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Abstract: Acid fracturing is an effective method of reservoir stimulation and has been
widely used for carbonate reservoir development. However, knowledge on the propagation
characteristics of acid-etched fracture is still poor due to the complexities of acidization
and stress conditions, as well as the limitations of the fracture network reconstruction
method, especially when dealing with large specimens. In this paper, a new method based
on image-based 3D object reconstruction is proposed to study the fracture networks of
specimens after acid fracturing by cutting rock specimens into thin slices, scanning them,
and reconstructing 3D fracture networks. This method is more precise than the method of
separating specimens into pieces and scanning, and it has advantages over the method of
CT X-ray scanning when dealing with large specimens. Using this approach, the effects
of natural fractures, stress conditions, and acid systems on the fracture propagation of
specimens after true triaxial acid-fracturing tests were investigated. The fracture initiation
and propagation patterns of specimens under different conditions were summarized. The
results of the study show that the presence of a natural fracture will induce the propagation
of fractures, in addition to demonstrating the positive effect of high horizontal stress
difference on fracture initiation and provide an acid system conducive to the formation of a
fracture network.

Keywords: carbonate reservoir; natural fracture; acid fracturing; 3D reconstruction;
fracture propagation

1. Introduction

In recent years, the high production of oil and gas in carbonate reservoirs has made
them the focus of oil and gas exploration, development, and research. It is reported that
approximately 70% of the world’s total oil and gas production comes from carbonate oil
and gas reservoirs [1]. However, oil and gas are not easy to exploit in carbonate reservoirs
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because of their special properties. The internal structures of carbonate reservoirs vary
greatly and can be classified into four main categories: matrix type, fracture type, sewing
hole type, and large caves [2]. Carbonate reservoirs are also distinguished by their great
heterogeneity, complex geological conditions, and the inherent difficulties associated with
their development. In such cases, reservoir modification becomes a necessary step [3].
Currently, variations in reservoir characteristics can be effectively monitored and forecast
in response to adjustments in oil-field operational parameters [4]. Technologically, the
process of reservoir reforming typically employs fracturing techniques to artificially create
a fracture network.

A substantial body of prior research has been conducted on the fracture propagation
in hydraulic fracturing. The findings of the research studies conducted thus far indicate
that the formation of a fracture network is possible when the pressure within the fracture
exceeds the sum of the horizontal principal stresses and the tensile strength of the rock
at the time of construction [5]. Another related study showed that natural fractures exert
a pronounced influence on fracture propagation [6]. Wu et al. [7] conducted physical
simulation experiments on pore-type carbonate reservoirs. The results demonstrated that
when the horizontal stress difference is smaller, the hydraulic fracture deviates farther from
the maximum horizontal principal stress. Additionally, with an increase in the horizontal
stress difference, the hydraulic fracture propagates through the pore, and the fracture
pressure decreases; this conclusion further reveals the influence of stress difference on
hydraulic fracture. In the past decades, various carbonate reservoir reforming techniques
associated with acid [8-12], including acidizing, acid fracturing, sand fracturing, and
prepad acid fracturing, have been developed and reached a high level of maturity.

Early acid rock kinetic studies conducted by Lund et al. [13,14] utilized acid dissolution
of calcite and dolomite to substantiate the theoretical applicability of acid pressure on car-
bonate reservoir dissolution. However, acid leakage from the wormholes was severe under
the early process conditions; they were mostly plugged using acid-resistant pads [15,16].
Mukherjee et al. [17] proposed the method of using gel crosslinked with acid to increase the
viscosity of acid to reduce the enlargement of the wormholes, which was demonstrated to
be an effective approach in practice. In a series of indoor experiments, He et al. [18] config-
ured a slow-release crosslinking acid with sand-carrying capacity. Li et al. [19] investigated
the kinetic characteristics of acid-rock reaction and evaluated the acid-etched fracture
conductivity of gelling acid. Wang et al. [20] investigated a high-temperature-resistant
crosslinking agent. In combination with the evaluation of the construction effects in the
field, the agent caused little damage to the soil layer; this series of studies demonstrated that
gelling acids with higher viscosity can substantially enhance acidizing efficiency while min-
imizing losses. To enhance the flow rate of high-temperature and high-pressure acid-etched
fractures, Wang et al. [21] employed numerical simulations and physical simulations with
visualization, conducted finger-pressure experiments with different acids, and determined
that 4-5-grade fracturing fluids and gelling agents are optimal. Alternating injection of
acids and collodion fluid was employed by Zhao et al. [22] to investigate the impact of acid
concentration, dosage, and reaction time on fracture propagation in sandstone. Their find-
ings indicated that the complexity of fracture propagation exhibited a positive correlation
with these parameters. Their research has significantly contributed to the advancement
of construction technology. In a related study, Li et al. [23] proposed a compressibility
evaluation system based on an analysis of the mechanical properties of the rock, proving
the compressibility of carbonate rocks. Deng et al. [24] investigated the weakening effect of
acid on the physical properties of carbonate rock and the destruction mode of the specimen
after damage deterioration by rock mechanical property tests, hydrochloric acid-etching
tests, and mineral microstructure analysis of carbonate rock specimens. Their findings
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demonstrated the positive role of the acid in the process. Zhang et al. employed gelling
acid, crosslinking acid, and slip water as fracturing fluids and conducted fracturing tests
on natural carbonate specimens, thereby confirming that fracturing with alternating acid
injection can reduce the breakdown pressure [25]. Mou et al. [26] carried out acid fracturing
for fractured carbonate rocks in the Tahe oilfield, and found that large amounts of SW
injected before acid injection greatly improved the phenomenon of acid leakage during the
construction process. The results of these studies demonstrate that the alternating injec-
tion process enhances fracture inflow efficiency and curtails working fluid leakage while
sustaining the acid-etching effect. It has been proved that SW can also effectively reduce
the filtration loss, but the effect of SW on the difficulty of rupture has not been paid much
attention. Overall, these studies have not yet conducted a comprehensive investigation
into the ground reaction characteristics of the acid system [27]. Additionally, the influence
law of alternating injection of different viscosity acids and crosslinked acids on the fracture
extension of carbonate rocks remains poorly understood.

Moreover, some scholars have investigated the law of fracture propagation and etch-
ing through the integration of two-dimensional or three-dimensional fracture propagation
models with acid mass transfer reaction models [28,29], pointing out that the acid changes
the elastoplastic characteristics of the fracture tip expansion zone. Chang et al. [30] in-
vestigated the impact of vertical stress difference coefficients on the propagation of shale
fractures and observed that higher vertical stress difference coefficients impede the for-
mation and propagation of hydraulic fractures. Hou et al. [31] carried out true triaxial
physical modeling tests on cherts in northeast Sichuan and found that natural fractures had
a large impact on the generation and propagation of fractures, and the fracture roughness
near the well was greater than that at the distal end due to the action of the acid. In his
2022 study, Hou found that the fracture expansion rate in aacidized fractures near the hole
end is higher than at the distal end, and the closer the hole is to the direction of fracture
propagation, the more likely it is to make the fracture turn, thus forming multiple linked
holes [32]. This conclusion reminds us to pay attention to the angle and distance between
natural pores, holes, and the wellbore when setting research and construction plans. Liu
et al. [33] postulated that the fracture strength in hydraulic fracturing is inversely propor-
tional to the water pressure, in accordance with the principles of fracture mechanics. They
observed that increasing water pressure resulted in an exacerbation of the propagation
of branching fractures. Zeng et al. [34] conducted numerical simulations and found that
hydraulic fractures are more likely to cross natural fractures, whereas acid fractures tend
to be arrested due to the formation of wormholes. Consequently, excessively high acid
concentration can impede fracture formation due to the enhanced formation of wormholes.

The above studies primarily illustrate the influence of differential horizontal stress
difference and pumping pressure on fracture propagation, and there is also a preliminary
conclusion that natural fractures can affect fracture propagation. However, the details of
the influence of natural fractures on the propagation of new fractures is not clear enough.

Liu et al. [35] conducted hydraulic fracturing on coal rock and employed tomography
in conjunction with the Avizo 2020 software for the reconstruction of fractures, and verified
the applicability of the software’s fracture analyses. This demonstrated the efficacy of the
software in fracture network reconstruction. Nevertheless, there is a paucity of applications
of visual characterization of acid fracture for carbonate rocks, and a significant lack of
results based on such means to study their fracture propagation laws.

In the present study, a series of acid fracturing tests under the true triaxial condition
have been conducted on large carbonate specimens with complex natural fractures. To
analyze the fracture propagation characteristics of specimens after acid fracturing, a novel
method using image-based 3D reconstruction has been proposed. By using the new method,
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the fracture networks of tested specimens under different conditions, including different
acid systems, different stress conditions, and different existing complex natural fractures
were reconstructed. Fracture characteristics were investigated through 3D digital models
to explore the effects of the natural fracture, stress condition, and acid system on the law of
the propagation of acid fracture in this kind of rock.

2. Methodology
2.1. Experimental Equipment

The experiment employed a large-scale true triaxial hydraulic fracturing test system
manufactured by the Institute of Rock and Soil Mechanics, Chinese Academy of Sciences,
Wubhan, China [30], as illustrated in Figure 1, which changed the traditional water injection
fracturing into alternating multi-acid injection to realize the function of acid fracturing
by adding a fluid conversion device; and the maximum output pump pressure of the
experimental system was 140 MPa, with a resolution of 0.05 MPa. The displacement sensor
had a resolution of 0.08 mm; the maximum volume of fluid injected in a single pumping
was 800 mL; the triaxial loading unit could provide a maximum pressure of 85 MPa in
one direction; and an acid-resistant stainless steel SUS316 manufactured by Chuangrong
Petroleum Instrument Factory, Hai’an, China was used as a container for the fracturing
fluid during the experiment, with a maximum volume of 800 mL.

(b)

Figure 1. (a) Triaxial stress loading system; (b) fluid conversion device.

2.2. Specimen Preparation

Carbonate rock from the Ordovician Majiagou Formation was collected for the acid
fracturing test. As shown in Figure 2a, the specimens were derived from natural outcrops
and underwent processing and cutting into seven cubic specimens with side lengths of
300 mm x 300 mm x 300 mm. In this study, eight specimens, designated as Z-1, Z-2, Z-3,
Z-4,7-5, 7-6, Z-7, and Z-8 were prepared. As shown in Figure 2b, a circular hole with
a depth of 170 mm and a diameter of 25 mm was drilled on one side of the specimen.
A 150 mm rebar pipe was placed and fixed with epoxy resin to simulate the wellbore.
Additionally, 20 mm was reserved at the bottom of the well, designated as the bare well.
The specimens were wrapped tightly with cling film to prevent corrosion of the apparatus
by acid leakage after fracturing.



Processes 2025, 13, 98

50f19

(b)

Figure 2. (a) Carbonate rock specimens with the wellbore drilled; (b) schematic diagram of stress condition.

The above specimens developed natural fractures; the orientation of the fractures, are
clearly summarized in Table 1.

Table 1. Natural fracture development in different carbonate rock specimens.

Specimen No.

Number of
Natural Fractures
over 100 mm

Natural Fracture Patterns

Z-1

Z-2

Z-3

Z-4

Z-5

Z-6

z-7
Z-8

1
1

Subparallel to the -0, plane.

No large natural fractures in the interior,
more microfractures present.
Fracture opening visible on the surface, A
100-150 mm fracture subparallel to the
oH-0}, plane.

Angle about 30° with the cy—0y, plane.
Two groups of long, nearly vertical fractures
and micro fractures; the fracture network
is complex.

Exists in one corner of the specimen, with
an angle of about 45° to the cy—07y, plane.
Parallel to the cy—0y, plane.
Subparallel to the cy—0, plane.

As Table 2 shows, the same formulations of LVA, HVA, and CLA that have been
previously employed in field studies were utilized in this experiment. The configuration

steps are shown in Figure 3. Initially, the concentrated hydrochloric acid was diluted to a

20% mass fraction, and a range of additional substances, including corrosion inhibitors, iron

ion stabilizers, discharge aids, thickeners, and so forth, were introduced under low-speed

stirring (below 300 rpm). These were then stirred at 1200 rpm in a specialized high-speed

mixer, to which a red dye was added to facilitate the identification of the fracture path

during the acid fracturing process.
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Table 2. Fluid composition.

Fluid Fluid Viscosity Fluid Composition
[mPa-s ]
SW 5 0.001% guar powder + distilled water
LVA 30 20% HC1 + 1% corrosion inhibitor + 0.2% iron ion
stabilizer + 0.2% discharge aid + 0.15% thickener
HVA 100 20% HCl + 1% corrosion inhibitor + 0.2% iron ion
stabilizer + 0.2% discharge aid + 0.45% thickener
CLA 100 Crosslinking agent (A:B = 100:6) + 20% HCl + 1%

corrosion inhibitor + 0.2% iron ion stabilizer

(b)

(d)

Figure 3. Manufacturing of acid liquid used for acid fracturing tests: (a) additive; (b) 36-38%
concentration hydrochloric acid; (c) stirring device; (d) configuration of complete acid liquid.

2.3. Experimental Scheme

In consideration of the ground stress conditions at the site, a variety of loading stresses

and acid types were established for the specimens (Table 3). The discharge rate was set to

6 mL/min.

Table 3. Experimental scheme of acid fracturing considering different types of acid systems and

stress conditions.

Loading Stress [MPa]

Specimen No. Acid System

OH Oh 0y
Z-1 HVA 14 11 14.5
Z-2 CLA + HVA 14 11 14.5
z3 SW 20 5 25
Z-4 CLA + HVA 20 5 25
Z-5 SW + CLA + HVA 20 5 25
Z-6 SW + CLA + HVA 20 5 25
z-7 CLA + HVA 20 5 25
Z-8 CLA +LVA 20 5 25

2.4. Experimental Methods and Procedures

The experimental process is shown in Figure 4, with specific details as follows.

(1) The four walls of the pressure chamber were uniformly coated with oil, and the

encapsulated cubic specimen was loaded into the pressure chamber. The specimen

was then covered with a force transfer plate and the necessary piping was connected.
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In accordance with the experimental scheme, the working fluid was loaded into the
fluid conversion device.

(2) The triaxial stress loading system was activated and the piston elongation was ad-
justed to ensure that the hydraulic cylinder indenter was aligned with the surface of
the specimen. The three-way stress (c,—0y—07,) was loaded to the target value at a
rate of 0.5 MPa/s.

(3) Subsequent to the stabilization of the stress, the initiation of the pumping procedure
was conducted at a rate of 6 mL/min. If a sudden decline in the pumping curve was
observed, accompanied by the efflux of acid from the surface of the specimen, this
served as definitive proof that the specimen had undergone complete fracturing, and
the pumping could be terminated. A minimum of 5 min was allowed for the acid to
react with the fracture surface after terminating the pump.

(4) Upon completion of the experiment, the pressurized chamber was opened to lift out
the specimen and pay attention to the leaked acid. Following the removal of the
specimen, the apparatus was cleaned and the related wastewater waste disposed of
in an appropriate manner.

Reconstruct fractures
network by Avizo

Post-experimental
specimen cutting

Acid fracturing test

experimental specimen
preparation

Figure 4. Experiment flow chart.

3. Avizo 3D Reconstruction Method

At present, two common and mature means for characterizing internal fractures
in rocks are in use. The first method employs tools such as hammers and wedges to
fracture the specimen along the rupture surface after the experiment. The exposed fracture
surfaces are then marked, and subsequently the fracture surfaces are scanned using either
a handheld or stationary three-dimensional scanner. Following repeated scanning, the
fracture surfaces are reconstructed and then spliced into the model using software [35].
Alternatively, the specimen can be scanned using CT and reconstructed using slice data to
obtain the morphology of the fracture. The initial method is rapid and effective in obtaining
the morphology and structure of the fracture, but the capacity to extract the area, length,
and width of the fracture is insufficient. The second method is frequently employed in
the analysis of small-size specimens, exhibiting enhanced scanning efficacy. However, the
penetration capacity of a conventional CT scanner is questionable for specimens with a
side length of 300 mm. Moreover, the CT scanning outcomes are more intricate, and some
scholars have utilized tomography in conjunction with other techniques. Reconstruction
of the hydraulic fracture structure of coal rock using Avizo is feasible; however, in acidic
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fracturing specimens of carbonate rock, the presence of a considerable number of natural
microfractures and acid-etching channels poses a challenge to the accurate determination
of the target fracture.

Based on previous studies, this paper proposes a new method: Using a saw blade to
cut the specimen, and subsequently extracting the fracture parameters from each layer of
the cut surface. Following this, extracting the image of the cut. A reconstruction is then
conducted using the Avizo software. The method not only completes the reconstruction of
the three-dimensional structure of the fracture, but also extracts the specific parameters of
the fracture. The specific procedure according to the example is as follows.

Firstly, the cling film should be removed from the surface of the specimen, the specimen
should be cleaned, and a high-speed cutting machine should be used to cut the specimen
layer by layer in the direction of intersection with the fracture surface at a large angle and
with a thickness of 25 mm for each layer. A camera should then be used to take a front view
of the cut surface for each layer. The resulting image is shown in Figure 5.

=125 mm

300 mm

(@)

Figure 5. (a) Cutting schematic; (b) slices cut from the carbonate rock specimens.

Crop the specimen section from the captured image, use the image processing software
to convert the image type and check the image quality. Once this has been performed, the
image should be named and saved according to the cutting order.

The fracture reconstruction process is illustrated in Figure 6. All section pictures of
Z-1 should be imported into the Avizo software. The import method should be set to
“Luminance”, voxels should be selected for import, the width of the X- and Y-directions
should be set to 1, and the width of the Z-direction should be set to 1. The width of the
Z-direction is calculated using the following formula: (1000 pixels)/(number of slices).
The width in the Z-direction is calculated by the following formula: pixels corresponding
to (300/number of slices). Subsequently, the “1-.am” file is split using the “Interactive
Thresholding” command, resulting in the generation of the “1-thresholded.am” file. The
“1-thresholded.am” file is then subjected to the “Remove small spots” command, which is
used to remove small noise spots, thereby generating the “1-thresholded.filter” file. The
“Segmentation” command in the “Segmentation” column should then be employed to
manually modify the areas that are not correctly recognized using the lasso, brush, and
other tools. Once this is complete, the “Volume Rendering” command should be used to

render the model.
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Volume Rendering

Figure 6. Workflow on reconfiguration of three-dimensional fractures through Avizo software.

4. Experimental Results

The research focuses on deep carbonate rock formations with a thickness greater than
3000 m. The presence of outcrop rocks with representative fracture structures at this depth
is limited, and the fracture development of carbonate rock is intricate. In contrast to shale,
sandstone, and similar formations, obtaining samples with precise geometrical morphology
presents a significant challenge. Therefore, when devising the experimental plan, we
ensured that the specimens exhibited similar fracture conditions and that the number of
specimens was sufficient to obtain results by two-by-two comparison. The results were
obtained by two-by-two comparison.

So, eight sets of true triaxial fracturing experiments were conducted in this paper. The
effects of different factors on acid fracture were investigated through the reconstruction
results of the specimens after fracturing. A comparison of the fracture morphology of the
water and acid groups, shown in Table 4, revealed that the breakdown pressure of the acid
group and specimens with natural fractures was typically lower, and in some cases, the
acid fracture merged with the natural fracture. This aligns with the observations made
by Wu et al. [7]. Moreover, the experiment revealed that the fluid leakage of specimens
Z-5 and Z-6, which were treated with HVA, was significantly reduced in comparison to
specimens Z-3 and Z-8, which were not treated with HVA. This finding aligns with the
observations made by Mou et al. [26].

Table 4. The formation breakdown pressure of different carbonate rock specimens.

Specimen No. Acid System Breakdown Pressure [MPa]
Z-1 HVA 12.2
Z-2 CLA + HVA 18.7
Z-3 SW 18.4
Z-4 CLA + HVA 44
Z-5 SW + CLA + HVA 11.4
Z-6 SW + CLA + HVA 16.6
Z-7 CLA + HVA 16.6

Z-8 CLA + LVA 16.3
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4.1. Fracture Structure and Morphology
4.1.1. Fracture Structure

Once the experiments had been completed and post-processing had been conducted
in accordance with the prescribed experimental steps outlined in Section 3, the three-
dimensional fracture distribution model for each specimen could be generated. This is
illustrated in Figures 7-14.

—_

™

-
-
(a) (b)

Figure 7. (a) Spatial distribution of three-dimensional fractures in Z-1 specimen; (b) cut slice.

(a) (b)

Figure 8. (a) Spatial distribution of three-dimensional fractures in Z-2 specimen; (b) cut slice.

(a) (b)

Figure 9. (a) Spatial distribution of three-dimensional fractures in Z-3 specimen; (b) cut slice.

As shown in Figure 7, the new acid-etched fracture (red line) of specimen Z-1 generated
by fracturing is close to perpendicular to the cy—0, plane, and when it extends outward,
it communicates with the natural fracture (yellow line) and forms a certain angle. The
fracture network near the wellbore is relatively complex, and the fracture is relatively
simple when it reaches the specimen surface. This result aligns with Hou’s experimental
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findings [31]; however, it differs in that the microfracture inside Z-1 has been penetrated,
resulting in steering within a portion of the fracture.

A

(a) (b)

Figure 10. (a) Spatial distribution of three-dimensional fractures in Z-4 specimen; (b) cut slice.

(@) (b)

Figure 11. (a) Spatial distribution of three-dimensional fractures in Z-5 specimen; (b) cut slice.

@) )

Figure 12. (a) Spatial distribution of three-dimensional fractures in Z-6 specimen; (b) cut slice.

According to Figure 8, the direction of the primary fracture of specimen Z-2 is at an
angle of about 30° to the oy—0, plane, and the secondary fracture is mainly formed by
many tiny natural fissures in the interior that are interconnected. The width of the fracture
near the level where the wellbore is located is obviously larger than that of others. There
are some cases that differ from the results of Xi’s study [6], where microfractures within
the rock mass have less impact on hydraulic fracturing cracks, but more impact on acid
fracture production.

As can be seen from Figures 11 and 12, for the specimens with the same acid system
(Z-5, Z-6), despite the different number of natural fractures, the acid fractures also penetrate
the natural fractures, which is more similar to the experimental results of Deng [24], with
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the difference that the deflection of the Z-6 cracks is more influenced by the joints in the
rock, and the cracks are not flat and straight.

(a)
(a)

(b)

Figure 14. (a) Spatial distribution of three-dimensional fractures in Z-8 specimen; (b) cut slice.

Comparing Z-7 and Z-8, which used HVA and LVA systems, respectively, in Figure 13,
the Z-7 specimen shows that the acid-induced fractures (red lines) are mostly connected to
the natural fractures (blue lines). The main fracture intersects the -0, plane at an angle
of approximately 30°, with branch fractures forming at smaller angles (20-30°). In contrast,
specimen Z-8 generates a set of parallel hydraulic fractures (yellow lines) that are parallel
to the ocy—0, plane; during fracturing, the slow flow of HVA introduces the possibility of
fracture deflection [31].

A comparison of the reconstruction models reveals that the Z-7 wellbore, which was
treated with a combination of HVA and crosslinking acid, forms an acid fracturing primary
fracture with multiple secondary fractures in the vicinity of the wellbore. Additionally, the
fracturing primary fracture gives rise to a complex fracture network that interacts with
the natural fracture. The Z-1 wellbore, pumped with HVA, forms a fracturing primary
fracture with a secondary fracture, which intersects with the natural fracture. In contrast,
specimen Z-3, injected with water (Figure 9), forms only a main fracture that intersects
with the natural fracture. In conclusion, the degree of fracture complexity is greater for the
HVA + CLA than for the single HVA, which is greater than for SW.

As illustrated in Figures 10, 11 and 13, a comparative analysis of Z-4, Z-7, and Z-5
reveals that the latter exhibits a greater number of connections between acid-induced
fractures and natural fractures, resulting in the formation of more extensive and wider
fractures. Furthermore, when the angle between acid fractures and natural fractures is
considerable, the acid fractures tend to traverse the natural fractures (as observed in Z-4 in
Figure 9), whereas at smaller angles, the acid (blue) and natural fractures (red and yellow)
converge (as observed in Z-8 in Figure 14).
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As illustrated in Figure 15, for two groups of specimens using the same acid system
(Z-2,Z-7), as demonstrated in the previous comparison, as the difference between ¢}, and
op increases, the fracture length increases, but the development direction is more consistent.
The large angles of the secondary fractures extend less from the main fractures, generally
tending to be parallel to the development of the oy, and the width of the fracture is larger.

Acid fracture
b (blue)

(a) (b)

Figure 15. Comparison of fractures under different horizontal stress difference: (a) 3 MPa; (b) 15 MPa.

4.1.2. Fracture Morphology

Based on the analysis of the previous results, the following fracture parameters
were obtained.

The results in Table 5 indicate that SW fracturing exhibits a higher breakdown pres-
sure, a shorter main fracture length, and an enhanced communication effect with natural
fractures. As illustrated in Figure 16, the transverse comparison of the main fracture widths
reveals that the combination of SW, HVA, and CLA exhibits the widest width, while SW
fracturing demonstrates the narrowest. This suggests that a multi-acid combination exerts
a more pronounced effect on the fracture surface, with the width of the fracture under the
influence of acid being markedly larger than that observed in SW fracturing.

Table 5. Parameters of fractures in different carbonate rock specimens.

Specimen No. Breakdown Main Fracture Main Fracture
Pressure [MPa] Length [mm] Width [mm]
Z-1 12.2 317 1.3
Z-2 18.8 160 15
Z-3 18.4 270 0.7
Z-4 4.4 300 14
Z-5 114 240 2.3
Z-6 16.6 302 1.8
z-7 16.6 70 1.7
Z-8 16.3 165 1.3

The magnitude of the fractal dimension represents the roughness of the fracture and
also reflects the acid-etching effect. Based on the calculated data in Table 6, a comparison
of each specimen with Z-3, which uses water as the fracturing fluid, reveals that the acid-
etching effect of the Z-5 specimen, which uses SW, CLA, and HVA under conditions of
high horizontal stress difference, is the most significant. The acid-etching effect of the Z-2
specimen, which is injected alternately, is higher than that of the Z-1 specimen. Furthermore,
the effect of the Z-7 specimen, which uses HVA, is higher than that of the Z-8 specimen,
which uses LVA.



Processes 2025, 13, 98

14 0of 19

- Main fractures' length
[ | Main fractures' width

300

200

Length/mm

100

Z-1 72 Z-3 Z-4 Z-5 26 27 Z-8
Figure 16. Length and width of fractures in eight different carbonate rock specimens.
The effect of acid corrosion on the surface of selected specimens should be observed,

and the fractal dimension of the typical fracture area, as shown in Figure 17, should
be calculated.
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Figure 17. Varying acid corrosion effects on fractures of different specimens: (a) Z-1; (b) Z-2; (c) Z-3;
(d) Z-5; (e) Z-7; (f) Z-8.

Table 6. Fractal dimension of fractures in eight different carbonate rock specimens.

Specimen No. Fractal Dimension D
Z-1 1.175
Z-2 1.353
Z-3 1.358
Z-5 1.573
z7 1.469
Z-8 1.378

4.2. Fracture Complexity

In accordance with the tenets of topological structure, the alterations in topological
parameters are independent of spatial transformations [36]. Li et al. [37] leveraged this
attribute to enumerate parameters such as the number of intersections of each fracture
type in space and the density of fracture, and to compute the comprehensive evaluation
index of the fracture network after balancing the weights. This scholar’s methodology was
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employed to calculate the fracture complexity before and after the experiment in accordance
with the experimental results.

Firstly, the nodes in space are classified into three types: Type I nodes, which are
isolated endpoints at both ends; type X nodes, which are intersections of two intersecting
fractures; and type Y nodes, which are intersections of fractures in a dinky cross. In the
fracture network, each fracture must have a starting point and an end point, and such
points can be of type I and type Y. Therefore, the number of fractures can be expressed as
follows [37]:

Np = (N7 + Ny)/2 (1)

Np: the number of fractures; N;: the number of type I nodes; Ny: the number of type
Y nodes.

Type X and type Y nodes can serve as connection points, and each X and Y node
belongs to two fractures. The average connection point number Cy, for fractures can be
calculated as

CL =2(Ny+ Nx)/Np 2)

Substituting Equation (2) into Equation (3) gives
CL = 4(Ny + Nx)/(N; + Ny) 3)

Before the experiment, specimens with natural fractures consisting only of type I
nodes had a Cy, value of 0. Using experimental data, the calculated values are shown in
Table 7 below.

Table 7. Fracture complexity of each specimen.

Specimen No. Acid System Natural Fractures Cy1 Post-Experiment Cp »
Z-1 HVA 0 1.3
72 CLA + HVA 0 1.3
Z-3 SW 0 1.2
Z-4 CLA + HVA 0 1.7
Z-5 SW + CLA + HVA 1 4.0
z-7 SW + CLA + HVA 0 3.3
Z-8 CLA + HVA 0 1.3
Z-11 CLA + LVA 0 1.6

A comparison of the number of nodes in the natural fracture and the increase in
the number of nodes after the experiment allows for an evaluation of the change in the
complexity of each specimen. The absolute value of the complexity of Z-5 with crossed
natural fractures is the largest, indicating the greatest change in complexity. The greatest
change in complexity was observed for Z-6, which utilized SW, CLA, and HVA. In contrast,
the lowest-complexity fracture was observed for Z-3, which employed SW and exhibited
the smallest increase in complexity post-experiment.

The impact of an acid system can be observed in the results of the comparison of
the fracture network capacity (i.e., fracture complexity) and fracturing effect (i.e., fracture
morphology) in Sections 4.1.1 and 4.1.2, which indicate that the combination of SW, HVA,
and CLA is the most effective, followed by HVA and CLA, and HVA, and finally SW
demonstrates the least favorable outcome.

4.3. Treatment Pressure Curve

As shown in Figure 18, an analysis of the treatment pressure curves reveals that the
curves of certain specimens treated with an acid solution exhibit a more pronounced zigzag
pattern, indicating the presence of numerous internal small fractures that are susceptible to
communication during fracturing. A comparison of the curves for specimens Z-1 and Z-2
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demonstrates that the break of the specimen can be slowed down, and the duration of acid
dissolution can be enhanced by increasing the injection of crosslinked acid. The curves of
Z-2 and Z-4 demonstrate that an increase in the geostress difference facilitates the opening
of internal fractures in the specimen, resulting in a more complex and variable acid flow
path. A comparison of Z-5 and Z-6, which utilized the same working fluid, reveals that
Z-5, which contains two substantial natural fractures, produced two failure zones, and the
peak pressures were lower than those of Z-6, indicating that an increase in the number of
fractures can facilitate a reduction in the breakdown pressure and the formation of new
fractures. When comparing Z-4 and Z-7, it is postulated that when the Ran fractures are at
an angle to oy, the large fractures on either side of the Ran fractures have an angle with oy
that is identical to that observed in Z-2 and Z-4. This results in lower peak pressures than
those observed in Z-6. A hypothesis may be formed when comparing Z-4 and Z-7; namely,
that when an angle exists between a fracture and o, it becomes easier to form small new
fractures on both sides of a large fracture due to uneven stress, thus increasing the effect.
The dissolution of acid and the potential for fracture communication are also increased. In
contrast to these specimens, Z-3, due to the use of water, has smooth pumping curves, a
rapid increase in pressure, and a significant decrease in pressure following breakdown.
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Figure 18. Treatment pressure curve of each specimen (a-h).

5. Conclusions

This paper presents the results of acid fracturing tests under true triaxial conditions
conducted on large size specimens prepared from natural outcrops of carbonate rocks.
Different loading pressures and various acid systems have been applied to investigate the
influence of various factors on fracture propagation. After testing, specimens were cut into
thin slices, and scanned by using high-resolution camera equipment, and reconstructed in
the Avizo software to create a three-dimensional digital model of the fractures, which was
then analyzed using statistical techniques. The findings reveal the following:

(1) A clear 3D fracture structure of a carbonate rock specimen after acid fracturing can be
effectively established by using the novel method of fracture network construction
proposed in this study without compromising the extraction of the fracture parameters.
This method is more precise than the method of knocking specimens into pieces and
scanning, and it has advantages over the method of CT X-ray scanning when dealing
with large specimens.

(2) The post-experimental structure demonstrates that the presence of natural fractures
facilitates the formation of the fracture network. When a compression fracture contacts
a natural fracture, it will penetrate if the angle between the two is large; conversely,
the two will merge if the angle is small.

(38) The length of the fracture increases with the increase in the horizontal stress difference,
and the direction tends to develop parallel to oy. This results in a larger fracture
width in the primary fracture and less development of the secondary fracture.

(4) The experimental results obtained using different acid systems were compared, and it
was found that the fracture width and fracture roughness formed by the pumping
scheme with SW as a precursor and subsequent alternating injections of high-viscosity
acid and crosslinked acid were superior to those of the combination of low-viscosity
and crosslinked acid, and superior to those of single-acid injection and water injection.
These findings can provide guidance for the optimization of the on-site process.

By reconstructing the fracture network using Avizo, we can determine the impact of
various factors on fracture propagation, thereby providing a highly efficient acid system
for construction sites. However, due to the small sample size used in our experiments, we
were unable to fully simulate fracture propagation at the formation scale. It is suggested to
use samples with a side length of more than 500 mm for fracturing simulation experiments,
and use numerical simulation technology to simulate the trend of the fracture propagation
in engineering scale. Combined with the experimental and numerical simulation results,
the quantitative characteristics of a fracture propagation law can be further obtained.
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Nomenclature

SW Slippery water
HVA  High viscosity acid
LVA  Low viscosity acid
CLA  Crosslinked acid
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