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Abstract

The success of acid stimulation in tight carbonate reservoirs relies on the formation of
non-uniform etching on fracture walls. However, existing research on the influence of the
fracture surface morphology on non-uniform etching and fracture conductivity predom-
inantly employed non-replicable tensile fracture surfaces. Previous studies were unable
to use identical fracture surfaces to conduct single-factor analysis and clarify the impact
of roughness. This study utilized digital engraving technology to fabricate multiple arti-
ficial carbonate rock samples with a homogeneous lithology and completely consistent
fracture surface morphology. Using the Triangular Prism Method (TPM), the initial fracture
roughness of the rock samples was decomposed into large-scale waviness and small-scale
unevenness. Through controlled injection parameters, single-factor acid etching experi-
ments were conducted. For the first time, the effects of large-scale waviness and small-scale
unevenness on acid etching were investigated, along with the influences of the acid injection
rate and injection time. The existence of an optimal injection rate and an optimal injection
time was clarified. The results demonstrate that the engraved carbonate samples’ surfaces
exhibit good consistency with the original natural fracture surfaces. The acid solution acts
to shave the “peaks” and deepen the “valleys” of rough fractures. The large-scale waviness
characteristics of the initial rough surfaces determine the overall post-etching morphology,
leading to poor surface contact within the fracture. This is the primary reason for the
high fluid flow capacity of acid-etched fractures under low closure stresses. However, the
small-scale unevenness characteristics of the initial rough surfaces determine the formation
and the distribution of small protruding support points on the post-etching surface. This is
the primary reason for the retention of high conductivity in acid-etched fractures under
high closure stresses. An increase in the acid injection rate or acid injection time does not
lead to a linear decrease in linear roughness, surface mismatch, or fracture aperture. A
critical acid injection rate or critical acid injection time exists. Optimizing the injection rate
or time can achieve an ideal etching morphology—the protrusions formed by punctate
etching enable the fractures to maintain a certain level of conductivity even under a high
closure stress of 55.2 MPa, while channel etching can increase the conductivity under high
closure stress by 20-25%, providing a key direction for optimizing acid etching effects.

Keywords: acid fracturing; tight carbonate; fracture morphology; uniform lithology;
non-uniform etching; initial fracture roughness; large-scale waviness; small-scale
unevenness; conductivity
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1. Introduction

Globally, carbonate rocks serve as a significant type of reservoir for oil and gas, ensur-
ing substantial hydrocarbon resource supply [1]. With progress in petroleum exploration
and technology, the development of carbonate oil and gas reservoirs has been increasing
in recent years, accounting for 60% of the world’s total oil and gas production [2]. Most
carbonate oil fields tend to be quite profitable [3].

Acid fracturing is an indispensable technology for enhancing production in carbonate
reservoirs. This method consists of two stages: creating fractures in the rock and etching
the fracture surfaces through acidization [4]. The length of the acid-etched fractures and
their conductivity are key factors that determine the effectiveness of the acid fracturing
treatment. The acid-etched fracture conductivity is influenced by many factors, such
as the rock strength [5,6], type of acid [7], acid—rock contact time [8], injection rate [9],
temperature [6,10], and closure pressure [11]. Accurately evaluating the flow capacity of
acid-etched fractures has an important impact on the carbonate acid fracturing design and
post-frac production forecasts.

The conductivity of acid-etched fractures is mainly determined by the properties
of the reservoir rock and the etching morphology of the fracture surface. Currently, the
conductivity of acid-etched fractures is mainly evaluated through lab experiments [12].
Standard lab practices employ smooth core samples or outcrop rocks from identical layers
to obtain natural fractures for etching and flow testing under various acid conditions, as-
sessing the dominant factors for etching and flow capacity [2]. Mirza, et al. [13] highlighted
that deep channels along fracture faces yield exceptional conductivity under substantial
closure stress. Melendez, et al. [14] examined acid fracture conductivity and influencing
factors through repeated experiments. The results indicated that fracture surface etching
significantly impacts conductivity, enabling conductivity maintenance after fracture closure
if channels were created. Antelo, et al. [15] presented 65 experimental results for different
types of rock and acid injection conditions. They provided the variables and controlling
parameters relating fracture surface roughness to fracture conductivity measurements. Lu,
et al. [16] introduced parameters to quantify roughness and channels on etched fracture
surfaces, showing that these factors substantially affect the initial conductivity and its rate
of change with closure pressure. In the actual acid fracturing process, acid etching creates a
heterogeneous surface with different sizes of micro-protrusions and sharp peaks, increasing
the fracture wall’s roughness and narrowing the width [17]. However, traditional flat-plate
experiments cannot precisely quantify the flow capacity of acid-etched fractures in car-
bonate reservoirs. This discrepancy leads to significant errors in predicting fracture flow
and inaccurate forecasting of post-acid-fracturing productivity and impacts the practical
application of the technology.

Other experimental studies focused on the influence of fracture surface characteriza-
tions on acid etching behavior [13,18,19]. Neumann, et al. [20] employed tensile fracture
simulations to mimic the hydraulic fracture’s natural geometry, comparing it with origi-
nal carbonate samples. They observed the tensile etching patterns and noted that, after
acid treatment, the linear roughness of these fractures could increase, remain the same,
or even decrease, with the surface mismatches driving acid fracture conductivity. Nino-
Penaloza, et al. [21] examined how etching mechanisms on rough surfaces differ from those
on smooth ones, finding that conductivity on rough surfaces is primarily influenced by
the deepening of pre-existing channels rather than the creation of new channels through
etching. Asadollahpour, et al. [4] investigated the impact of acidizing at varying times
on the roughness evolution and conductivity of fractures with rough surfaces through
experiments and numerical simulations. Their findings indicate that the growing mismatch
between fracture surfaces significantly influences acid fracture conductivity. Fractures
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with a longer acidizing time exhibit greater normal deformations under normal stress.
Gou, et al. [22] considered the impacts of the initial fracture morphology and temperature
during an alternating multi-stage acid fracturing experiment. The results showed that the
acid-etched fracture morphology is the integrated result of the initial rough fracture topog-
raphy and reaction temperature. Although previous studies have noted the substantial
positive effect of heterogeneous fracture etching on the acid fracturing efficiency, systematic
quantitative analysis has usually been ignored [23,24]. Specifically, the interplay between
the initial surface roughness and acid flow rate and their impact on dissolution within
acidized fractures have not been thoroughly examined. As a result, the correlation between
etching patterns and subsequent fracture conductivity remains unclear.

In this study, we attempted to employ digital engraving techniques to prepare carbonate
rock samples with a uniform lithology and homogeneous roughness morphology [25-27],
followed by acid etching and conductivity experiments. In the study, 40 natural fracture
morphologies were obtained from split rock samples; after decomposing and partitioning
the roughness via the Triangular Prism Method (TPM) and characterizing it using area tor-
tuosity, three representative morphologies were selected for engraving, yielding carbonate
rock samples with consistent roughness profiles. On this basis, a series of experiments were
conducted to investigate the acid etching behavior of fracture surfaces and the evolution of
fracture conductivity under varying initial roughness morphologies, acid injection rates,
and acid injection durations.

The innovations of this study are mainly reflected in the following two aspects:

(@) In previous studies, the smooth-cut rock slabs used in experiments failed to reflect
actual fracture morphologies, while the rough rock slabs obtained via core splitting
exhibited heterogeneous morphologies, leading to significant discrepancies in acid
etching experimental results. To address these challenges, this study proposes for the
first time a method for preparing a large number of replicate rock samples with a uni-
form lithology and consistent surface morphology using digital engraving techniques,
based on carbonate rock samples with a single-mineral composition and extremely
high purity.

(b) Most previous experimental studies on the influence of roughness on acid etching were
conducted using split rough rock slabs with heterogeneous morphologies, and the
characterization of fracture surface roughness mostly relied on single parameters such
as the Joint Roughness Coefficient (JRC) and fractal dimension. In contrast, this study
decomposes the overall fracture roughness into primary roughness (i.e., large-scale
waviness, defined as the dominant large-scale unevenness of the wave surface) and
secondary roughness (i.e., small-scale unevenness, defined as randomly distributed
small-scale asperities superimposed on the primary wavy surfaces) via the Triangular
Prism Method (TPM) for the first time and characterizes them in combination with
area tortuosity, achieving a two-parameter characterization of roughness. This enables
a more comprehensive qualitative and quantitative evaluation of the roughness of
rock surfaces (e.g., joints or faults).

2. Experimental Method
2.1. Sample Preparation

This study is based on a method combining 3D scanning and 3D engraving technology
to reproduce rock fracture surfaces [26,27]. The method is used to create rough fracture
surfaces with a consistent morphology for acid etching experiments and flow capacity tests.
As shown in Figure 1, the process generally involves collecting carbonate rock samples
from natural outcrops, followed by splitting to obtain a rough fracture surface morphology.
Next, a 3D laser scanner is used to capture the surface data of the fracture. The surface

https://doi.org/10.3390/pr14030545


https://doi.org/10.3390/pr14030545

Processes 2026, 14, 545

4 of 30

features are then quantitatively characterized, and typical rough morphologies are selected.
Finally, the selected fracture surface morphology data is imported into a 3D engraving
machine for engraving, producing multiple samples with an identical morphology. This
method allows for the preparation of a large number of samples with a surface morphology
similar to the original fracture surface. These samples can be used for further research on
the mechanisms and factors related to acid etching and fracture conductivity.
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w) Obtaining rough fracture surface morphology \ (b) 3D scanning
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k (c) Morphology characterization J K (d) 3D carving /

Figure 1. Rock sample preparation procedure.

2.1.1. Acquisition of Rough Fracture Surface Morphology

Rock samples were collected from Yunnan Province, China. X-ray diffraction analysis
of outcrop samples revealed that the rock is predominantly calcite and contains minor
amounts of dolomite, quartz, and clay minerals (Figure 2). Their average mass percentages
are 94.31%, 0.35%, 4.71%, and 0.63%, respectively. This indicates that the mineral com-
position is fairly simple and matches well with core samples taken from the subsurface.
Previous studies [22,28] employed rock samples with complex mineral compositions. The
different reaction rates of various minerals with acid solutions led to inconsistent experi-
mental results, complicating the investigation of single-factor influences such as roughness
and time on acid etching and conductivity.
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Figure 2. Mineral composition of carbonate rock outcrops and the downhole core.

In accordance with API standards, the samples were cut into rectangular blocks with
dimensions of 180 mm X 36 mm x 50 mm (Figure 1a). Due to challenges in obtaining deep
subsurface cores from the formation, outcrop samples from the formation were selected
as experimental materials, with guidance provided by geological experts. To replicate
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the natural fracture morphology, the Brazilian splitting test was utilized. The rectangular
blocks were placed in a splitting apparatus, with the splitting wedge aligned along the
central axis of the sample’s width. Longitudinal pressure was subsequently applied to
induce coarse tensile fractures. In total, 40 carbonate rock blocks were split to acquire
representative fracture surface morphologies for further analysis.

2.1.2. Characterization of Fracture Surface Morphology

(1) Surface roughness decomposition

A 3D laser scanner (Figure 1b) was employed to capture the surface crack morphology
of the rock slab before and after acid etching [11,16,29].

The fracture surface exhibits multi-scale roughness characteristics. As shown in
Figure 1c, its topography can be viewed as a superposition of large-scale waviness repre-
senting primary non-steady roughness and small-scale unevenness representing secondary
static roughness. Using the Triangular Prism Method (TPM), the fracture surface is dis-
cretized into square cells with a side length of 6. The four vertices of each square are
connected to the average surface height, forming four triangles; the area of each triangle is
calculated, and the sum of the four areas provides an approximation of the rough surface
area for that cell. Summing the approximate areas for all cells yields the total rough surface
area S(8). As b decreases, S(0) begins to capture the influence of small-scale unevenness and
shows a rapid increase. Based on the sample dimensions in this experiment, the maximum
value of 6 is half the width of the rock sample, i.e., 18 mm, and the minimum value is
consistently 0.1 mm [26]. As shown in Figure 3, when In approaches 0 (corresponding to &
close to 1 mm), the slope of the fitted line changes significantly. This grid size (6 ~ 1 mm) is
the critical scale that distinguishes large-scale waviness from small-scale unevenness on
the fracture surface.
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Figure 3. TPM determines the relationship between surface area and grid size 6. (* denotes that this
point is the projection of point o on the plane.)
(2) Roughness characterization

Quantitative characterization of surface roughness employs area tortuosity metrics
(original tortuosity ¢, of the crack surface, tortuosity €, of large-scale waviness, and
tortuosity &, of small-scale unevenness), as per the following equation group:

e — S0

750,

e = 37 1)
_ 509

€2 = 50);
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where 5(5) denotes the actual area of the rough crack surface; 5(6); represents the macro-
scale crack surface area of the rough surface, calculated from point cloud data at a step
size of 1 mm; S(¢),, denotes the projected area of the rough surface; and S(J), denotes the
micro-scale crack surface area of the rough surface, calculated from point cloud data at a
step size of 0.1 mm.

This study utilized the aforementioned method to quantify the fracture morphology
of 40 pairs of cleaved rock specimens. The detailed results are presented in Table 1.

Table 1. Calculation results of the original, large-scale waviness, and small-scale unevenness area
tortuosity for 40 pairs of split rock samples.

Number €a €a1 €2 Number €a €a1 €2
1 1.150 1.070 1.074 21 1.156 1.078 1.079
2 1.176 1.076 1.068 22 1.100 1.026 1.075
3 1.175 1.093 1.069 23 1.122 1.048 1.075
4 1.230 1.135 1.049 24 1.080 1.025 1.076
5 1.166 1.087 1.040 25 1.164 1.057 1.108
6 1.246 1.142 1.096 26 1.146 1.055 1.092
7 1.155 1.050 1.085 27 1.132 1.038 1.095
8 1.141 1.055 1.084 28 1.104 1.026 1.079
9 1.143 1.068 1.076 29 1.147 1.069 1.087
10 1.153 1.073 1.076 30 1.108 1.026 1.083
11 1.249 1.132 1.096 31 1.104 1.035 1.070
12 1.138 1.055 1.077 32 1.100 1.025 1.076
13 1.166 1.076 1.088 33 1.078 1.016 1.063
14 1.188 1.080 1.100 34 1.103 1.027 1.077
15 1.145 1.059 1.082 35 1.124 1.016 1.109
16 1.156 1.057 1.103 36 1.100 1.022 1.079
17 1.151 1.073 1.091 37 1.144 1.033 1.112
18 1.167 1.097 1.064 38 1.105 1.023 1.083
19 1.227 1.115 1.102 39 1.117 1.028 1.090
20 1.169 1.072 1.077 40 1.129 1.034 1.096

2.1.3. Selection of Typical Morphology

The selection results are presented in Figure 4 and Table 2, highlighting significant vari-
ations in the original area tortuosity of carbonate rock fractures. To examine the influence
of fracture morphology with varying roughness on acid etching and fracture conductivity,
three representative rock samples were selected. Sample No. 4, representing the coarsest
morphology, was designated as Type A; Sample No. 20, representing a morphology with
median area tortuosity, was designated as Type B; and Sample No. 35, representing the
smoothest morphology, was designated as Type C. Among these, Type B exhibited nearly
equivalent values for both large-scale waviness and small-scale unevenness tortuosity.
In contrast, Type A and Type C displayed notable differences in the tortuosity of their
large-scale waviness and small-scale unevenness. Specifically, Type A showed a higher
curvature for the large-scale waviness area compared to its small-scale unevenness area,
whereas Type C exhibited the opposite relationship.
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Figure 4. Calculation and statistical results of area tortuosity. (Red represents the three types of rough
rock samples selected for the experiment.).

Table 2. Results of rough crack surface selection.

Number 4 20 35
Fracture surface A B C
€a 1.230 1.169 1.124
€21 1.135 1.072 1.016
€0 1.049 1.077 1.109
N 15\\\ B
150 ‘\\\
100 N h
30 ‘/‘;/50 Y ° 20
X ? X
o e
16 18 20 2 24 26 28 30 32

2.1.4. Surface Reconstruction of Fracture

As shown in Figure 1d, the processed point cloud data of the rough fracture surface
undergoes polygonal surface processing and NURBS surface fitting operations. Subse-
quently, a three-dimensional rough fracture solid model consistent with the original rough
fracture surface is constructed.

Before commencing carving, mechanical testing was conducted on freshly collected
carbonate rock samples. Standard samples (5.0 cm in length and 2.54 cm in diameter) were
drilled from the four corners of the carbonate rock outcrop. Static uniaxial compressive
strength tests were conducted at room temperature. Young’s modulus values for the
outcrop samples range from 19.47 GPa to 22.62 GPa (Figure 5), indicating that the samples
are suitable for sample preparation via an engraving machine.
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Figure 5. Uniaxial rock mechanics test results.

The finished product, after processing by a CNC (Computer Numerical Control) stone
carving machine, is shown in Figure 6. Close comparison reveals that the fracture surface
of the carved rock samples bears a striking resemblance to the surface morphology of the
original rock sample.

(a) CNC stone engraving machine (b) Reproduced samples

Figure 6. Engraving machine and the engraved reproductions.

To further quantify and validate the similarity in fracture morphology between the
original natural fracture rock samples and the engraved fracture rock samples, both types
of specimens were scanned. Their area curvature indices were computed separately (see
Figure 7). The results show a negligible difference in area curvature between the natu-
ral fracture surface and the engraved surface, with a deviation of approximately 0.25%.
Additionally, a comparison of the elevation distribution frequencies of the natural and
engraved fracture surfaces revealed that the morphology and elevation distribution of the
engraved rock specimen closely approximated the overall trend of the natural fracture
specimen. These findings confirm that the engraved specimens meet the requirements for
acid etching experiments.

2.2. Acid Fluid

The experimental study employed a gelled acid system, which serves as the primary
acid fluid system for acid fracturing. A gelling agent, usually polyacrylamide, was added
to hydrochloric acid to increase the viscosity of the acid and slow down the acid-rock
reaction rate. However, it was mainly used to etch open fractures and create conductivity.
The formula of the gelled acid used in this experiment is listed in Table 3.

https://doi.org/10.3390/pr14030545


https://doi.org/10.3390/pr14030545

Processes 2026, 14, 545

9 of 30

30000

Original rock S
160 Hei 160 . G B
eight(mm) Height(mm) sample 80 g
20000 g
140 35 140 35 z 60 ‘=
33 33 - £
= 40 2
120 31 120 31 B 0000 =
29 29 i 2
100 27 100 27 £
0- 0 -

30 25 %0 2 18 19 20 21 22 23 24 25 26 27 28

23 23 Elevation (mm)

60 el 60 2l 30000 100 _
‘ 19 ‘ 19 Carved rock &
40 17 40 17 sample 80 i
i 15 ' 15 200004 g
;_:,‘ 60 =
20 20 ] 2
g z
= 4 2
10000 7
0 0 2
0 10 20 30 0 10 20 30 20 £
Original rock Carved rock 0+ Lo

18 19 20 21 22 23 24 25 26 27 28

sample sample

Elevation (mm)
(a) Texture of original and reproduced samples (b) The elevation distribution frequency

Figure 7. Comparison between the original and reproduced (Type A) fracture morphology. (The red
line represents the cumulative elevation distribution frequency percentage.)

Table 3. Formula of acid fluid used in the experiment.

Acid Fluid Formula

15 wt% HCl +3 wt% gelling agent +3.5 wt% corrosion
inhibitor +1 wt% ferric ion stabilizer

Gelled acid

2.3. Experimental Scheme
2.3.1. Experimental Scheme Design

The experiment was conducted at 60 °C, consistent with reservoir temperatures.
Employing the Reynolds number similarity criterion, the acid injection rate was scaled
down from the field scale (m3/min) to the laboratory scale (mL/min) via the following

_ g (w0 )
41—2hf<w1) )

equation [22]:

where g; denotes the acid injection rate at the laboratory scale; g denotes the acid injection
rate at the field scale; l; denotes the rock slab width; wr denotes the formation fracture width;
hs denotes the formation fracture height; n denotes the power-law exponent, determined
from acid rheology test data, n = 0.159; and w; denotes the fracture width of the experimental
specimen. As shown in Table 4, the corresponding results for acid injection rates were
calculated by scaling down the field-scale rates to laboratory-scale rates using Equation (2).

Table 4. Results of acid injection rate scaled down from field scale to experiment scale.

g (m3/min) hs (m) wy (m) n h; (m) w; (m) g1 (mL/min)

3.0 254.3
4.0 100.0 0.0022  0.146 0.035 0.001 349.1
5.0 453.9

Flow is an important driving force for mass transfer, determining the rate, pathway,
and efficiency of mass transfer, and there is a clear correlation between the two. In this
experiment, the Reynolds number similarity criterion was adopted to scale down the acid
injection rate from the field scale (m3/min) to the laboratory scale (mL/min) to maintain
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consistent hydrodynamic conditions. Based on this correlation, the mass transfer effects at
the laboratory and field scales are implicitly scaled similarly.

Acid-rock reactions belong to the category of reactive solute transport problems
and are commonly studied using dimensionless numbers such as the Reynolds number
(Re), Péclet number (Pe), and Damkohler number (Da). As shown in Table 5, Dijk and
Berkowitz [30] classified Pe and Da into three basic levels, low, medium, and high, and
further identified four typical scenarios. The first two scenarios are advection-dominated,
while the latter two are chemical-reaction-dominated; at the field scale, the calcite—-HCI
reaction is diffusion—mass-transfer-dominated [29], corresponding to the medium-Pe and
low-Da scenario. Based on the experimental test data in this study, the reaction rate constant
k1 = 6.623 x 1075 571, fracture aperture = 2 mm, rock sample density = 1200 kg-m 3, viscos-
ity = 0.02 Pa-s, and H* diffusion coefficient = 6.5 x 10~ m?-s~!. Using Equations (3)~(7),
the initial effective Péclet number (Pe. ) and initial effective Damkohler number (Dae o)
are calculated to be 0.987 and 1.112 x 107%, respectively. These values fall under the
medium-Pe and low-Da condition, which is consistent with field-scale observations.

o= o5+ 5) e (1- (1)) 5 ®
—ps% = klb(c|y:b — csat) 4)
s = —3 G2 ®)
Pe = Mgi:b (6)
2
Da = %.”gzb 7)

where Dy, is the solute diffusion coefficient; 1max is the local maximum transverse velocity;
j—f is the local hydraulic head gradient along the fracture direction; y is the dynamic fluid
viscosity; ps is the density of the solid wall; p is the density of the solution; csat is the solute
concentration of the saturated fluid; b is the fracture aperture; ki is the first-order kinetic
reaction constant; Pe (Péclet number) characterizes the relative importance of convection
compared to diffusion in solute transport; and Da (Damkohler number) characterizes the
relative importance of acid-rock chemical reactions compared to mass transport.

Table 5. Parameter values of rough fracture in different cases.

o, _1 d s " Da Dominant
Condition Peggs Daggt o ki/s a"’ Kgm= gm= i Mechanism
Typical Pe, Low Da 1 1x107%  1x107° -2x107% 2x10* 1x10° 1x107? Convection
Typical Pe, Typical Da 1 1x107% 1x107° -2x107* 2x10* 1x10® 1x107° Both comparable
Typical Pe, High Da 1 10 1 —2x107%* 2x10* 1x10> 1x107°  Chemical reaction
High Pe, Typical Da 1 1x107%  1x107° -2 2x10* 1x10° 1x107° Convection

Based on the established experimental injection rate and temperature, experiments
were conducted to investigate the influence of the initial fracture morphology and acid
injection rate on the acid-etched fracture morphology and conductivity. As shown in
Table 6, nine sets of experiments were performed. The morphological characteristics and
conductivity of acid-etched fractures were investigated under varying initial morphologies
(Type A, B, and C), acid injection rates (250, 350, and 450 mL/min), and acid injection times
(30, 40, and 50 min).

https://doi.org/10.3390/pr14030545
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Table 6. Experimental scheme of acid etching. (# denotes the experimental number.)
Experiment Type of Acid Tyvoe Temperature Initial Width  Injection Rate Injection
Number Fracture M °O (mm) (mL/min) Time (min)
#1 250 40
#2 A 350 40
#3 450 40
#4 250 50
#5 B Gelled 60 1 350 40
#6 adt 450 30
#7 350 30
#8 C 350 40
#9 350 50

2.3.2. Experimental Procedure

The primary sequence of the entire experimental process is as follows (Figure 8):

(1) Step 1: Each slab’s initial rough fracture surface was scanned using a 3D laser scanning

device. This step was crucial in assessing the alterations in the fracture morphology.
(2) Step 2: A pair of rough slabs was positioned within the reaction cell of the acid
etching apparatus. Upon attaining the predetermined temperature for a specific acid

system, the appropriate acid formulations were sequentially pumped into the fracture

according to the experimental design.

(38) Step 3: Once removed from the acid etching device, the slabs were scanned by the 3D

laser scanning device to capture the post-acid-etching surface characteristics.

(4) Step 4: Lastly, the acid-etched fracture conductivity was measured by the conductivity

test device.

304 \ Original L Morphology after
LA morphology Nis “ acid etching

Acid v g Conductivity test
fracturing Acquisition &3

Figure 8. Experimental procedure.

3. Results and Discussion

3.1. Effect of Initial Fracture Surfaces
3.1.1. Characteristics of Acid-Etched Fracture Surfaces

Surface scanning was performed on each rock slab before and after acid treatment to

evaluate the acid etching pattern [31,32], with color bars indicating the relief height of the

fracture surfaces (Figure 9).
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Figure 9. Etched profiles of rough fracture surfaces before and after injection of gelling acid at
350 mL/min injection rate. (A) Type A fracture surface; (B) Type A fracture surface; (C) Type C
fracture surface.

Figure 9 illustrates the morphological changes before and after acid etching for differ-
ent initial fracture surfaces under identical acid injection rates. The acid solution markedly
dissolves the rough fracture surfaces. Prior to acid etching, the rough rock surface exhibited
pronounced undulations. After acid etching, the number of red-colored peaks dimin-
ished, with a reduction in protrusions. Conversely, numerous valleys darkened in color,
transitioning from light green to deep green, while the depth of these areas became more
pronounced. This etching phenomenon is reasonable compared with previous experimental
findings [15,21,23].

To further quantitatively analyze the influence of the initial crack morphology on
acid etching behavior, three parameters were selected for the quantitative characterization
and analysis of the crack surface before and after acid etching: the elevation frequency
distribution of the rock surface, the tortuosity of the fracture surface, and the initial aperture
formed by contact at zero closure pressure.

3.1.2. Frequency Distribution of Fracture Surface Elevations

The elevation frequency distribution denotes the frequency with which surface points
of a rock specimen occur within a specified height range. The elevation frequency dis-
tribution histogram and its corresponding curve provide a visual representation of the
specimen’s surface roughness. Based on the elevation of fracture surfaces on rough rock
plates ranging from 15 mm to 35 mm before and after acid etching (Figure 9), the elevation
was divided into 15 intervals with a step size of 1 mm (Figure 10).

Figure 10 displays the elevation frequency distribution of rock samples with varying
initial fracture morphologies before and after acid etching. It can be observed that prior to
acid etching, the fracture surfaces of the rough rock slab exhibited a broad elevation distri-
bution following a normal distribution. However, the elevation distribution ranges differed
between fracture morphologies: higher roughness morphologies (Type A) exhibited higher
elevation peaks, while lower roughness morphologies (Type B) exhibited lower elevation
peaks. The elevation distribution after acid etching exhibits a “left shift” phenomenon.
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The frequency of high points decreases, while that of low points increases. The higher
the roughness, the more pronounced the “left shift” in the elevation distribution of the
etched morphology. This indicates that acid possesses the capacity to smooth high points
and enlarge valleys or deeper regions on the fractured surfaces of a rough fracture [22,28].
This effect becomes more evident as roughness increases. This may be attributable to the
turbulent effects generated when acid flows through rough fractures, where the irregular
topography causes streamlines to become tortuous and the flow field undergoes severe
disturbance [10].
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After acidizing After acidizing

Frequency (%)
Frequency (%)

Height (mm) Height (mm)
(a) Type A (b) Type B
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20
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Height (mm)
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Figure 10. Effect of initial fracture morphology on elevation frequency distribution of rough rock
slabs before and after acid etching.

3.1.3. Change in Fracture Surface Area Tortuosity

The area tortuosity of acid-etched samples with varying roughness was calculated
using Equation (1) based on the post-etching crack surface area. This was quantitatively
compared with pre-etching values (Table 7 and Figure 11). Tortuosity denotes the ratio
of the actual fluid flow distance to the apparent flow distance, reflecting the complexity
of the fracture surface. The original area tortuosity &, of all three rough rock samples
decreased after acid etching, indicating a relative reduction in roughness. For each fracture
surface, both the large-scale waviness area tortuosity &,1 and the small-scale unevenness
area tortuosity e,, decreased after acid etching. After acid etching, the large-scale waviness
area tortuosity of the Type A fracture surface remained higher than that of the other two
types of fracture, although exhibiting the lowest small-scale unevenness area tortuosity.
Conversely, the Type C fracture surface displayed the highest small-scale unevenness area
tortuosity and the lowest large-scale waviness area tortuosity.

Table 7. Change in slabs’ surface area and tortuosity. (# denotes the experimental number.)

Experiment Fracture Surface Area A (10~% m?) Tortuosity ¢,
Number Surface Before Acid Etching After Acid Etching Before Acid Etching After Acid Etching
#2 A 7882 7542 1.230 1.177
#5 B 7491 7279 1.169 1.136
#8 C 7203 7132 1.124 1.113
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Figure 11. Change in the area tortuosity of large-scale waviness and small-scale unevenness of each
fracture surface. (The arrows indicate a decrease in the data value).

3.1.4. Initial Aperture

The initial fracture width refers to the width of the fracture formed when the rock
surfaces come into contact under zero closure pressure after acid etching. The initial
average fracture width @w and maximum fracture width wmax are closely related to the
conductivity of acid-etched fractures [21,33]. Figures 12 and 13 illustrate the evolution
of fracture profiles (x = 37 mm) and gap widths on rough rock panels before and after
acid etching. The pre-etching fracture profiles exhibit tortuous contours, whereas the
post-etching profiles are smoother, indicating the acid solution’s effect of flattening “peaks”
and deepening “valleys” in the rock surface. Type A fracture surfaces primarily exhibit
large-scale waviness, characterized by prominent ridges and depressions. After acid
etching, large-scale waviness remains predominant. In contrast, the roughness of the
Type C fracture surface predominantly exhibited small-scale unevenness, characterized by
small protrusions and depressions. The etching process primarily affected this small-scale
unevenness and also reduced the large-scale waviness. Consequently, the etched fracture
surface retained some small-scale unevenness characteristics. This finding is in accordance
with previous experimental results (Table 7 and Figure 11).

Height(mm)

Ce,y% 50
, 40
J 20 )
Qo

Figure 12. Surface profile of the acid-etched fracture (x = 37 mm).

As illustrated in Figures 13 and 14, the etching of Type C fractures exhibits unifor-
mity, with the lowest initial areal tortuosity of 1.124. This results in the high matching
accuracy of the upper and lower fracture contours and relatively consistent variation in
the fracture width along the fracture length. With the increase in the initial areal tortuosity,
the mismatching of the upper and lower fracture surface contours after etching becomes
more pronounced for Type A fractures (initial areal tortuosity: 1.230) and Type B frac-
tures (initial areal tortuosity: 1.169), accompanied by an expansion of both maximum and
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average fracture widths. Aperture fluctuations along the fracture length lead to more

complex etching conditions and a higher degree of mismatching. Under such circum-

stances, the fracture surfaces lose their matching state after acid injection, thereby inducing

the conductivity of acid-etched fractures due to the mismatching of the upper and lower

fracture surfaces [28,34]. Thus, heterogeneous etching induced by initial roughness, which

gives rise to fracture surface mismatching, is the primary factor contributing to variations

in conductivity.
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Figure 13. Comparison of fracture profiles before and after acid etching of different fracture surfaces

(x =37 mm). (A) Type A fracture surface; (B) Type A fracture surface; (C) Type C fracture surface.
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Figure 14. Statistics of fracture aperture after acid etching.
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3.2. Effect of Acid Injection Rate
3.2.1. Characteristics of Acid-Etched Fracture Surfaces

The experiment involved etching a uniformly rough fractured surface (Type A) at acid
injection rates of 250 mL/min, 350 mL/min, and 450 mL/min. As illustrated in Figure 15,
increasing acid injection rates markedly enhanced dissolution. Overall, as the injection
rates rose, the red peaks on the fracture surface gradually diminished, while the valleys
were deepened, resulting in a smoother fracture surface. For the Type A fracture surface
with high roughness, at a certain acid injection rate (e.g., 350 mL/min), etching channels
tend to form on the fracture surface, endowing it with high conductivity.
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Figure 15. Etched profiles of rough fracture surfaces at different injection rates.

3.2.2. Frequency Distribution of Fracture Surface Elevation

Figure 16 illustrates the effect of varying acid injection rates on the elevation distri-
bution of rough rock slabs before and after acid etching. It is evident that prior to acid
etching, the elevation distribution across the fractured surface of the rough rock slab was
extensive and exhibited a normal distribution. After acid etching, the elevation distribution
demonstrated a “left shift” phenomenon. Here, the frequency of high points decreased,
while that of low points increased. As the acid injection rate increases, the degree of the
“left shift” phenomenon in the post-etching morphology elevation distribution becomes
more pronounced, accompanied by a reduction in elevation peaks. This indicates that acid
can smooth elevated points on the rough fracture surface and broaden valleys or deeper
regions [35]. Furthermore, the higher the acid injection rate, the more evident this effect
becomes. This may be attributed to the increased flow velocity of acid within fractured
zones as injection rates rise. This accelerated mass transfer of H* ions enhances acid-rock
reaction rates, leading to improved etching efficiency [36].

3.2.3. Change in Fracture Surface Area Tortuosity

As shown in Table 8 and Figure 17, with increasing acid injection volume, the orig-
inal surface area tortuosity €,, large-scale waviness area tortuosity ¢,1, and small-scale
unevenness area tortuosity e, of the fracture surface gradually decrease. The relative
roughness after acid etching diminishes, resulting in a smoother morphology. After etching,
the reduction in the area tortuosity of small-scale unevenness ¢, is greater than that of the
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area tortuosity of large-scale waviness e,. This indicates that during the etching process,
the small-scale unevenness features are smoothed out first.
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Figure 16. Effect of acid injection rate on elevation frequency distribution of rough rock slabs before
and after acid etching.

Table 8. Change in slabs’ surface area and tortuosity. (# denotes the experimental number.)

Experiment
Number

Fracture
Surface

Surface Area A (10~% m?) Tortuosity &,
Before Acid Etching After Acid Etching Before Acid Etching After Acid Etching

#1
#2
#3

A

7645 1.193
7882 7542 1.230 1.177
7215 1.126

™ | Before acidizing

1S}

1135 1135 1135 1.049 1.049 1.049

1.036
1.021

1.012
250 350 450 250 350 450

Acid injection rate (mL/min) Acid injection rate (mL/min)

The area tortuosity of large-scale
waviness
[}

=

=l

S
The area tortuosity of small-scale

unevenness

(a) Change in the area tortuosity of large- (b) Change in the area tortuosity of small-
scale waviness scale unevenness

Figure 17. Change in the area tortuosity of large-scale waviness and small-scale unevenness of each
fracture surface. (The arrows indicate a decrease in the data value).

3.2.4. Initial Aperture

Under different acid injection rate conditions, the fracture contour (at x = 37 mm) of
rough rock plates prior to acidizing treatment exhibits a distinctly tortuous morphology
(Figure 18). With the gradual increase in the acid injection rate, however, the fracture
contour after acidizing becomes increasingly smooth. During the acid-rock interaction
process, the acid fluid can not only etch away the protruding “peaks” on the rock surface
but also further etch the recessed “valleys”. Notably, the etch-induced topographic change
in the “peaks” is more significant than that in the “valleys”, ultimately reshaping the rough
surface morphology of the rock plates into a smooth state.
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Figure 18. Comparison of fracture profiles before and after acid etching at different acid injection
rates (x = 37 mm).

At alow acid injection rate (e.g., 250 mL/min), the large-scale waviness area tortuosity
decreases from 1.135 to 1.13, with minimal overall morphological change (Figure 17). The
fracture surface exhibits a low and relatively uniform etching intensity, and the upper
and lower fracture contours show high congruence, accompanied by a small aperture
(Figure 19). With the increase in the acid injection rate, the large-scale waviness area
tortuosity declines to 1.123, the mismatch levels of the upper and lower fracture surface
contours intensify, and both the maximum aperture and average aperture increase. Further
increasing the acid injection rate reveals a critical injection rate (for this experiment, ranging
between 250 mL/min and 450 mL/min). Exceeding this threshold leads to a gradual
smoothing of the etched fracture surface, a significant overall reduction in roughness,
improved contour congruence, and a decrease in both the maximum and average apertures
(Figures 17 and 19). Under such conditions, the fracture surfaces remain congruent with
a low aperture after acid injection, thereby reducing the conductivity of the acid-etched
fractures. Therefore, reasonably determining the acid injection rate to induce heterogeneous
etching is crucial for enhancing the conductivity of acid-etched fractures.
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Figure 19. Statistics of aperture after acid etching.
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3.3. Effect of Acid Injection Time
3.3.1. Characteristics of Acid-Etched Fracture Surfaces

In this experiment, acid injection etching was performed on uniformly rough fracture
surfaces (Type C) for durations of 30, 40, and 50 min. As shown in Figure 20, increasing the
acid injection time significantly enhanced the dissolution effect. Overall, with a prolonged
injection time, the red-colored peaks on the fracture surface gradually diminished, the
valleys deepened continuously, and the fracture surface became smoother, indicating that
the acid fluid effectively dissolved the rough fracture surface [29,37]. Although Type
C fracture surfaces have a relatively low overall roughness, they exhibit pronounced
small-scale unevenness characterized by numerous micro-asperities distributed on the
surface. In contrast, Type A fracture surfaces have a higher overall roughness but feature
prominent large-scale waviness with a small number of large asperities. Figure 21 presents
the variations in the profile lines of Type A and Type C fracture surfaces with the acid
injection time. As illustrated, both local large-scale waviness regions and local small-scale
unevenness regions tend to flatten with increasing etching time. However, the contour
surfaces of the local small-scale unevenness regions still retain numerous small asperities
after etching. The main reason for the above phenomenon is that the flow field in local
large-scale waviness regions is stable, with uniform distributions of streamlines and flow
boundary layers (Figure 22a). In contrast, Figure 22b shows that due to the presence of
numerous micro-asperities in local small-scale unevenness regions, flow field disturbances
are induced [38—41], leading to disordered streamlines, non-uniform distribution of the flow
boundary layer, and even flow boundary layer separation, which further generates vortices
on the fracture surface. As shown in Figure 22c, the distribution of the flow boundary layer
affects the local H* mass transfer rate. For a uniformly distributed flow boundary layer, the
spatial variation in the H" mass transfer rate is small, resulting in similar dissolution rates
and uniform etching. Conversely, for a non-uniformly distributed flow boundary layer, the
spatial variation in the H* mass transfer rate is large, leading to differences in dissolution
rates between asperities and depressions. The dissolution amount at asperities is higher
than that at depressions, forming non-uniform etching. Therefore, after etching, fracture
surfaces with significant small-scale unevenness become macroscopically smooth overall
but retain a large number of micro-asperities due to differential dissolution. When the upper
and lower fracture surfaces close, some of these micro-asperities become supporting points
that determine the formation of flow channels. As shown in Figure 23, Type A fracture
surfaces with prominent large-scale waviness have a small number of large asperities.
After uniform etching, the matching degree between the upper and lower fracture surfaces
is high, and the few supporting points prop open the fracture surfaces to form large
flow channels with a large average fracture width. In contrast, Type C fracture surfaces
characterized by significant small-scale unevenness have numerous micro-asperities. After
non-uniform etching, the matching degree between the upper and lower fracture surfaces
is low, leading to the formation of small flow channels with a large number of supporting
points and a small average fracture width. Consequently, as shown in Figure 24, under low
closure stress, Type A fracture surfaces exhibit high fracture conductivity due to their large
flow channels, while Type C fracture surfaces have low fracture conductivity because of
their small flow channels. Under high closure stress, due to the low matching degree and
abundant supporting points, Type C fracture surfaces exhibit better and more sustained
fracture conductivity. In contrast, Type A fracture surfaces have a high matching degree
but few supporting points, resulting in low fracture conductivity and rapid attenuation.
The small-scale waviness characteristics of fracture surfaces are of great significance for
maintaining conductivity under high closure stress.
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Figure 20. Etched profiles of rough fracture surfaces at different injection times.
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unevenness regions on the fracture surface. (The colored lines represent the contour lines of fracture
surfaces: red for the initial contour, blue for the contour after 30 min of etching, green for the contour
after 40 min of etching, and yellow for the contour after 50 min of etching).

3.3.2. Frequency Distribution of Fracture Surface Elevation

As shown in Figure 25, the elevation of the rough rock slab’s fracture surface fol-
lows a normal distribution prior to acid etching. After acid etching, with the extension
of the acid injection time, the elevation distribution gradually shifts leftward, and the
elevation peaks diminish—this phenomenon can be attributed to the prolonged acid-rock
reaction duration and increased etching intensity induced by the longer injection time.

However, for such Type C fracture surfaces with low roughness, the overall shift of the

elevation distribution before and after etching is relatively slight, with the distribution
ranges overlapping considerably.
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Figure 22. Acid fluid flow and H" mass transfer in multi-scale rough fractures (adapted from [41]).
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Figure 23. Fracture surface matching degree and aperture distribution before and after acid etching.

3.3.3. Change in Fracture Surface Area Tortuosity

Table 9 and Figure 26 illustrate that the original surface area tortuosity ¢,, large-scale
waviness area tortuosity €,1, and small-scale unevenness area tortuosity e, of the fracture
surface gradually decrease with the extension of the acid injection time. After acid etching,
the magnitude of the decrease in ¢,; (decreasing from 1.109 to 1.064) is greater than that
in €1 (decreasing from 1.016 to 1.004). This indicates that during the etching process, the
small-scale unevenness features of the fracture morphology are smoothed first.

3.3.4. Initial Aperture

As illustrated in Figure 27, with the extension of the acid injection time, the tortuous
contour of the fracture profile becomes smoother after acid etching. However, due to the
high small-scale unevenness of the fracture surface—characterized by numerous small
protrusions on the original fracture surface—the post-etching contour still retains a certain
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number of such small protrusions. Under closure stress, these small protrusions act as
support points to form flow channels with a certain level of conductivity.
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Figure 24. Conductivity of Type A/C Fracture Morphologies under Varying Closure Stresses.
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Figure 25. Effect of acid injection time on elevation frequency distribution of rough rock slabs before
and after acid etching.

Figures 27 and 28 illustrate that at a relatively short acid injection time (e.g., 30 min), the
tortuosity of large-scale waviness—a key factor determining fracture surface undulation—
decreases slightly from 1.016 to 1.012. Under this condition, the upper and lower fracture
contours exhibit high matching accuracy, with a small fracture aperture. With the extension
of the injection time, the degree of heterogeneous etching on the upper and lower fracture
surfaces increases, leading to a gradual rise in contour mismatching, as well as an increase
in both the maximum and average fracture apertures. Upon further increasing the acid
injection time, a critical injection time is reached (ranging between 30 min and 50 min
in this experiment). Exceeding this threshold results in an increasingly smooth etched
fracture surface (with the tortuosity of large-scale waviness decreasing to 1.004), which
is close to a smooth plane. Consequently, the contour matching accuracy improves, and
both the maximum and average apertures decrease [4,27,35]. For Type C fracture surfaces
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with low roughness, distinct small-scale unevenness characteristics are observed, featuring
numerous small protrusions on the fracture surface. After 50 min of etching, the tortuosity
of small-scale unevenness decreases from 1.109 to 1.064, yet the fracture surface still retains
a considerable number of small protrusions. Once the overall undulation (large-scale
waviness) of the fracture surface is planarized, the existence of these small protrusions
determines the formation of flow channels. Therefore, compared with those after 30 min
of etching, the maximum and average apertures decrease to a lesser extent after 50 min
of etching.

Table 9. Change in slabs’ surface area and tortuosity. (# denotes the experimental number.)

Surface Area A (10~ m2)

Experiment Fracture Tortuosity &,
Number Surface Before Acid Etching After Acid Etching Before Acid Etching After Acid Etching
#7 7165 1.118
#8 C 7203 7132 1.124 1.113
#9 7093 1.107
o 1.03 o 1.2
; [ Before a ; Before
g’)o [ After acidizing :; After acidizing
'E 1.02 E 7]
s 2 1.016 1.016 1.016 - 1.109 1.109 1.109
Z T 250
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ElE Lou\ 2 g 1.088
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Figure 26. Change in the area tortuosity of large-scale waviness and small-scale unevenness of each
fracture surface. (The arrows indicate a decrease in the data value).
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Figure 27. Comparison of fracture profiles before and after acid etching at different acid injection

times (x = 37 mm).
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3.4. Fracture Conductivity Characteristics

As shown in Figure 29, fracture roughness significantly influences the conductivity
of acid-etched fractures. At low closure stress levels, the highly roughened rock sample
(Type A) exhibits larger conductivity. This arises because of acid etching. The coarser
sample possesses poorly matched upper and lower fracture surfaces, resulting in larger
maximum and average apertures (Figure 14). At this stage, the heightened complexity of
the fracture surface creates internal “flow channels”, enabling sufficient conductivity with
minimal support points. As the closure stress increases, the conductivity values of acid-
etched fractures in all samples exhibit an exponential decline. Among these, the rock sample
with the highest initial roughness experiences the most rapid decrease in conductivity. This
occurs because the morphology of Type A rock samples is primarily characterized by large-
scale waviness, with less small-scale unevenness and fewer support points. When these
are destroyed, it leads to the rapid closure of flow channels (Figure 30). Conversely, Type
C rock samples exhibit predominantly small-scale unevenness with minimal large-scale
waviness, offering numerous support points. Under high-closure-stress conditions, their
conductivity remains higher than that of the other two morphologies and demonstrates
greater longevity [42,43]. Previous research defines the stress corresponding to the point
where conductivity becomes unmeasurable as the critical closure stress (CCS) [22]. The
CCS values for the three rock types were 41.4 MPa, 48.3 MPa, and 55.2 MPa. Higher
CCS indicates greater conductivity retention. In summary, the large-scale waviness of
the acid-etched fracture morphology determines the initial conductivity, while small-scale
unevenness governs sufficient conductivity retention.

Figure 31 illustrates the conductivity of acid-etched fractures at different injection rates.
Under an initial closure stress of 1.7 MPa, the acid injection rate of 350 mL/min exhibited the
highest initial conductivity, whereas the high injection rate of 450 mL/min demonstrated the
lowest initial conductivity. This occurs because, below the critical injection rate, increasing
the injection rate enhances non-uniform etching. Consequently, the profile contours of
the upper and lower fracture surfaces become increasingly mismatched, leading to larger
maximum and average apertures. At low closure stresses, the supporting points provide
sufficient conductivity [24,27]. Conversely, at high injection rates (exceeding the critical
rate), extensive etching results in better matching between upper and lower fracture
surfaces, yielding smaller maximum and average apertures (Figure 19). Support points
provide lower conductivity under reduced closure stress. The conductivity values for
acid-etched fractures decline rapidly across all samples as the closure stress increases. The
most probable cause of this phenomenon is the progressive compaction and complete
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destruction of contact points. Notably, the CCS at high acid injection rates (55.2 MPa)
exceeded that at low (250 mL/min) and medium (350 mL/min) rates, exhibiting the best
conductivity retention. Beyond 41.4 MPa, conductivity at high injection rates remained the
highest. This is because when the acid injection rate is increased to 450 mL/min, dissolution
channels are formed on the fracture surfaces (Figure 16). These channels enable the rock
samples to maintain certain flow pathways even under high closure stress, resulting in
a 20-25% effective increase in the conductivity of acid-etched fractures compared with
other injection rates. Therefore, determining the critical acid injection rate range and
reasonably optimizing the injection parameters can yield a favorable etching morphology
and conductivity under specific closure stress conditions.

o #2 Type A -~ #4 Type B s #5 Type C

6
. 15
g L E
E 3 &
g g
Q
E ‘ 2 <
(=] \
o l_ ‘*
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0.1 :
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Figure 29. Conductivity with different roughness under different closure stresses.
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significant large-scale waviness significant small-scale unevenness

A DT AR iy Wy

Low closure stress

igh closure stress

Figure 30. Variation in supporting points on fracture surfaces of different scales under different
stress conditions.

The conductivity characteristics of acid-etched fractures across different injection
times are illustrated in Figure 32. Under an initial closure stress of 1.7 MPa, the medium
injection time (40 min) corresponds to the highest initial conductivity, while the long
injection time (50 min) results in the lowest initial conductivity. With the extension of
the injection time, etching non-uniformity first increases; however, when the injection
time exceeds the critical acid injection time, the rock samples undergo further sufficient
etching, leading to a decrease in etching non-uniformity [21,33]. Consequently, the fracture
surface tends to be smooth, and the upper and lower fracture surfaces exhibit good contour
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matching. At this stage, the small protrusions—characteristic of small-scale unevenness
on the fracture surface—act as support points to form flow channels, although both the
maximum and average fracture apertures are relatively small. Under low-closure-stress
conditions, the conductivity provided by these small protrusion support points is relatively
weak. As closure stress increases, the conductivity of acid-etched fractures under all
injection times decreases rapidly due to the progressive compaction and complete failure of
the support points. Notably, longer acid injection times correlate with lower CCS and poorer
conductivity retention. Beyond 48.3 MPa, conductivity remains the highest at a low injection
time. This occurs because, at a low acid injection time, the micro-scale heterogeneity of the
fracture surface is pronounced (Figure 28), providing more support points. As the injection
time increases, this micro-scale heterogeneity diminishes, reducing the number of support
points on the fracture surface. Consequently;, it is difficult for rock samples to maintain
sufficient flow pathways under high closure stresses, impairing conductivity. Therefore,
determining the critical acid injection time range and optimizing the injection time can
yield a favorable etching morphology and conductivity under specified confining stresses.
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6
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Figure 31. Conductivity with different injection rates under closure stress.
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Figure 32. Conductivity with different injection times under closure stress.
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4. Conclusions

Previous acid etching experiments suffer from two major problems: smooth-cut rock
slabs fail to reflect real fracture morphologies, while split rock slabs exhibit heterogeneous
morphologies, leading to large discrepancies in experimental results; moreover, roughness
is mostly characterized by a single parameter, ignoring its dual-scale characteristics. For the
first time, this study uses high-purity single-mineral carbonate rocks and digital engraving
technology to prepare a large number of repeated rock samples with a uniform lithology
and consistent morphologies, enabling batch replication of natural fracture morphologies.
Furthermore, it decomposes roughness into large-scale waviness and small-scale uneven-
ness via the Triangular Prism Method (TPM) and achieves dual-parameter characterization
combined with area tortuosity, enabling a comprehensive qualitative and quantitative
evaluation of natural fracture roughness. The improved experimental and characterization
methods allow this study to reveal the influence of multi-scale roughness on acid-etched
fracture conductivity and the nonlinear effects of optimal acid injection parameters, en-
abling more precise optimization of acid etching design parameters and schemes and
effectively enhancing the productivity of tight carbonate reservoirs. According to the
analysis results, the following conclusions can be drawn:

(1) The area tortuosity deviation between the carved carbonate rock samples and the
original natural fracture surfaces is only 0.25%, with a high coincidence degree of
elevation distribution trends, exhibiting excellent consistency. The uniform lithology
ensures the accuracy of experimental results, making these samples suitable for
testing acid etching efficiency and acid-etched fracture conductivity under single-
factor controlled conditions.

(2) The experimental results confirm that fracture surface roughness influences the acid
etching morphology. The acid fluid exhibits peak-trimming and valley-deepening
characteristics on fracture surfaces: it preferentially dissolves protruding parts and
deepens concave regions, ultimately reducing fracture roughness. Different from
previous studies, this research reveals that the large-scale waviness characteristics of
initial roughness determine the overall undulation of the post-etching morphology.
Moreover, preferential etching channels tend to form during the etching process,
resulting in poor fracture surface matching—this is the primary reason for the high
conductivity of acid-etched fractures under low closure stress. In contrast, the small-
scale unevenness characteristics of the initial roughness determine the formation
and distribution of small protruding support points on the post-etching surface
morphology. This serves as the main reason for the sustained conductivity of acid-
etched fractures under high closure stress and determines the magnitude of the critical
closure stress (CCS).

(3) With the increase in the acid injection rate, the fracture surface roughness decreases
continuously, while the fracture surface matching degree and aperture exhibit a peak-
like variation trend of increasing first and then decreasing. Under specific conditions,
this peak corresponds to the critical acid injection rate, under which a higher initial
fracture conductivity can be achieved. By reasonably optimizing the acid injection
rate to the critical value, an ideal fracture etching morphology can be obtained. At
high injection rates, dissolution channels form on fracture surfaces, which enable the
maintenance of flow pathways even under high closure stress, resulting in an effective
increase of 20-25% in the conductivity of acid-etched fractures compared with other
injection rates.

(4) Atlow acid injection times, the micro-scale heterogeneity of fracture surfaces is pro-
nounced with a greater number of support points. In contrast, the extension of the
injection time diminishes this heterogeneity and reduces the number of support points,
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resulting in the rock samples being unable to maintain sufficient flow pathways under
high closure stress and thus lowering the conductivity. Therefore, determining the crit-
ical acid injection time range and optimizing the parameters can yield an ideal fracture
etching morphology and conductivity under specific confining stress conditions.
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