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a b s t r a c t

Production from carbonate reservoirs can be significantly  improved through acid fracturing. Creating 
acid fractures with high conductivity is a key factor in enhancing production. 3D scanning technology 
enables the digital study of fracture conductivity. It is unclear that how to select the suitable resolution 
during 3D scanning. This study aims to obtain the conductivity optimal correlation resolution (COCR) for 
acid fracture research. The 3D scanning result obtained at COCR exhibits the optimal correlation with 
the fracture conductivity. Experiments involving 3D scanning, fracture conductivity tests, and roughness 
evaluations were conducted in this research. The experimental results showed that: (1) Acid etching 
would enhance fracture roughness and conductivity. The strength of the fracture surface would 
decrease with acid etching, which leads to the significant decreasing of the fracture conductivity under 
high closure pressure. (2) The roughness evaluation based on Gaussian curvature demonstrated ad
vantages, which can evaluate the roughness from a local view and build a global evaluation method with 
the fracture conductivity. (3) In acid fracture research, scanning at the resolution of 0.1 mm maximized 
the roughness-conductivity correlation, which can be defined  as COCR. These conclusions provide a 
reference for selecting 3D scanning resolution in digital studies of acid fracture conductivity.
© 2026 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This 
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc- 

nd/4.0/).

1. Introduction

Tight carbonate reservoirs contain abundant oil and gas re
sources due to their substantial storage capacity (Rashid et al., 
2015; Qi et al., 2020; Al-Anazi et al., 1998). However, these reser
voirs are characterized by low permeability and porosity, which 
lead to the challenges for efficient development. Acid fracturing, as 
an advanced stimulation technology, has been widely used in tight 
carbonate reservoirs (Aljawad et al., 2020; Li et al., 2024; Lai et al., 
2022). Acid fracturing fluid would be injected into the wellbore to 
obtain high pressure and form artificial fractures. Simultaneously, 

the acid fluid  enters these fractures and reacts with carbonate 
components in the rock, etching the fracture surfaces and gener
ating roughness (Zhou et al., 2021). Several studies (Gou et al., 
2023; Feng et al., 2021) have demonstrated that the rough acid- 
etched fracture surface does not close completely after this pro
cess, which can significantly improve the drainage radius and flow 
capacity near-wellbore region. Consequently, the roughness of 
acid fracture surfaces and their production-enhancing effects have 
become hot topics, attracting significant  attention from 
investigators.

Fracture conductivity is a parameter that quantitatively describe 
the fracture's capacity to transmit fluids  under specific  closure 
pressure (Zhong et al., 2019). Relevant studies (Asadollahpour et al., 
2018; Zimmerman and Bodvarsson, 1996) have demonstrated that 
the rough surface would lead to the high fracture conductivity. In 
acid fracturing, achieving rough fracture surface and high 

* Corresponding author.
E-mail address: daiyifan@cupk.edu.cn (Y.-F. Dai).
Peer review under the responsibility of China University of Petroleum 

(Beijing).

Contents lists available at ScienceDirect

Petroleum Science

journal  homepage:  www.keaipubl ishing.com/en/ journals /petroleum-science

https://doi.org/10.1016/j.petsci.2026.04.038
1995-8226/© 2026 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Petroleum Science 23 (2026) 4939–4950

http://creativecommons.org/licenses/by%2Dnc%2Dnd/4.0/
http://creativecommons.org/licenses/by%2Dnc%2Dnd/4.0/
http://creativecommons.org/licenses/by%2Dnc%2Dnd/4.0/
mailto:daiyifan@cupk.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.petsci.2026.04.038&domain=pdf
www.sciencedirect.com/science/journal/19958226
www.keaipublishing.com/en/journals/petroleum-science
https://doi.org/10.1016/j.petsci.2026.04.038
http://creativecommons.org/licenses/by%2Dnc%2Dnd/4.0/


conductivity is one of the engineering goals (Malagon et al., 2008; 
Williams and Nierode, 1972). Engineers hope to obtain the high 
and stable fracture conductivity to increase oil and gas production. In 
order to get the best acid fracturing result, theoretical analysis, nu
merical simulation, and laboratory experiments need to be done in 
the early stage (Wei et al., 2021; Li et al., 2022). Theoretical analysis 
always needs idealized assumptions during model formulation, 
which made it hard to work in multifaceted field conditions (Xue 
et al., 2020; Guo et al., 2017). Numerical simulation, while serving 
as practical supplements for fracture characterization, exhibits 
constrained precision when coupling stress evolution, multiphase 
flow dynamics, and chemo-mechanical interactions (Sun et al., 2019; 
Yang and Wen, 2017). Now, the test of the fracture conductivity relies 
on the laboratory experiments (Hou et al., 2017). For example, in 
American Petroleum Institute (API) fracture conductivity testing, the 
fractured sample is subjected to confining pressures and tempera
tures within a conductivity cell. The difference between the inlet and 
outlet pressures and the size of the fractured sample can be used to 
get conductivity curves. Most rock samples are damaged after these 
experiments. Therefore, while laboratory experiments provide reli
able data, they are limited by low repeatability.

With the development of engineering technology, the acid 
fracturing has become increasingly complex. Temporary plugging 
acid fracturing (TPAF) (Wang et al., 2020, 2021; Zhou et al., 2022) 
can selectively seal high-permeability zones to redirect acid flow 
toward underutilized fractures, thereby enhancing reservoir 
stimulation efficiency. Meanwhile, injecting proppants after acid 
fracturing has gradually become a new type of engineering tech
nology (Bale et al., 2010; Zhang et al., 2018). These novel methods 
have increased the complexity of acid fracture conductivity 
research, creating a higher demand for laboratory experiments. In 
recent years, some researchers (Chen et al., 2015) proposed a 
fracture-surface reconstruct technology based on 3D scanning. 
This technology can address the issue of poor experimental 
repeatability by utilizing 3D scanning data and 3D printing. By 
creating several same fracture surfaces boards, the researchers can 
optimize construction scheme, like temporary plugging agent or 
proppant agent, by conducting repeated fracture conductivity ex
periments with the same acid fracture surface. It is more exciting 
that the 3D-scanning results can serve as the geometric basis of 
numerical simulation (Li et al., 2021). These researches have made 
3D scanning a promising method. The critical role of accurate 
fracture characterization for predicting reservoir performance has 
been further highlighted in recent studies (Liu et al., 2024; Wu 
et al., 2025).

There are various methods for evaluating the roughness of the 
fracture surface (Lange et al., 1993; Arakawa and Takahashi, 1991), 
including the arithmetic mean roughness (Ra), root mean square 
roughness (Rq), and maximum peak-to-valley height (Rz) and 
other. The joint roughness coefficient (JRC), which has been a well- 
established and widely recognized standard in rock mechanics for 
quantifying macroscopic roughness (Li and Zhang, 2015; Tse and 
Cruden, 1979), was originally developed for natural joint rough
ness and shear strength estimation. It has been widely used for 
roughness quantification due to its simple form and easy estima
tion. The Gaussian curvature based on laser scanning can also be 
used to evaluate the roughness of the soil surface, which is also a 
hot technology (Prajapati and Tiwari, 2017). However, the evalu
ated roughness has scale effect at different resolutions, which 
leads to difficulties in 3D-scanning. The researchers need to get 3D 
coordinates of fracture surface by advanced camera. The resolution 
is determined by the distance between the 3D coordinates, 
which is a key evaluation indexes of 3D scanning. Tatone and 
Grasselli (2013) proved that the roughness values change with 
the resolution. That means the reconstructed acid fracture surfaces 

under different resolutions might lead to different experiment 
results, which would bring uncertainty to the subsequent 
research.

Current researchers (Brasington et al., 2012; Mendez-Vilas 
et al., 2007; Kerckhofs et al., 2013) often recommend using the 
highest resolution to scan. It is hard to accurately answer that at 
what specific  resolution the study of acid fracture surface has 
sufficient  repeatability and the experiment results can adopt. In 
this paper, we attempt to define the conductivity optimal corre
lation resolution (COCR for short), which is a specific  resolution 
scale for 3D scanning. The roughness evaluated at that resolution 
has the best correlation with the acid-etched fracture conductivity. 
This study aims to find  the COCR by analyzing the relationship 
between the 3D-scanning results and the acid-etched fracture 
conductivity. The acid fracture surfaces were scanned with 
different resolutions. The Gaussian curvature and joint roughness 
coefficient were used to evaluate the roughness. By studying the 
correlation between roughness and conductivity, the resolution 
which has the strongest correlation with conductivity was found. 
We believe that this research achievement can provide a reference 
standard for 3D-scanning and 3D-printing for the subsequent 
experimental study of acid fractures.

Our paper mainly consists of the following parts: In Section 2, 
the conductivity test, 3D scanning technology and experimental 
schemes are introduced. In Section 3, the experimental results are 
shown and the COCR are estimated. In Section 4, the applicable 
conditions of research results and the future research directions 
are discussed.

2. Experimental methodology

2.1. Experimental sample and acid fracture etching scheme

In acid fracturing, the acid-rock reaction in heterogeneous 
rocks would lead to random wormholes acid-etched channels (Dai 
et al., 2021; Hou et al., 2021). The target of study is to establish a 
methodological benchmark for 3D scanning. The local randomness 
in acid fracture would introduce interfering factors to the experi
ments. The rock sample used in our experiments was from the 
Qixia Group in the Sichuan Basin. The carbonate rocks had the 
characteristics of high dense degree, high homogeneity and great 
strength. There were few natural fractures and holes in the rock 
samples, and the uniformity is relatively good. This provided a 
controlled and reproducible foundation for clearly and accurately 
defining of COCR. The specific physical parameters are shown in 
Table 1.

In this study, the gelled acid, a common acid fracturing fluid in oil 
fields, was chosen as experimental fluid. The acid formulation was 
10% hydrochloric acid +1% acid thickener +2.5% inhibitor main 
agent +0.5% inhibitor synergist +1.0% iron-ion stabilizer +1.0% 
cross-linking agent. The equation for rock-acid reaction is: 

CaCO3 +2HCl = CaCl2 + H2O + CO2 (1) 

The real acid fracture surfaces are generated by rock mass 
breaking and acid etching. These two processes bring randomness 
to the acid fracture shape and roughness. To reduce the 

Table 1 
Physical properties of tight carbonate rocks.

Property HDR reservoir

Young's modulus, GPa 35.00
Poisson's ratio 0.20
Rock density, kg/m3 2680.00
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uncertainty in our research, wire cutting was used to obtain the 
same and smooth fracture surfaces initially. Then the gelled-acid 
would be used to etch the fracture surface. Specifically, the acid 
fluid  would pass through the fracture surface with the constant 
flow  rate under different time, which leads to acid fracture sur
faces with controllable differences. The overall preparation work
flow is illustrated in Fig. 1.

In our research, all rock samples were cut into standard-sized 
plates (length: 177.00 mm, width: 38.0 mm). After different 
times of acid etching, fracture surfaces with different roughness 
were obtained. The scheme was shown in Table 2.

All rock samples came from the homogeneous carbonate block 
and stable wire cutting, which means the initial surface conditions 
were reproducible across all samples. Sample 1# was not etched 
and designated as the control sample. The subsequent samples (2# 
to 6#) were the experimental groups. Different fracture surfaces 
were obtained by subjecting the rock samples to acid etching for 
different times.

2.2. Acid fracture conductivity test

After acid etching, the strength of the rock would decrease. 
When the closed pressure loading time is long enough, slow 
deformation would occur on the acid fracture surface, changing 
the roughness and conductivity. During the long-term fracture 

conductivity experiment, it is unable to precisely measure the 
deformation degree and get specific  morphology of the fracture 
surface. Considering the simplicity of data analysis, short-term 
fracture conductivity experiments were chosen and conducted in 
our research.

The fracture conductivity equipment was shown in Fig. 2, 
which can test fracture conductivity under different closure 
pressures. During the experiment, the rock plate would be loaded 
into the diversion chamber, and a certain closing stress was 
applied. The fluid was driven into the fracture at a constant flow 
rate. The pressure difference between the inlet side and the outlet 
side was measured and the conductivity was calculated after the 
outlet flow rate was stable.

Carbonate rock outcrops from Qixia
Group in the Sichuan Basin

Wire cutting

API standard rock plate

Acid etching

The rough fracture surface

Fig. 1. Flowchart of the preparation process of acid-etched fracture samples.

Table 2 
Acid fracture etching scheme.

No. Type of the rock Acid etching time, min

1# Carbonate rock 0
2# Carbonate rock 5
3# Carbonate rock 10
4# Carbonate rock 15
5# Carbonate rock 20
6# Carbonate rock 25
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The effect of time is not considered in this experiment and only 
the short-term conductivity would be calculated (Sun et al., 2019; 
Andrews, 2020; Wei et al., 2021). The fracture conductivity can be 
calculated as: 

ζ=
μ⋅Q⋅L
A⋅Δp

⋅Wf (2) 

Here, ζ is the fracture conductivity, mD⋅cm; μ is the fluid vis
cosity, mPa⋅s; Q is the fluid flow rate, m3/s; L is the fracture length, 
m; A is the fracture area, m2; Δp is the pressure difference, Pa; Wf 
is the fracture width, m.

2.3. 3D-scanning experiment

The 3D-scanning equipment was shown in Fig. 3. Based on the 
principle of optical triangulation, a series of coding gratings are 
projected onto the object surface by the projection module, and 
the corresponding modulated image is obtained by the acquisition 
module. Then, the coordinate position of 3D point cloud data 
would be obtained.

This technology does not directly contact with the measured 
object, but uses visible light that interacts with the object sur
face. It will not destroy the acid fracture morphology and is 
convenient to protect the core. As shown in Fig. 4, the fracture 
surface was scanned and 3D coordinates were extracted. 

Different scanning resolutions result in different distances be
tween 3D points.

In this study, we conducted batch scans of the fracture surfaces 
using the following levels of resolution rates, including 0.05 mm, 
0.1 mm, 0.2 mm and 0.4 mm.

2.4. Roughness evaluation

The influence of resolution on the correlation between rough
ness and conductivity was the research focus. In this study, two 
roughness evaluation methods were adopted to evaluate the sur
face roughness. The joint roughness coefficient (JRC) was selected 
to evaluate the overall roughness and the absolute value of 
Gaussian curvature was selected to evaluate the local roughness. 
The joint roughness coefficient  is a critical parameter in rock 
mechanics and geotechnical engineering, which can be used to 
quantify the surface roughness. It provides a benchmark for 
comparing the roughness-conductivity relationship observed in 
this study with prior art. The tilt test (Fig. 5) was used to obtain JRC.

The calculation formula of JRC is as follows: 

JRC =
αDip − ϕR

log10

(
JCS
σn

) (3) 

Here, αDip is the rock-dipping angle,◦; ϕR is the residual friction 

Conductivity test system Diversion chamber

Fig. 2. Acid fracture conductivity test system that complies with API standards.

Data-processing computer

Handheld
scanning
machine

Fig. 3. 3D scanning system based on the principle of optical triangulation.
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angle, ◦; JCS is the joint wall compressive strength, MPa; σn is the 
normal stress, MPa; n is the axial. Finally, the JRC is a dimension
less parameter. The larger the value of JRC is, the rougher the 
fracture surface is.

The Gaussian curvature is an intrinsic geometric property of a 
surface. By fitting the 3D points with the surrounding 8 points as 
local micro-surfaces, we can calculate the Gaussian curvature and 
evaluate the roughness degree of the local fracture surface quan
titatively. Specifically, at each location along a fracture surface, 
there is a unique perpendicular direction corresponding to its 
surface orientation.

This directional vector defines  a special plane known as the 
normal plane. Where this plane intersects with the fracture sur
face, it creates a distinctive contour called the normal section, 
whose degree of bending is quantitatively described by the normal 
curvature measurement. On typical fracture surfaces, this curva
ture measurement varies significantly depending on the orienta
tion of the selected normal section. The extreme values observed 
in these measurements—specifically the greatest and smallest 
curvature magnitudes—are formally identified  as principal cur
vatures. The calculation formula of Gaussian curvature is as 
follows: 

Kgc = k1⋅k2 (4) 

Here, k1 is the minimum principal curvatures and k2 is the 
maximum principal curvatures. Mathematically, Gaussian cur
vature represents the multiplicative combination of these 
fundamental curvature parameters. The sign of Gaussian cur
vature determines the local topological class (elliptical, hyper
bolic, or parabolic). The absolute value of Gaussian curvature 
measures the intensity of curvature. Larger magnitudes imply 
stronger local bending and roughness. Considering the above 
characteristics of Gaussian curvature, the absolute value of 
Gaussian curvature (

⃒
⃒Kgc

⃒
⃒) is adopted for the evaluation of local 

roughness.

3. Experimental results and analysis

3.1. Experimental results

After the wire cutting and acid etching, six acid-fracture sur
faces of varying roughness would be prepared for the conductivity 
tests and 3D scanning. 3D scanning causes no harm to the fracture 
surface. During the 3D scanning process, there would be no 

3D point cloud

Resolution

Fig. 4. 3D scanning point cloud of the fracture surface. The resolution of 3D scanning varies, the distance between points would also be different. As a result, the 3D fracture 
morphology obtained would also be different in terms of details.

αDip

Fig. 5. The tilt test used for evaluating the JRC.

Y.-F. Dai, B. Hou, Z.-Y. Wang et al. Petroleum Science 23 (2026) 4939–4950

4943



contact and harm to the acid fracture surface. In this study, the 
fracture surfaces were scanned at four different resolutions: 0.05, 
0.1, 0.2, and 0.4 mm. The scanning results at the resolution of 
0.05 mm of Samples 1# − 6# were shown in Fig. 6.

These acid fracture surfaces were scanned at different resolu
tions. For the same surface, a lower scanning resolution results in a 
sparser point cloud. This is because the distance between the 3D 
points was larger. It is shown in Fig. 7.

Subsequently, we conducted tilt tests to obtain the joint 
roughness coefficient  of each surface. During the tilting, there 
would inevitably be slight friction between the fracture surfaces. 
However, considering that in the subsequent conductivity test, the 
fracture surfaces would be subjected to high pressure, we can 

ignore the minor damage to the surfaces during this process. The 
JRC values of each acid fracture surfaces were shown in Table 3.

Finally, the conductivity tests were conducted. The etched rock 
plates were loaded into the diversion chamber and different 
closure pressures were set to test the conductivity. The experiment 
results were shown in Fig. 8.

2# 3#

5#4# 6#

1#

Fig. 6. Different etching times would make Samples 1# − 6# be with different levels of roughness. Before the fracture surfaces beard pressure and deform during the conductivity 
tests, the surfaces were scanned with 0.05 mm and other resolutions. Then the 3D cloud map would be obtained.

0.1 mm 0.2 mm 0.05 mm 0.4 mm 

Fig. 7. Visualization of the same fracture surface scanned at four different resolutions: 0.05, 0.1, 0.2, and 0.4 mm. Each point represents a measured 3D coordinate. As the 
resolution decreases (from 0.05 mm to 0.4 mm), the point density becomes sparser, and the fine-scale morphological details of the surface are progressively lost.

Table 3 
The JRC values of acid fractures by tilt tests.

No. Acid etching time, min JRC

1# 0 1.09
2# 5 1.14
3# 10 2.09
4# 15 2.12
5# 20 2.14
6# 25 2.72
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Fig. 8. The experimental results of acid fracture conductivity for Samples 1# to 6#. 
The results show that conductivity generally increases with acid etching time at low 
closure pressures (<30 MPa). However, under high closure pressures (>30 MPa), the 
conductivity of heavily etched samples (e.g., 5#, 6#) decreases significantly, indicating 
the collapse of acid-weakened asperities.
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According to Table 3 and Fig. 8, there was a pronounced rela
tionship between acid etching time and both fracture surface 
roughness and conductivity. In Sample 1#, the fracture surface was 
only subjected to wire-cutting and was not acid etching. The JRC of 
fracture surface was 1.14 and the fracture conductivity was low at 
any closure pressure. The main reason is that the Sample 1# was 
almost a flat surface due to the wire cutting. The overall roughness 
was relatively low, and it would be almost completely closed under 
the closure pressure. With the increasing of acid etching time, the 
JRC increased from 1.09 to 2.72 progressively. This is because that 
extending acid-rock interaction would enhance the roughness of 
the fracture surface by selectively dissolving carbonate minerals, 
thereby creating irregular asperities and increasing the heteroge
neity of the etched morphology. Under the same closure pressure, 
the rougher the fracture surface was, the higher the conductivity 
was. This trend was particularly evident in the conductivity results 
of Samples 1#–6# with low closure pressure (lower than 30 MPa), 
but was not clear enough in the conductivity results of Samples 
1#–6# with high closure pressure (larger than 30 MPa). It is 
demonstrated that the high conductivity resulting from long acid 
etching time cannot be maintained under high closure pressure. 
This is mainly because acid etching would lead to a reduction in 
the strength of the fracture surface, a higher degree of deformation 
under high closure pressure, and a more decline in the fracture 
conductivity.

3.2. Effect of acid etching

The absolute Gaussian curvature (
⃒
⃒Kgc

⃒
⃒) was used to study the 

detail of fracture surface and evaluate the local roughness. Ac
cording to the calculation process introduced in Section 2.4, the 
Gaussian curvature was controlled by the scanning resolution. In 
this section, we conducted the Gaussian curvature calculation 
based on a resolution of 0.05 mm, which was the highest resolu
tion in our study. The results of Sample 1# was shown in Fig. 9.

High-resolution scanning results can reveal more details. After 
calculating the absolute value of the Gaussian curvature for Sample 
1#, it is even able to observe the cutting stripes caused by the wire 
cutting process (Fig. 9(a)). The absolute Gaussian curvature results 
were shown in Fig. 9(b). At a resolution of 0.05 mm, the absolute 
values of Gaussian curvature in Sample 1# were mainly distributed 
from 10− 20 to 10− 16. More than 50% of the fracture surface met 

⃒
⃒Kgc

⃒
⃒

< 10− 16. Based on the properties of Gaussian curvature, it can be 
known that the larger the absolute value is, the higher the 

roughness at that point. The acid fracture surface obtained by wire 
cutting (Sample 1#) was very close to the pure plane, so the local 
roughness on the entire crack surface was relatively low.

Then, the following fracture surfaces were also analyzed with the 
same procedure. The results were shown in Fig. 10. According to the 
analysis principle of local roughness, red points represented micro- 
areas with high roughness, and blue points represented micro-areas 
with low roughness. With the acid etching time increased, two 
trends can be observed. Firstly, the randomness of the distribution of 
rough points also gradually increases, which can be seen from 
Fig. 10(a). In Sample 1#, the rough points were concentrated in the 
regions where the wire cutting stripes was. Compared with Sample 
1#, the overall roughness of Sample 2# has increased. The roughness 
growth rate in wire cutting stripes was significantly higher. It is hy
pothesized that during the initial stage of acid etching, regions with 
pre-existing roughness possess a larger surface area, which promotes 
a more pronounced etching effect. The acid etching time continues to 
increase in Samples 3#, 4#, 5# and 6#, The distribution characteristics 
of the rough points showed an overall coordinated growth, while the 
local roughness distribution showed a non-coordinated feature. We 
speculated that this phenomenon is attributable to the randomness of 
fluid flow velocity and mineral distribution.

Secondly, the proportion of rough points increased with the 
acid etching time. The proportion of red points on the Samples 2#, 
3#, 4#, 5# and 6# gradually raised, and the proportion of rough 
points in the Sample 6# was the highest. It can be observed from 
Fig. 10(b) that the main peak of the 

⃒
⃒Kgc

⃒
⃒ distribution distinctly 

shifts toward higher values with the increase of acid-etching time. 
The log-normal distribution formula was used to describe this data 
distribution quantitatively: 

f (x)=A exp

(

−
(log10 x − μ)2

2σ2

)

: (5) 

The A, σ, and μ determine the data distribution. Following data 
fitting, the data distribution in Fig. 10(b) was found to correspond 
to the formulas with the coefficients in Table 4.

The coefficients in Table 4 quantitatively describe the evolution 
of the fracture surface. The μ increased from − 33.024 to − 15.890, 
which confirmed  the peak shift toward higher curvature values, 
indicating progressively rougher surfaces with extended etching. 
The decreasing of σ and A verified that acid etching changed both 
the magnitude and spatial distribution of surface curvature. These 
results underscore the critical role of acid etching in tailoring 
fracture roughness and conductivity. By analyzing the local 
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Fig. 9. Local roughness of the non-etched, wire-cut surface (Sample 1#) based on Gaussian curvature evaluation: (a) Cloud map of local roughness colored by the calculated 
⃒
⃒Kgc

⃒
⃒

values. The initial surface was smooth enough to see the cutting stripes caused by the wire-cutting. (b) Distribution of absolute Gaussian curvature. The concentration of values at 
very low magnitudes (mainly distributed from 10− 20 to 10− 16).
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roughness based on absolute Gaussian curvature (
⃒
⃒Kgc

⃒
⃒), it was 

explained from a microscopic perspective that how acid etching 
causes the global roughness increasing.

3.3. Correlation analysis between roughness and conductivity

In Sections 3.1 and 3.2, global roughness and local roughness 
were evaluated quantitatively. It can be illustrated that acid 
etching would lead to increasing in both the roughness and the 
conductivity. Correlation coefficient  was used in our research to 
quantitatively evaluate the correlation between roughness and 
conductivity. The correlation coefficient  (short for COR) can 
quantify the strength and direction of the relationship between 
two variables. It ranges from − 1 (perfect negative relationship) 
to +1 (perfect positive relationship), with 0 indicating no 
relationship. 
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Fig. 10. Local roughness of Samples 1#–6# based on Gaussian curvature evaluation (
⃒
⃒Kgc

⃒
⃒) at the resolution of 0.05 mm. Red points represented micro-areas with high roughness, 

and blue points represented micro-areas with low roughness. (a) Local roughness map of Samples 1#–6#. The randomness of the distribution of rough points gradually increased 
with the acid etching. (b) Frequency distribution of absolute Gaussian curvature in Samples 1#–6#. With the acid etching time increased, the proportion of rough points would 
increase from Sample 1# to Sample 6#.

Table 4 
The fitting coefficient in normal distribution formula.

No. A μ σ

Sample 1# 4.904 − 33.024 5.685
Sample 2# 0.303 − 19.340 1.420
Sample 3# 0.244 − 18.560 0.890
Sample 4# 0.300 − 17.000 0.850
Sample 5# 0.251 − 15.960 0.710
Sample 6# 0.222 − 15.890 0.780
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COR=
cov(p; q)
̅̅̅̅̅̅̅̅̅̅
D(p)

√ ̅̅̅̅̅̅̅̅̅̅
D(q)

√ (6) 

Here, m, n are the two variable arrays; cov(p; q) is the covari
ance between m and n; D(p), D(q) are the variance of p and q, 
respectively.

The correlation analysis was conducted between the roughness 
and the fracture conductivity under different closure pressures. 
JRC is the single value to evaluate the global roughness of one 
fracture surface, which can directly applied in correlation analysis. 
The absolute Gaussian curvature (

⃒
⃒Kgc

⃒
⃒) is an array that describes 

the local roughness of one fracture surface, which requires us to 
use descriptive statistics to do correlation analysis. In this 
research, mean (

⃒
⃒Kgc

⃒
⃒
mean), median (

⃒
⃒Kgc

⃒
⃒
median), and variance 

(
⃒
⃒Kgc

⃒
⃒
variance) were chosen for analysis. Given the characteristic 

that the Gaussian curvature distribution spans several orders of 
magnitude, we also conducted further correlation analysis after 
taking the logarithm of descriptive statistics (log10

⃒
⃒Kgc

⃒
⃒
mean, 

log10
⃒
⃒Kgc

⃒
⃒
median and, log10

⃒
⃒Kgc

⃒
⃒
variance). The correlation analysis 

results are shown in Fig. 11.
These seven methods (JRC, 

⃒
⃒Kgc

⃒
⃒
mean, 

⃒
⃒Kgc

⃒
⃒
median, 

⃒
⃒Kgc

⃒
⃒
variance , 

log10
⃒
⃒Kgc

⃒
⃒
mean, log10

⃒
⃒Kgc

⃒
⃒
median and log10

⃒
⃒Kgc

⃒
⃒
variance) were used to 

evaluating the roughness. It can be observed that roughness based 
on JRC evaluation has a good correlation with conductivity. 
⃒
⃒Kgc

⃒
⃒
variance and log10

⃒
⃒Kgc

⃒
⃒
variance have little correlation with con

ductivity, which means variance was not a suitable method to 
summarize the local roughness. 

⃒
⃒Kgc

⃒
⃒
mean and 

⃒
⃒Kgc

⃒
⃒
median have 

positive but not good enough correlation with conductivity, which 
might be due to the cross-magnitude data-distribution problem. 
The roughness based on log10

⃒
⃒Kgc

⃒
⃒
median has the best correlation, 

which means that this method has sufficient  potential to be 
combined with Gaussian curvature for related research.

In the low closure pressure (lower than 30 MPa), JRC has the 
correlation coefficient  over 0:92 and log10

⃒
⃒Kgc

⃒
⃒
median has the 

correlation coefficient  over 0:94. In the high closure pressure 
(larger than 30 MPa), all methods have a decreasing in correla
tion. This phenomenon may be due to the increased deformation 
under high closure pressure. To verify this assumption, we con
ducted 3D scanning and tilt tests after the conductivity experi
ments. The correlation was analyzed and the results were shown 
in Table 5.

JRC and log10
⃒
⃒Kgc

⃒
⃒
median both show a strong positive correla

tion with the conductivity. log10
⃒
⃒Kgc

⃒
⃒
median has a better behavior. 

The above experimental analysis quantitatively analyzed the 
correlation between roughness and the conductivity. It is 
demonstrated that the reasonable method for evaluating 
roughness (like log10

⃒
⃒Kgc

⃒
⃒
median) can effectively correlate the 

conductivity of acid fractures, which is an important auxiliary 
tool for related research.

3.4. Estimation of the conductivity optimal correlation resolution 
(COCR)

In Sections 3.2 and 3.3, the relations between roughness and 
conductivity were studied. Significant advantages were observed 
in the roughness evaluation based on the Gaussian curvature from 
3D scanning. It not only can evaluate the roughness from a local 
view (Fig. 10(a)), but also can build a strong correlation with the 
fracture conductivity from a global view (Fig. 11 and Table 5).

The resolution of 3D scanning has a significant  effect on the 
evaluation, which can be seen in Fig. 12. As the resolution changed 
from 0.05 mm (high resolution) to 0.4 mm (low resolution), the 
distribution of 

⃒
⃒Kgc

⃒
⃒ gradually became concentrated and the 

magnitude increased with the resolution. This indicates that lower 
resolutions lead to the loss of fine surface detail, resulting in an 
apparent smoothing effect that manifests as both higher calcu
lated Gaussian curvature magnitudes and a narrower spread of 
values, as subtle variations are averaged out or omitted.
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Fig. 11. Correlation coefficients  between seven different roughness parameters and 
the measured fracture conductivity across various closure pressures. The plot iden
tifies  log10

⃒
⃒Kgc

⃒
⃒
median was the parameter with the strongest and most consistent 

positive correlation with conductivity.

Table 5 
The correlation analysis after the conductivity experiments.

No. Conductivity, mD⋅cm JRC log10
⃒
⃒Kgc

⃒
⃒
median

1# 591.21 1.14 − 18.90
2# 656.10 1.37 − 18.52
3# 782.75 2.09 − 17.38
4# 732.60 2.26 − 17.87
5# 750.36 2.72 − 17.90
6# 746.54 2.91 − 17.81
Correlation coefficient – 0.93 0.98
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Fig. 12. The impact of 3D scanning resolution on the calculated distribution of ab
solute Gaussian curvature (

⃒
⃒Kgc

⃒
⃒) for Sample 6#. As the scanning resolution coarsens 

(from 0.05 mm to 0.4 mm), the distribution of 
⃒
⃒Kgc

⃒
⃒ becomes narrower and shifts 

towards higher magnitudes. This indicates that lower resolutions fail to capture fine- 
scale surface details, resulting in an oversmoothed digital model that overestimates 
the average curvature and underestimates the true morphological complexity.
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Using insufficient resolution may lead to a systematic misun
derstanding of the surface complexity, which potentially leading 
to erroneous conclusions about the characteristics of the scanned 
surface. Considering that the digital research on the acid fracture 
surface is mainly aimed at providing assistance for the analysis of 
conductivity, the correlation analysis was conducted under 
different resolution. log10

⃒
⃒Kgc

⃒
⃒
median was chosen as the evaluation 

method. The results were shown in Fig. 13.
Under the same roughness analysis procedure, the correlation 

would change with the resolution. When the closure pressure was 
over 30 MPa, the correlation coefficients all lost the regularity. This 
phenomenon was also observed in Section 3.3. Thus, we focused 
more on the correlation data at low closure pressure. In the res
olution of 0.4 mm and 0.2 mm, the correlations were positive but 
not strong enough. In the resolution of 0.1 mm and 0.05 mm, the 
correlations were strongly high. In the low closure pressure con
ditions, the correlation behavior in the resolution of 0.1 mm ex
ceeds the performance achieved at the resolution of 0.05 mm. This 
means that once the resolution reaches the level of 0.1 mm, further 
increasing the resolution would not bring any benefits  to the 
digital analysis of fracture conductivity. There is even a possibility 
that, at extremely high resolutions, over-detailed 3D-scanning 
descriptions of acid fractures may cause interference (similar to 
over-fitting  phenomenon) in the analysis of the fracture 
conductivity.

Thus, the resolution of 0.1 mm was found and defined as the 
COCR in acid fracture analysis. The roughness evaluated at that 
resolution has the best correlation with the acid fracture 
conductivity.

4. Discussion

The experimental results showed that acid etching would in
crease fracture roughness and conductivity, yet this effect di
minishes under high closure pressures. This behavior can be 
attributed to the chemo-mechanical weakening of the fracture 
surface. Acid dissolution preferentially attacks carbonate minerals, 
creating localized asperities and increasing surface heterogeneity. 
However, the same process reduces the mechanical strength of the 
rock matrix, leading to greater plastic deformation and asperity 
collapse under high stress. This dual effect, enhanced roughness 
versus reduced strength, explains why conductivity gains are more 

pronounced at lower closure pressures. Gaussian curvature iden
tifies micro-scale features that act as preferential flow channels or 
mechanical anchors, thereby offering a more mechanistic link 
between morphology and conductivity. The Gaussian curvature- 
based roughness can capture localized curvature variations that 
directly influence fluid flow paths.

Fracture conductivity tests in laboratory are inherently 
destructive, often leading to significant  breaking on the fracture 
surface under high closure pressure. This destruction brings a 
major challenge for repeated experiments or further morpholog
ical analysis on the same sample, thereby limiting the reproduc
ibility of experiments and depth of investigation. Digital rock 
analysis (including 3D scanning and 3D printing) has become an 
emerging trend in rock mechanics research, with 3D scanning and 
serving as a quintessential enabling technology in this domain. The 
key to this digital workflow lies in acquiring a high-fidelity digital 
model. Resolution constitutes a critical parameter in 3D scanning, 
fundamentally determining whether the acquired data possesses 
sufficient  fidelity  to support subsequent analyses. Existing re
searchers often conduct the 3D scanning with the highest available 
resolution. This strategy seems to be intuitively reasonable. 
However, different researchers have different scanning technolo
gies supports in different periods or institutions, which means the 
highest available resolution is a standard that varies from person 
to person. What's more, increasing resolution would lead to sub
stantial costs and overwhelming data requiring processing. Our 
experimental evidence demonstrates that heightened resolution 
does not invariably yield stronger correlations between the 
roughness and conductivity (Section 3.4). Therefore, the concept of 
COCR is proposed not only as a cost-saving measure, but also as a 
scientifically  justified  criterion to ensure that the digital repre
sentation of fracture surfaces aligns optimally with their hydraulic 
performance.

For proppant-filled  fractures, the conductivity is primarily 
governed by the arrangement, embedment, and crushing behavior 
of the proppant pack, rather than the etched morphology of the 
rock surface. Directly applying the COCR of 0.1 mm from this study 
to correlate with conductivity may no longer be optimal. For self- 
supporting fractures in shale formations, the mechanism is closer 
to that of acid-etched fractures, as both rely on the rough fracture 
morphology to resist closure stress. Therefore, the proposed 
method holds significant potential for applicability.

Consequently, we posit that selecting an appropriate resolution 
is the optimal strategy for 3D scanning applications. The identifi
cation of COCR provides a practical guideline for digital rock 
analysis. In practice, this resolution strikes a balance between data 
fidelity and computational efficiency, enabling reliable digital re
sults of fracture surfaces without excessive data overhead. The 
COCR represents the critical threshold that mainly impact fluid 
flow  in acid fracture surface. It provides the essential resolution 
standard for accurately characterizing the surface topology in 
fracture conductivity research, providing the benchmark for future 
studies on more complex, heterogeneous systems.

5. Conclusions

This study conducted 3D scanning, fracture conductivity tests, 
and roughness evaluations on acid fractures. The experimental 
results were then combined and analyzed. The resolution selection 
criterion was established for 3D scanning to maximize the 
roughness and conductivity correlation in acid fracture. The final 
conclusions are as follows.

(1) It is quantitatively demonstrated that acid etching enhances 
fracture roughness Extending acid etching time would 
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Fig. 13. Correlation coefficient  between the (log10
⃒
⃒Kgc

⃒
⃒
median) roughness parameter 

and fracture conductivity, plotted against closure pressure for four different scanning 
resolutions. The correlation is strongest and most stable across low closure pressures 
when using a resolution of 0.1 mm. Both higher (0.05 mm) and lower (0.2 mm, 
0.4 mm) resolutions yield weaker correlations. This identifies  0.1 mm as the COCR, 
providing the most representative digital description of the fracture surface for 
conductivity prediction.
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progressively increase both global roughness and local 
heterogeneity, which can be obtained through the analysis 
of the surface roughness. It would lead to flow  pathways 
under closing pressure by creating asperities that resist full 
closure.

(2) The roughness evaluation based on Gaussian curvature from 
3D scanning showed great advantages. It not only can 
evaluate the roughness from a local view, but also can build 
a global evaluation method (log10

⃒
⃒Kgc

⃒
⃒
median), which has a 

strong correlation with the fracture conductivity. Compared 
with experimental methods for roughness evaluating, this 
method has the advantage of being no-damage to the frac
ture surface and having a high degree of digitization.

(3) The roughness showed scale-dependent correlations with 
conductivity. In acid fracture research, scanning at the res
olution of 0.1 mm would maximize the roughness- 
conductivity correlation. This resolution can be defined  as 
COCR. Higher resolutions (0.05 mm) or lower resolutions 
(0.2 mm, 0.4 mm) would reduce correlation because of over 
fitting or morphological details losing. The COCR provides a 
cost-effective standard for digital acid fracture analysis.
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