonged
water injection on reservoir properties is not primarily associated with pore volume loss,
but is instead governed by modifications of pore–throat structure and connectivity.
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4.2. Evolution of Fractal Characteristics of Pore Structure During Prolonged Water Injection

Under prolonged water injection, the pore structures of loosely consolidated sand-
stones exhibit distinct responses across different pore-size scales. In this study, by inte-
grating continuous NMR monitoring with pore-scale fractal analysis, the evolution of
micropores, mesopores, and macropores during the water injection process was system-
atically characterized. Figure 8 presents the pore-scale classification of Core #1 and the
evolution of pores at different scales during prolonged water injection, while Figure 9
further illustrates the variation in fractal dimensions for each pore scale as a function
of injected pore volume. Overall, the structural evolution of Core #1 during prolonged
water injection is relatively gradual, and pores at all scales exhibit strong structural sta-
bility. Dmicro decreases progressively from an initial value of 1.076 to 0.82, corresponding
to an overall reduction of approximately 23.8%. This trend indicates a certain degree of
structural simplification within the micropore system under continuous water injection,
where some micropores may have become interconnected or merged due to hydrodynamic
flushing. Nevertheless, the evolution remains gradual without abrupt structural transitions,
suggesting that the micropore network primarily undergoes progressive adjustment. In
contrast, Dmeso remains highly stable within the range of 2.787–2.800 throughout the injec-
tion process, exhibiting only minor fluctuations. This stability indicates that the mesopore
structure remains largely unchanged, with only limited local rearrangements occurring
during prolonged injection. Dmacro shows a slight decrease from 2.988 to 2.967 but consis-
tently remains close to 3, implying that the macropore system maintains well-developed
three-dimensional connectivity and does not experience significant structural alteration
during prolonged water injection. Overall, prolonged water injection in Core #1 primarily
induces minor adjustments at the micropore scale, whereas mesopore and macropore
structures remain essentially stable, indicating that the dominant flow pathways of this
core possess strong structural resilience under prolonged water injection conditions.
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Figure 8. Pore-scale classification and evolution of Core #1. (a) 0 PV; (b) 100 PV; (c) 500 PV; and
(d) 1000 PV. The symbol “#” indicates the identification number of each core sample.
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Figure 9. Fractal dimension evolution of multi-scale pores in Core #1. The symbol “#” indicates the
identification number of each core sample.

Figure 10 illustrates the pore classification of Core #2 and the evolution of each pore
scale during prolonged water injection, while Figure 11 presents the corresponding changes
in fractal dimensions across different pore scales. During the injection process, the structural
response of Core #2 is predominantly concentrated in the micropores. The initial Dmicro was
0.81, which rapidly decreased to 0.40 during the early stage and further declined to 0.19 at
1000 PV, representing a reduction of 76.5%. This indicates a continuous weakening of the
power-law distribution of micropores, reflecting their erosion, coalescence into larger pore
channels, or loss of independent spatial occupancy under prolonged water injection. In the
intermediate stage (100–500 PV), minor fluctuations occurred, but the overall decreasing
trend persisted; these evolutions correspond to a temporary rearrangement of pre-existing
channels during structural adjustment rather than the formation of new pores. In contrast,
Dmeso remained stable within a narrow range of 2.58–2.62, with an evolution of less than
2%, indicating that mesopores underwent only limited restructuring, and their spatial
complexity and volumetric distribution were largely preserved. Dmacro remained close
to 3 throughout, suggesting that macropores did not experience fundamental structural
modification. Overall, the prolonged water injection predominantly affects the micropores,
while the main flow-conducting structures remain essentially unaltered.

Figure 12 illustrates the pore-scale classification of Core #3 and the evolution of each
pore scale during prolonged water injection, while Figure 13 presents the corresponding
changes in fractal dimension across different pore scales. The fractal responses of pores in
Core #3 exhibit characteristic staged evolution. Dmicro decreases rapidly from 0.54 to 0.21
within 0–100 PV, a reduction of 61.1%, indicating that in the early injection stage, flow is
highly concentrated and preferentially mobilizes the pre-existing micropores, leading to a
rapid decline in their structural complexity. Subsequently, Dmicro recovers to 0.30 at 500 PV
and stabilizes at 0.25 by 1000 PV, suggesting that the micropore network is not continuously
destroyed in the mid-to-late stages; rather, local throat reconnection or flow redistribution
reincorporates some previously isolated micropores into the effective connectivity network,
resulting in a limited “re-activation” phenomenon. In contrast, Dmeso exhibits minor evolu-
tion, with overall changes less than 3%, indicating that mesopores undergo no significant
structural reconfiguration during injection. Dmacro initially measures 2.87 and rapidly
increases to 2.98 during 0–100 PV, maintaining a high, stable level thereafter, reflecting
that the main flow pathways are established at an early stage, with subsequent injection
primarily optimizing the connectivity of the existing macropore framework rather than
generating new pore-scale structures. Similar to the Core #1, the impact of prolonged water
injection on the pore structure of Core #2 is also primarily concentrated in the micropores.
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Figure 10. Pore-scale classification and evolution of Core #2. (a) 0 PV; (b) 100 PV; (c) 500 PV; and
(d) 1000 PV. The symbol “#” indicates the identification number of each core sample.
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Figure 11. Fractal dimension evolution of multi-scale pores in Core #2.

Figure 14 presents the pore-scale classification of Core #4 and the evolution char-
acteristics of pores at different scales during prolonged water injection, while Figure 15
illustrates the variation in fractal dimensions for each pore scale as a function of injected
pore volume. Overall, the structural response of Core #4 to prolonged water injection is
primarily concentrated at the micropore scale, whereas mesopore and macropore structures
remain generally stable. Dmicro continuously decreases from an initial value of 0.56 to 0.15,
corresponding to a reduction of approximately 73.2%. This pronounced decline indicates a
progressive decrease in structural complexity at the micropore scale, suggesting ongoing
simplification of the small-pore network during water injection. Such evolution reflects en-
hanced connectivity or merging of micropores into adjacent flow channels under sustained
hydrodynamic flushing, leading to a gradual weakening of the power-law distribution
characteristics of the micropore system. Compared with the early injection stage, the rate
of decline becomes more gradual during the later stage (500–1000 PV), indicating that
structural adjustment progressively approaches a stable state. Dmeso decreases slightly
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from 2.87 to 2.84, with an overall variation of less than 1.5%, suggesting that mesopore
structures undergo only limited geometric modification while maintaining overall spatial
complexity. Dmacro fluctuates marginally within the range of 2.80–2.82 without a clear
evolutionary trend, indicating that the macropore system preserves a stable connected
framework throughout prolonged water injection and does not experience significant
structural reconstruction. In summary, prolonged water injection in Core #4 is mainly
characterized by continuous simplification of the micropore system, whereas mesopore
and macropore structures remain largely unchanged. This behavior suggests that water
injection exerts a limited influence on the dominant flow structure of this core, and the
overall connectivity framework remains essentially intact.
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Figure 12. Pore-scale classification and evolution of Core #3. (a) 0 PV; (b) 100 PV; (c) 500 PV; and
(d) 1000 PV. The symbol “#” indicates the identification number of each core sample.
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Figure 13. Fractal dimension evolution of multi-scale pores in Core #3. The symbol “#” indicates the
identification number of each core sample.

Overall, prolonged water injection primarily affects the micropore system of unconsol-
idated sandstones, exhibiting a pronounced permeability-dependent response, whereas
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the mesopore and macropore structures remain largely stable. Quantitative analysis shows
that the Dmicro values of Core #1, #2, #3, and #4 decrease by 23.8%, 76.5%, 61.1%, and
73.2%, respectively. The magnitude of variation in the Dmicro increases with permeability,
indicating that in higher-permeability cores the micropore system responds more strongly
to fluid perturbations during prolonged water injection. In contrast, variations in Dmeso

remain below 3%, suggesting that the mesopore system is largely preserved, with only
limited local geometric adjustments. Dmacro remains close to 3 with only minor fluctua-
tions, indicating that the macropore network consistently maintains a three-dimensional
connected framework whose structural stability is essentially independent of permeability.
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Figure 14. Pore-scale classification and evolution of Core #4. (a) 0 PV; (b) 100 PV; (c) 500 PV; and
(d) 1000 PV. The symbol “#” indicates the identification number of each core sample.
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Figure 15. Fractal dimension evolution of multi-scale pores in Core #4. The symbol “#” indicates the
identification number of each core sample.

4.3. Spatial Evolution Patterns of Pore Structure During Prolonged Water Injection

Under prolonged water injection, the spatial evolution of pore structures in loosely
consolidated sandstones exerts a significant influence on water injection efficiency and
fluid distribution. In this study, continuous NMR monitoring was conducted at multiple
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positions along the cores from the injection end, systematically revealing the response
characteristics of pore structures along the flow direction and their stage-wise evolution.

Figure 16 illustrates the evolution of total NMR signals at different positions within
each core during prolonged water injection. In the initial stage (0–100 PV), the signal
decrease is most pronounced near the injection end, ranging from approximately 11.2% to
18.4%, whereas the distal end exhibits a more modest decline of 2.9–12.4%. This indicates
that fluid perturbation is initially concentrated near the injection site, forming localized
preferential flow channels, while responses at the distal end lag. During the intermediate
stage (100–500 PV), NMR signals exhibit a rebound, reflecting a redistribution of flow
pathways within the cores accompanied by adjustments in local connectivity; the rebound
is more substantial at the injection end (7.7–21.7%) and less pronounced at the distal
end (1.9–17.1%). In the later stage (500–1000 PV), signal variations at all positions are
reduced relative to the preceding stages. These observations demonstrate that, throughout
prolonged water injection, the pore structure evolution of loose sandstone exhibits marked
spatial heterogeneity along the flow direction, with the most significant changes occurring
near the injection end and delayed responses at the distal end.
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Figure 16. Variation in total NMR signal at different core positions. (a) Core #1; (b) Core #2; (c) Core #3;
and (d) Core #4. The symbol “#” indicates the identification number of each core sample.

5. Conclusions
To address the lack of multidimensional quantitative analyses of pore structure evolu-

tion, this study systematically investigates unconsolidated sandstones under prolonged
water injection using multi-scale experiments. Core mineralogy and micro-morphology be-
fore and after injection were compared via SEM and XRD, while online NMR monitored the
process in real time. Pore sizes were classified based on T2 spectra, and fractal dimensions
were calculated to quantify structural complexity. Total NMR signals along the injection
path were further analyzed to reveal the spatially heterogeneous pore response. The main
conclusions are as follows:
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(1) During prolonged water injection, the liquid-measured permeability of unconsoli-
dated sandstone cores decreased by 10.4–32.1%, while porosity changes remained
minor, indicating that the reduction in flow capacity is primarily attributed to pore-
throat structural adjustments rather than a loss of pore volume.

(2) Prolonged water injection induced significant changes in both the mineral composition
and pore-throat structure of the four cores. Quartz content increased on average by
approximately 5%, while total clay mineral content decreased by about 1.2%, and
some Plagioclase fractions exhibited slight reductions. Kaolinite and Chlorite contents
generally increased, whereas Illite and I/S mixed-layer minerals decreased in certain
cores. Microscopic observations indicated adjustments in grain surfaces and pore-
throat structures, primarily manifested as redistribution of clay minerals and localized
grain-edge dissolution.

(3) Prolonged water injection primarily induces adjustments in the micropore system,
exhibiting a pronounced permeability-dependent response, whereas mesopore and
macropore structures remain largely stable. Upon completion of water injection, the
median pore radius of the cores decreased by 21.5–51.8%. The Dmicro values of Core
#1, #2, #3, and #4 decreased by 23.8%, 76.5%, 61.1%, and 73.2%, respectively, with the
magnitude of variation increasing with permeability, indicating that the micropore
systems in higher-permeability cores respond more strongly to fluid perturbations
during prolonged water injection. In contrast, variations in Dmeso and Dmacro are
minimal, reflecting only limited local geometric adjustments, and their structural
stability remains essentially independent of permeability.

(4) During the initial and intermediate stages of water injection, the NMR signal changes
at the injection-end were 11.2–18.4% and 7.7–21.7%, respectively, both exceeding those
at the distal end (2.9–12.4% and 1.9–17.1%). In the later stage, signal variations at all
positions diminished. These results indicate that, during prolonged water injection,
the pore structure evolution of unconsolidated sandstone exhibits pronounced spatial
heterogeneity along the flow direction, with the most significant changes occurring
near the injection end and delayed responses at the distal end.
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Appendix A
Figures A1–A4 show the evolution of T2 spectra at multiple positions along Core #1–#4

during prolonged water injection. Due to data quality screening, the effective analytical
ranges were 20–30 mm for Core #1, 15–30 mm for Core #2, and 15–35 mm for Core #3
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and Core #4. Within these ranges, NMR responses were reproducible and suitable for
characterizing spatial pore-structure evolution.

(a) (b)

(c) (d)

Figure A1. T2 spectra at different core locations of Core #1 during prolonged water injection. (a) 0 PV;
(b) 100 PV; (c) 500 PV; and (d) 1000 PV.

(a) (b)

(c) (d)

Figure A2. T2 spectra at different locations of Core #2 during prolonged water injection. (a) 0 PV;
(b) 100 PV; (c) 500 PV; and (d) 1000 PV.

https://doi.org/10.3390/fractalfract10030204

https://doi.org/10.3390/fractalfract10030204


Fractal Fract. 2026, 10, 204 20 of 22

(a) (b)

(c) (d)

Figure A3. T2 spectra at different core locations of Core #3 during prolonged water injection. (a) 0 PV;
(b) 100 PV; (c) 500 PV; and (d) 1000 PV.

(a) (b)

(c) (d)

Figure A4. T2 spectra at different core locations of Core #4 during prolonged water injection. (a) 0 PV;
(b) 100 PV; (c) 500 PV; and (d) 1000 PV.
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