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ARTICLE INFO ABSTRACT

Keywords: Acid treatments aimed at reducing formation breakdown pressure are becoming increasingly popular in stim-
Deep carbonate reservoir ulating deep and ultra-deep geothermal and natural gas reservoirs, where high pumping pressures are typically
Acidizing

required for fracturing. This technique effectively reduces surface pumping pressures, ensuring safe operations.
Through multiscale experiments and mechanistic analysis, this study reveals the fundamental mechanisms un-
derlying breakdown pressure reduction via acid preconditioning. Key findings include: (1) High breakdown
pressures arise from high in-situ stress, low porosity and permeability, and engineering contamination. (2) Acid-
induced mineral dissolution triggers dual effects-pore structure evolution enhances reservoir permeability
(facilitating subsequent fracturing fluid imbibition and pressure transmission), while mechanical property
degradation substantially weakens rock resistance to fracturing. (3) Comparative analysis of HCI, organic acids,
and chelating agents demonstrates that high-temperature reservoirs benefit from low-corrosivity chelating agents
(e.g., GLDA) or organic acid systems combined with low-concentration HCI, achieving optimal dissolution ef-
ficiency while ensuring wellbore integrity. (4) A multiscale laboratory evaluation framework was established to
integrate experimental data for optimizing acid formulations and post-acid fracturing strategies. This paper
provides mechanistic insights, acid system selection criteria, and experimental methodologies for breakdown
pressure reduction in deep carbonate reservoirs, offering significant engineering value for achieving safe and
efficient reservoir stimulation.

Breakdown pressure
Rock mechanics properties

1. Introduction porosity and permeability generally can be found in conventional car-

bonate reservoirs, with complex fractures or vugs, the matrix porosity

In the face of the severe consequences of global warming, the re-
striction of carbon emissions and the achievement of the "Carbon
Peaking and Carbon Neutrality" goals have emerged as an urgent pri-
ority (Chen et al., 2021, 2022; Huang et al., 2022; Yang et al., 2023;
Zhao et al., 2022). Within this context, geothermal energy and natural
gas emerge as pivotal elements in the energy transition (Liu et al.,
2024e; Wu and Li, 2020). Carbonate reservoir, an important contributor
for geo-resources, is one of the major targeted reservoirs for geothermal
energy and natural gas (Kaminskaite-Baranauskiene et al., 2023; Kola-
wole et al., 2022; Malki et al., 2023; Zhou et al., 2021). Although high

and permeability is often extremely low in deep and ultra-deep car-
bonate reservoirs (Chen et al., 2023). Therefore, stimulation technolo-
gies are often needed to improve the reservoir flow condition or even to
create the reservoir like the case of Enhanced Geothermal System (EGS)
(Kaminskaite-Baranauskiene et al., 2023; Lu, 2018; Wu and Li, 2020).
Fracturing is the most popular technology to create complex fracture
networks and has been demonstrated to be effective (Chen et al., 2025;
Liu et al., 2024b). However, the extremely high breakdown pressure,
defined as the peak pressure reached during hydraulic stimulation that
indicates fractures are initiated to allow fluids to be injected, are often
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encountered in deep and ultra-deep reservoirs (Detournay and Car-
bonell, 1997; Sampath et al., 2018).

Deep reservoirs typically require higher pumping pressure to initiate
and propagate fractures (Alameedy et al., 2022; Li et al., 2024). This
imposes greater demands on the power and load-bearing capacity of
pumping equipment, often exceeding the maximum pumping pressure
the equipment can provide, thereby posing substantial risks of operation
failures (Guo et al., 2020a). One of the examples is the well Pengshen 6,
the deepest vertical well in Asia with a depth of 9026 m (Xiujian et al.,
2024). The fracturing test demonstrated that failure to implement a
pre-treatment to the reservoir led to high pumping pressures, which
surpassed the equipment’s pressure limitations, during hydraulic stim-
ulation. AlTammar et al. (2020) also reported a field case where three
fracturing attempts failed due to high peak bottom-hole pressure up to
approximately 124 MPa, which exceeded the limit of the pumping
equipment. This often led to an unsuccessful project, incurring extra
costs for the operator due to non-productive time and financial expen-
ditures. Additionally, fracturing operations with such high pumping
pressures can potentially induce seismic activity, which is a major
concern when developing EGS worldwide (Schultz et al., 2020).
Therefore, a pre-treatment to effectively reduce the reservoir’s break-
down pressure, thuslowering the pumping pressure, is crucial for
ensuring efficient and safe operations.

Many technologies have been proposed to reduce reservoir break-
down pressure, such as acidizing (Chen et al., 2023; Guo et al., 2020b; Li
et al., 2021c, 2024; Zhang et al., 2024b), optimizing perforation pa-
rameters (Ma et al., 2024; Zhang et al., 2024a), cyclic fracturing (Diaz
et al., 2020; Patel et al., 2017; Tariq et al., 2020b), and injecting
endothermic fluids (Almarri et al., 2022; Enayatpour et al., 2019; Khan
et al., 2024b; Wu et al., 2021). Optimization of perforating parameters
has become a necessary procedure prior to fracturing operations.
However, the optimization of these parameters may necessitate the
support of accurate geological data along with extensive complex
simulation calculations (Ma et al., 2024; Zhang et al., 2024a). Cyclic
fracturing has been utilized for the reduction of formation breakdown
pressure. However, fatigue limit up to 75 %-70 % of the monotonic
breakdown pressure, below which cyclic fracturing has no effects, has
been observed in experiments and field tests (Cerfontaine and Collin,
2018; Wang et al., 2024). Injecting endothermic fluid technology has
demonstrated potential in effectively reducing breakdown pressure in
laboratory experiments tests. However, the feasibility of this approach
needs further assessment (Khan et al., 2024a; Li et al., 2022). Acidizing
technology, due to its easy operations, low cost, and the limited
pumping requirements of the equipment, is extensively used to reduce
the breakdown pressures in deep reservoirs (Al-Shargabi et al., 2023; Li
etal., 2021b). Acid is injected into the formation at a low pump pressure
to dissolve the minerals and cements, leading to the creation of larger
pores and the enlargement of existing fractures (Jia et al., 2023; Zhang
et al., 2020d). This technology, one of the oldest in the industry, has
been used to boost well productivity for over a century, with the first oil
well acid treatment performed in 1895 (Portier et al., 2009).

However, the performance of acidizing technology varies signifi-
cantly across carbonate reservoirs at different depths. Conventional
carbonate reservoirs are typically buried at depths shallower than 3500
m (Xu et al., 2020). For these reservoirs, acid fluids generally exhibit
stable properties and relatively controllable risks of tubing corrosion. In
contrast, deep carbonate reservoirs (>5000 m) face unique challenges in
acidizing pretreatment due to the high temperature (>150 °C), high
pressure (>60 MPa), and the complex geological condition (e.g. strong
heterogeneity, low porosity, and low permeability) (Chen et al., 2025;
Qin et al., 2024). The intricate geological settings, heterogeneous
fracture-cave systems, and diverse mineral compositions in deep reser-
voirs significantly complicate the acid-induced reduction of reservoir
breakdown pressure (Correia da Silva et al., 2024; Jia et al., 2024).
Furthermore, high-temperature conditions impose stricter requirements
on acid stability, exacerbate acid volatility and corrosivity, and increase
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the risks of equipment damage and the costs of operations (Du et al.,
2024; Sui et al., 2022).

To address these challenges, researchers have made significant
progress in developing high-temperature-resistant acid systems and
investigating factors influencing acidizing effectiveness through exper-
imental evaluations (Alameedy et al., 2023; Du et al., 2024; Liu et al.,
2025; Sui et al., 2022; Zhang et al., 2020a). However, the mechanisms
underlying acidizing-induced breakdown pressure reduction remain
poorly systematized in existing literature. Compared to previous studies,
a comprehensive review will help clarify the operational mechanisms of
acidizing technology, identify gaps between laboratory evaluations and
field applications, and provide insights for optimizing acid systems to
enhance reservoir stimulation efficiency. This effort will contribute
substantially to both theoretical advancements and technological
innovations.

Therefore, this paper provides a comprehensive summary of the
mechanisms by which acidizing reduces the breakdown pressures. The
causes of high formation breakdown pressures are introduced, followed
by a review on the mechanisms of acid stimulation using various acids,
and a comparison of the effectiveness of different acid fluid systems in
reducing breakdown pressures. Additionally, the paper focuses on lab-
oratory evaluation methods to evaluate acidizing performance, enabling
the optimization of acid fluid systems and quantification of changes in
rock pore structure and mechanical properties after acidizing. Building
on this, we propose innovative directions for acidizing-driven break-
down pressure reduction by integrating the geological and engineering
characteristics of deep reservoirs. Additionally, this paper provides
critical insights for optimizing fracturing designs in ultra-deep carbon-
ate reservoirs.

2. Causes of high breakdown pressure in deep carbonate
reservoirs

In this section, the key factors influencing reservoir breakdown
pressure are identified, thus providing basic information to design
optimal acidizing strategies.

2.1. In-situ stress

The in-situ stress system typically encompasses gravity stress and
tectonic stress (Yin et al., 2023). In-situ stress is often represented as
three principal stresses (Hossain et al., 2000). These include the vertical
stress oy, originating from the weight of the overlying rock, and the
horizontal stress, mainly resulting from geological deformation (Chen
et al., 2018; Piao et al., 2023). Notably, the horizontal stress exhibits a
maximum value oy and a minimum value oy along two mutually
orthogonal horizontal directions (Zhang et al., 2023b). Fig. 1 illustrates
the in-situ stress through stereoscopic projection, revealing the oy, oy,
and oy,. The stress state of the reservoir is a result of the combination of
vertical and horizontal stresses, rock mechanical properties, porosity,
pore pressure, and other factors (Yin et al., 2023).

According to the breakdown pressure model based on tensile
strength proposed by Hubbert and Willis (1957), described in Eq. (1),
the minimum principal stress, maximum horizontal stress, pore pres-
sure, and rock strength are the key factors affecting the breakdown
pressure. And the strong tectonic stress is one of the major reasons to
cause high horizontal stresses. In deep reservoir, the vertical stress is
commonly high (Brown and Hoek, 1978; Taherynia et al., 2016). Such
high vertical stress results in structural changes of the pore space of rock,
e.g. compaction, consolidation, cementation and stylolitisation (Rashid
et al., 2017). These structure changes can then reduce the porosity and
permeability of the porous rock while enhancing the mechanical
strength. In addition, the strong tectonic stress is one of the major rea-
sons to cause high horizontal deviatoric stresses. Thus, high horizontal
deviatoric stress and tight reservoirs (high rock strength) can lead to
abnormally high formation breakdown pressure and fracture
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Fig. 1. In-situ stress acting on a unit of rock medium.

propagation pressure (Zhang et al., 2020c).

P, =30, — oy + o7 — Py (€D)]

where P, is the breakdown/initiation pressure, P, is the pore pressure,
oy, is minimum horizontal principal stress, oy is maximum horizontal
principal stress and o7 is the tensile strength of the rock.

2.2. Rocks properties

The intrinsic rock properties also contribute to the high breakdown
pressure. The heterogeneity of reservoir rocks is a key factor affecting
the breakdown pressure (Ehrenberg and Nadeau, 2005; Hu et al., 2020).

The heterogeneity of reservoir rocks is primarily manifested in the
size, shape, distribution of mineral particles, and the pore structure.
These characteristics vary due to the vertical and lateral changes in
sedimentary microfacies (Ghadami et al., 2015; Malki et al., 2023; Yang
et al., 2015) and the effects of subsequent diagenetic processes (Hu et al.,
2020; Ng and Santamarina, 2023; Pei et al., 2022; Tian et al., 2019; Zhao
et al., 2013), leading to significant differences in the rock properties in
the spatial distribution. The heterogeneity of the pore structure results in
varying pore sizes and pore dispersion, thereby reducing the rock’s
physical properties and affecting the flow of fluids within the rock and
the transmission of pressure. Sun et al. (2019) conducted
micro-characterization observations on two thin sections (C1, C2) from
different positions of the same core sample (Fig. 2). The study found that
the pore distribution in the two thin sections was uneven. This complex
pore size distribution and heterogeneity of the reservoir rock, thereby
affecting the transmission of pressure. In more compact local areas,
there are finer particles and some calcite cement components.
High-cemented rocks possess higher strength and stiffness, enabling
them to withstand greater external forces without fracturing. For tight
cores, the closely packed particles reduce the rock’s porosity. Numerous
studies have indicated that there exists a broad inverse relationship
between rock strength and porosity (McBeck et al., 2019; Palchik,
1999), thus making it more difficult to fracture under external forces.
For deep carbonate reservoirs, the mineral particles within the reservoir
rock are typically tightly packed and exhibit high cementation due to the
influence of vertical stress. Therefore, during the fracturing process,
rocks with closely packed mineral particles and a higher degree of
cementation require a higher pumping pressure to form effective frac-
tures. Therefore, high pumping pressures are may required during
fracturing process of deep carbonate reservoirs to create effective
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fractures.
2.3. Engineering operation pollution

The contamination of the reservoir caused by drilling, perforation
and other operations before fracturing can also increase the breakdown
pressure of reservoir to a certain extent.

The abnormal increase in breakdown pressure caused by drilling is
primarily attributed to the contamination of the reservoir due to the loss
of drilling fluid. Solid particles from the drilling fluid infiltrate the
micro-fractures developed in the reservoir rocks, resulting in formation
damage (Cai et al., 2010; Jiang et al., 2022b; Xu et al., 2018). This
contamination reduces the permeability of rocks near the wellbore,
hindering the infiltration of fracturing fluid into the formation during
hydraulic fracturing. Particularly, the hydrostatic pressure difference
between the drilling fluid and the reservoir fluid can result in the for-
mation of a filter cake on the wellbore wall. This thin, impermeable
layer, characterized by its low permeability, increases the breakdown
pressure of deep formations and inhibits the propagation of fractures
(Feng et al., 2016; Nunes et al., 2010; Tariq et al., 2021b).

Perforation is an essential pathway for fluid to flow into the wellbore.
And it also plays a role in regulating the breakdown pressure value
(Abass et al., 1996; Behrmann and Nolte, 1998; Shi et al., 2021; Veeken
et al., 1989; Wang et al., 2022; Wei et al., 2020; Zhang et al., 2018). The
primary perforation parameters influencing breakdown pressure include
perforation density, perforation azimuth, and perforation depth
(Behrmann and Nolte, 1998). Breakdown pressure exhibits a phased
variation with increasing perforation density, and the overall trend in-
dicates a reduction as density increases (Veeken et al., 1989; Wei et al.,
2020). However, the breakdown pressure does not decrease linearly
with the increase in perforation density (Liu et al., 2015). Therefore, the
appropriate perforation density should be selected based on the char-
acteristics of the reservoir (Zhang et al., 2018). Perforation azimuth
refers to the orientation of the perforation tunnels. As the perforation
azimuth angle increases within the range of 0°-90°, the number of
perforation holes on the same plane decreases. This decrease impedes
the connectivity of fractures between perforations, resulting in an in-
crease in breakdown pressure (Abass et al., 1996; Chen et al., 2010). As
for perforation depth, an increase in perforation depth facilitates the
reorientation of fractures from the initial perforation plane and reduces
breakdown pressure (Zhang et al., 2018). In summary, the impact of
perforation on breakdown pressure is complex, influenced by multiple
factors, including perforation density, azimuth, and depth. To minimize
formation breakdown pressure, perforation parameters should be
appropriately adjusted based on the wellbore’s specific conditions and
the operational constraints of the perforation equipment.

2.4. Discussion

The high breakdown pressure in deep and ultra-deep carbonate
reservoirs is the result of combined geological and engineering factors.
Geologically, the high horizontal deviatoric stress and high vertical
stress caused by reservoir depth are key contributors to the high
breakdown pressures. Additionally, the heterogeneity of carbonate
rocks results in uneven distribution of pore structures, significantly
affecting breakdown pressure. From an engineering perspective, drilling
fluid contamination and filter cake formation increase formation
breakdown pressure and hinder fracture propagation. Moreover,
improper perforation parameters further exacerbate the increase in
breakdown pressure. Table 1 summarizes the potential causes of high
fracture pressure in deep carbonate reservoirs.

3. Acidizing technology

Based on the research presented in the previous section, high reser-
voir breakdown pressure is mainly caused by high deviatoric stress, low
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Fig. 2. Thin sections showing some poikilotopic calcite spar enveloping peloids and other intraclasts in C1, and local finer grains and more compacted area in C2

(Sun et al., 2019)".

1 Cited from Sun et al. (2019) with permission from Elsevier. License No.: 5895130684300.

porosity and permeability, high rock strength, and damage to the
reservoir caused by engineering operations. This section introduces the
mechanism of acidizing technology used to reduce reservoir breakdown
pressure, typically for deep carbonate reservoirs.

3.1. Mechanism of acidizing to reduce breakdown pressure

Acidizing technology is an effective method for reducing breakdown
pressure. The mechanism mainly involve the chemical reaction between
rock and acid (Liu and Mostaghimi, 2017). Acid treatment dissolves
carbonate minerals (such as calcite and dolomite) in carbonate reservoir
rocks, leading to a reduced rock strength and altered pore structure, thus
affecting the breakdown pressure.

Table 1
Causes of high breakdown pressure.

Causes Specific Causes Impact Mechanism

Increase in overburden
pressure and
compaction

In-situ stress Vertical stress increases, leading to
higher pressure on rocks. Deep
carbonate rocks undergo intense
compaction, reducing porosity and
increasing density, thus raising
rock mechanical strength

Intense horizontal tectonic stress
increases the horizontal principal
stress, raising breakdown pressure
Tightly packed mineral particles in
deep carbonate rocks reduce
porosity and increase rock strength,
leading to higher breakdown
pressure

Uneven pore structure reduces rock
physical properties, affecting fluid
flow and pressure transmission
within the rock, which influences
breakdown pressure.

Cementation fills pores, increasing
rock strength and reducing
permeability, thereby raising
breakdown pressure

Drilling fluid invasion increases
pore pressure or alters rock
mechanical properties, leading to
higher breakdown pressure

Poor perforation design causes
inefficient fluid flow or localized
stress concentration, increasing
breakdown pressure

Tectonic compression

Rocks properties Tight packing of

mineral particles

Lithological
heterogeneity

Cementation

Engineering
operation
pollution

Drilling fluid
contamination

Improper perforation
parameters

3.1.1. Acid-rock reaction

Carbonate rocks mainly consist of calcite (CaCO3) and dolomite
(CaMg(CO0s3)2), and may additionally contain minerals like quartz, clay
minerals, and gypsum. These minerals exhibit significant differences in
the capability of reacting with acids. Among those minerals, calcite and
dolomite can easily react with HCl (Mou et al., 2024; Shokri et al.,
2024). In deep reservoirs, where high temperatures (> 150 °C) is
commonly encountered, the dolomite and limestone exhibit similar re-
action rate (Aljawad et al., 2021; Mou et al., 2024). As shown in Fig. 3,
the reaction between acid and carbonate rock typically comprises three
processes: a) hydrogen ions (H") transfers to the rock surface. b) the
adsorbed H reacts with minerals on the rock surface (surface reaction
process). c) the reaction products leave the rock surface through mass
transfer (mass transfer process). The reaction between the acid solution
and carbonate rock on the rock surface is a surface reaction. H' in the
acid solution chemically react with carbonate ions (CO%’) in carbonate
rocks, producing soluble salts and carbon dioxide (CO3) (Sayed et al.,
2021). During the acidizing treatment, the acid solution dissolves car-
bonate minerals in the rock, releasing soluble calcium and magnesium
ions, leading to the expansion of pore space within the rock. In deep
high-temperature environments, both calcite and dolomite are
controlled by mass transfer process (Dong et al., 2018; Lund et al.,
1973). The primary chemical reactions between calcite or dolomite and
the acids (HCI and organic acid) (Garrouch and Jennings, 2017) are
represented by Equations (2) and (3).

CaCO; + 2H" - Ca?" + H,0 + COy1 2

CaMg(CO3), +4H" — Ca*" + Mg?* + 2H,0 + 2CO,1 3

Unlike HCI and organic acids, chelating agents react with carbonate
to form stable complexes with metal ions. This process involves the
coordination of one or more carboxyl group within the chelating agent
to encapsulate metal ions, resulting in the formation of water-soluble
and stable metal-ligand complexes (Rabie et al., 2011). The reaction
between chelating agents and carbonate minerals are described by Eq.
(4), Eq. (5), Eq. (6) (Fredd and Fogler, 1998; Li et al., 2023; Tariq et al.,
2021a). HpY represents the typical structure of chelating agents, where n
represents the number of carboxylic acid groups. Y~ represents the fully
ionized form of chelating agents. The interaction between chelating
agents and carbonate rocks is influenced by a variety of factors. Spe-
cifically, increasing temperature significantly increases the total disso-
lution rate (Rabie et al., 2011). Moreover, in contrast to the high
corrosivity of inorganic acids at high temperatures, the low corrosivity
exhibited by chelating agents renders them more preferable for appli-
cation in high-temperature deep reservoirs (Li et al., 2023). In addition,
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the reaction between chelating agents and carbonate rocks is largely
affected by the pH value of the solution (Fig. 4). In a low-pH environ-
ment, acid attack (or H' attack) is the dominant reaction mechanism of
the chelating agent. At this pH level, the chelating agent functions as a
polyprotic acid, with its hydrogen ions (H") attacking the carbonate
components on the surface, thereby causing calcium to dissolve in the
solution as free ions. Conversely, in a high-pH environment, the
chelating agent becomes fully deprotonated, and the primary mecha-
nism is changed to chelation. Under these conditions, the chelating
agent targets the calcium sites, grabs the ions, and forms a stable com-
plex (Almubarak et al., 2021; Li et al., 2023; Rabie et al., 2011; Tariq
etal., 2021a). Tariq et al. (2021a) discovered that most chelating agents

are in a fully ionized state at pH values above 8.5 (Y*). In this envi-
ronment the combined effects of the chelating agent’s ionized form
(chelation of calcium ions in carbonate rocks (Eq. (5)) and the H' attack
generated by chelating agent ionization (Eq. (6))can result in a high
reaction rate in the solution. However, chelating agents are typically
used to act on carbonate minerals in low pH environments. And research
has shown that H' in the environment can help chelating agents extract
metal ions from mineral surfaces, increasing dissolution rates (Fredd and
Fogler, 1998; Hassan and Al-Hashim, 2020).

H,Y & H, 1Y +H'oH, ,Y* +2H" & ... & Y" 4+ nH" (O]
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Y™ +CaCO; — CaY*™ + CO3™ (5)
H" 4+ CaCO; — Ca*" + HCO; (6)

3.1.2. Pore structure evolution and mechanical property alteration

The chemical dissolution of rocks by acid plays a critical role in
changing the physical properties. This process not only modifies the
chemical composition of the rocks but also significantly increases the
porosity and reduces the mechanical strength.

Acid fluids infiltrate the rock matrix through fractures and pores,
initiating chemical reactions along boundaries between mineral grains
and crystal interfaces. The localized dissolution of minerals weakens the
contact strength between grains, resulting in reduction in the mechan-
ical strength and increase in the porosity, which can help alleviate stress
concentrations (Zeng et al., 2024). Also, the dissolution of reservoir
minerals can enhance the permeability, which is primarily influenced by
pore size and interconnectivity. In addition, as pore size increases,
reduced capillary forces can also facilitate fluid flow. However, due to
limited connectivity between isolated pores, permeability may not
improve significantly during the initial stages of acid treatment. With
continued pore enlargement and the eventual connection of isolated
pores, permeability exhibits a nonlinear improvement (Jiang et al.,
2022a; Lovetskii and Selyakov, 1984). Overall, mineral dissolution in-
creases the pore space and connects isolated pores, thus significantly
improving the permeability of carbonate rocks (Liu et al., 2019). In
addition, acid not only dissolves minerals within the matrix but also
removes obstructions, such as drilling mud and acid-soluble scale or
debris, from pore spaces, natural fractures, and perforation holes in the
near-wellbore region. This further contributes to the overall improve-
ment in reservoir permeability. An increase in reservoir permeability
will facilitate the seepage of fracturing fluid into the rock pores(Wang
et al., 2022; Zhou et al., 2020). And according to Eq. (1), this will be
conducive to the reduction of reservoir breakdown pressure.

The chemical dissolution of rock by acid can also largely changes
rock mechanical properties, e.g. the elastic modulus, Poisson’s ratio, and
rock strengths (Parandeh et al., 2023). The acidizing process leads to the
dissolution of rock minerals, weakening of the binding forces between
minerals, and an increase in rock porosity. Consequently, this results in a
reduction of the mechanical properties, making it more prone to frac-
turing when exposed to external pressure (Lai et al., 2022; Liu and
Mostaghimi, 2017; Mustafa et al., 2022; Nguyen et al., 2011; Zhang
et al., 2020a). Alameedy et al. (2022) presented that the mechanical
properties of limestone samples changed after acid treatment. The
Young’s modulus decreased by 26 %-37 %. Gou et al., 2019 also showed
that as the contact time with HCl increased, plastic failure gradually
became more pronounced, and the elastic modulus and Poisson’s ratio
significantly decreased. Li et al. (2024) proposed that the changes in
elastic modulus, Poisson’s ratio and tensile strength are the main con-
trolling factors of breakdown pressure. The mechanical properties of
dolomite (elastic modulus, Poisson’s ratio, and tensile strength)
decrease with increasing acid treatment time and temperature. It is
worth noting that regarding the trend of Poisson’s ratio changes after
acidizing, and the research conclusions of Alameedy et al. (2022) are
different from Li et al. (2024) and Gou et al., 2019. The rock samples
studied by Li et al. (2024) and Gou et al., 2019 are all dolomite, while
the rock samples studied by Alameedy et al. (2022) are limestone.

3.1.3. Mechanisms affecting breakdown pressure

Acidizing impacts reservoir breakdown pressure through two pri-
mary mechanisms. First, the reaction between acid and carbonate
minerals enlarges pores and enhances permeability, enabling fracturing
fluid to penetrate the reservoir more rapidly and uniformly. ((1) Second,
acidizing significantly alters rock mechanical properties, particularly
reducing elastic modulus and strength, making the rock more prone to
fracturing under external stress. These changes not only improve fluid
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flow capacity but also lower breakdown pressure during fracturing op-
erations, facilitating fracture initiation at lower pumping pressures.
While these combined effects are critical for efficient fracturing, they
necessitate precise control and risk management in design and execution
to ensure safe and effective outcomes.

3.2. Acid system

Choosing an appropriate acid system is crucial to ensure effective
acidizing in deep high-temperature carbonate reservoirs, considering
the extreme in-situ conditions. Generally, the acid should possess strong
dissolution capability with controlled reaction rate, exhibit good
compatibility with the reservoir, while not producing any precipitates
after reacting with the rock. Additionally, it is crucial to carefully
consider factors such as the corrosiveness of the acid fluid on the well-
bore strings.

3.2.1. HCI system

HCl is the most commonly used acid in production wells due to its
low cost, strong dissolution ability (Chang et al., 2008), and usually does
not leave insoluble reaction products. Under high-temperature condi-
tions, high-concentration HCI reacts intensely with carbonate rocks,
causing the acid-rock reaction to be primarily confined to the rock’s inlet
surface (Chang et al., 2022; Huang et al., 2003; Raj and Pal, 2014).
Therefore, researchers typically additives such as polymers, emulsifiers,
and viscoelastic surfactants (VES) to avoid surface reaction and reduce
acid filtration (Sokhanvarian et al., 2021; Sui et al., 2022; Zhang et al.,
2023a). However, Lai et al. (2022) conducted acid core flooding ex-
periments on tight limestone using gelled acid and crosslinked acid with
a higher viscosity than gelled acid. The results showed that under
identical treatment conditions, gelled acid led to a more significant
reduction in rock strength and Young’s modulus compared to cross-
linked acid. This suggests that excessively high acid viscosity may hinder
the acid-rock reaction, making it unsuitable for acidizing pretreatment
to reduce the breakdown pressure.

For deep carbonate rocks, the injection rate of acid solution is
restricted due to relatively low pumping pressure compared to in-situ
pore fluid pressure. For the same amount of acid injection, a low in-
jection rate may lead to a longer pipeline contact time, posing a chal-
lenge to the safety of downhole tubing. The high temperature conditions
exacerbate the safety issues caused by HCI corrosion of down-hole
tubing, which also limits the use of high concentration HCl (Liu et al.,
2024a). Therefore, for deep high-temperature carbonate reservoirs,
safety issues have prompted researchers to develop corrosion inhibitors
suitable for ultra-high temperatures or search for HCI alternative acid
systems with lower corrosiveness and higher efficiency under high
temperature conditions. However, expensive corrosion inhibitors can
only protect tubular structures for a short term at high temperatures
(Chang et al., 2008). The significant increase in costs caused by the
extensive use of corrosion inhibitors is also an issue that cannot be
ignored. Therefore, using alternative acid systems may be a better
choice. Recently, Mustafa et al, 2021 investigated a new
environmentally-friend acid system, developed by Enviroklean Product
Development, Inc. and referred as EPDI, short for the company name.
This acid system is synthesized by adding HCI to catalytic reagents. The
acid produced by synthesis is stronger than HCl, but 50 times less cor-
rosive than HCI at a temperature of 125 °C. At the same time, it is very
effective in descaling, environmentally friendly, and biodegradable.
However, the use of this environmentally friendly acid under ultra-high
temperature (>180 °C) conditions was not mentioned.

3.2.2. Organic acid system

Currently, formic acid, acetic acid, citric acid, and lactic acid are
commonly used organic acids in the field of oil and gas stimulation
(Al-Khaldi et al., 2005; Alhamad et al., 2020; Mohamed et al., 2015).
Unlike HCI, organic acids do not fully dissociate in water (Alkhaldi et al.,
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2010; Buijse et al., 2004; Chang et al., 2008), and their reactivity can be
described by the dissociation constants, shown in Table 2. The organic
acid with lower dissociation constant (i.e. reactivity) allows the acid to
penetrate into the rock matrix more uniformly. However, this uniform
reaction typically requires a longer duration, which may limit its
efficiency.

Organic acids, due to their versatile functionalities, are frequently
utilized in fields. Organic acids’ corrosiveness significantly lower than
that of HCI, thereby slowing down the corrosion of downhole tubings
under high temperature. Especially, formic acid also has certain corro-
sion inhibition properties. When mixed with HCI, formic acid aids in
inhibiting corrosion by generating carbon monoxide (CO) on the metal
surface (Alhamad et al., 2020). Citric acid and lactic acid are frequently
employed as components of iron control agents in treatment solutions
(Alkhaldi et al., 2010; Rabie et al., 2014) to prevent precipitation of iron
hydroxide or sulfide. Additionally, lactic acid is often used in conjunc-
tion to remove drilling fluid filter cake (Rabie et al., 2014).

When high-concentration organic acids are used for reservoir stim-
ulation, they may form calcium salt precipitates with calcium and
magnesium ions, thus potentially causing formation damage due to their
low solubility (e.g., calcium acetate: 300 g/L, calcium formate: 166 g/L,
calcium lactate: 79 g/L, calcium citrate: 0.85 g/L) (Mohamed et al.,
2015; Nasr-El-Din et al., 2007; Rabie et al., 2015). Therefore, it is
important to control the concentration of organic acids during field
operations. Researchers generally recommend limiting the mass con-
centration of formic acid to 9 wt% (weight percent), acetic acid to 13 wt
%, and citric acid to 1 wt% (Mohamed et al., 2015). To expand the
effective concentration range of organic weak acids, efforts have been
made to improve the solubility of precipitated salts. Rabie et al. (2015)
and Alhamad and Miskimins (2022) introduced gluconic acid into a
lactic acid system to enhance calcium ion dissolution through the syn-
ergistic effect, increasing the calcium solubility from 79 g/L to 400 g/L.
Mohamed et al. (2015) further improved the solubility of organic cal-
cium salts by adding gluconic acid to formic and citric acid systems,
which increased formic acid concentration and acidizing efficiency,
thereby enhancing acidization performance.

3.2.3. Chelating agent system

Chelating agents exhibit excellent metal chelating ability (Tariq
et al., 2021a) and low corrosion characteristics to down-hole equipment
(Abdelgawad et al., 2018; Li et al., 2023; Shi et al., 2020) and good
adaptability to high temperature up to 180 °C (Martell et al., 1975;
Sokhanvarian et al., 2016). However, even in high-temperature envi-
ronments, the reaction rate between chelating agents and carbonate
rock matrix remains significantly lower than that between hydrochloric
acid and carbonate rock matrix. Consequently, it is not possible to
efficiently weaken the rocks, which directly restricts their ability to
quickly reduce reservoir breakdown pressure (Li et al., 2023). Therefore,
in order to achieve the expected reservoir stimulation effect, chelating
agents usually need to be used in combination with stronger acid to
accelerate the weakening of rock structures through a synergistic
mechanism, thereby more efficiently promoting the reduction of
breakdown pressure.

The primary chelating agents used in oilfields include ethyl-
enediaminetetraacetic acid (EDTA), hydroxyethyl ethylenediamine tri-
acetic acid (HEDTA), nitrilotriacetic acid (NTA), glutamic acid diacetic

Table 2
The dissociation constant of organic acids in water (25 °C) (Alhamad et al.,
2020).

Acid type Chemical formula Dissociation constant(pKa)
Formic acid HCOOH 3.75

Acetic acid CH5;COOH 4.756

Citric acid CeHgO7 3.128

Lactic acid C3HgO3 3.86
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acid (GLDA), and diethylenetriamine pentaacetic acid (DTPA)
(Bucheli-Witschel and Egli, 2001). Each of these agents has its advan-
tages and limitations. For example, NTA is the first chemically synthe-
sized chelating agent that is biodegradable (Bucheli-Witschel and Egli,
2001). However, its potential health risks to humans and mammals have
made its use controversial (Pinto et al., 2014). EDTA and DTPA are
known for their strong metal-chelating abilities, particularly with metals
like calcium (Ca) and iron (Fe), forming stable complexes. Barri and
Mahmoud (2015) investigated the effect of EDTA on the integrity of
carbonate rocks at 120 °C. The results indicated that EDTA treatment
weakened the mechanical properties of the carbonate rocks. After
treatment, the Young’s modulus of Austin chalk core samples decreased
by approximately 76 %, while that of Indiana limestone decreased by 5
%. However, similar to DTPA, the limited biodegradability of EDTA
restricts its large-scale application (Sillanpaa and Pirkanniemi, 2001).
GLDA, with its high water solubility, excellent metal-chelating ability,
low corrosivity, high temperature resistance, and superior biodegrad-
ability, has been investigated as an efficient alternative for deep,
high-temperature carbonate reservoir matrix treatments (Almubarak
et al., 2021; LePage et al., 2011; Li et al., 2023; Shi et al., 2020). LePage
et al. (2011); Mahmoud et al. (2011) discovered that GLDA is highly
effective for enhancing production in high-temperature (180 °C) car-
bonate reservoirs and can function over a wide pH range (pH 1-13). Shi
et al., 2020 proposed using acetic acid to adjust the pH of GLDA for the
acidizing of Baota limestone. When GLDA is 3 % (pH = 4, CH3COOH),
the permeability and porosity of Baota limestone increased by about 48
times and 5 times respectively after acidizing (Fig. 5). At the same time,
it was found that pores and wormholes were formed on the surface of the
limestone, indicating an effective acidizing outcome.

3.3. Factors influencing acidizing performance

In this section, the main factors influencing acidizing performance
will be explored, focusing on reservoir rock lithology, temperature-
pressure conditions and operational parameters.

3.3.1. Rock lithology

Lithology is the primary factor influencing the acidizing performance
in carbonate rocks. Rocks with distinct lithologies exhibit varying
mineral compositions and chemical properties. Carbonate reservoirs are
primarily composed of soluble minerals such as calcite (CaCO3) and
dolomite (CaMg(CO)s3), often accompanied by non-reactive minerals
like quartz, clay minerals, and gypsum. In acidizing performance anal-
ysis, the acid-rock reaction rate is predominantly evaluated through
kinetic studies. The kinetic characteristics of acid-rock reactions vary
significantly depending on mineral composition. Zhang et al. (2020a)
experimentally demonstrated that, even under identical acidizing con-
ditions (90 °C and 12 % wt HCI), carbonate rocks with different mineral
contents exhibit distinct reaction rates. For example, limestone (100 %
calcite) showed a reaction rate constant of 1.684 x 10~® mol/(cm?s),
while calcitic dolomite had a lower rate of 0.945 x 10~ mol/(cm?-s).
Minerals such as gypsum and quartz showed negligible reactivity (Li
et al., 2025).

This variation in reactivity among minerals leads to selective disso-
lution during acidizing, resulting in varying impacts on the mechanical
properties of carbonate rocks with different mineral contents. Mustafa
et al. (2022) studied the Silurian dolomite (SD), Indiana limestone (IL),
and Austin chalk (AC). Their research revealed that different mineral
contents exhibited varying reactivity towards acids. Among them, the
chalk sample exhibited the greatest sensitivity to acid treatment,
whereas the dolomite sample demonstrated the least. Due to the influ-
ence of mineral content, notable differences were observed in the
reduction of surface hardness (by 47 %-77 %) and Young’s modulus (by
18 %-33 %) among the three rock types after acidizing under identical
conditions. Additionally, there is typically a negative linear relationship
between porosity (both before and after treatment) and rock hardness as
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Acid-treated rock sample with 3 wt% GLDA (pH 4, HAc)

Fig. 5. CT and SEM images of rock samples before and after acidizing of Baota limestone using 3 % GLDA (pH = 4, CH3COOH) (Shi et al., 2020)*.

2 Adapted from Shi et al., 2020 with permission from Elsevier. License No.: 5895221469031.

well as Young’s modulus (Fig. 6). These findings confirm that acidizing
effects on carbonate rocks vary with mineral composition, generally
weakening mechanical properties. Additionally, acid treatment works
better on carbonate rocks that contain high levels of calcite. It reduces
the mechanical strength, making them easier to deform and fracture
under external pressure.

3.3.2. Reservoir temperature

Reservoir temperature, alongside lithology, is a critical factor influ-
encing the acidizing effectiveness of carbonate rocks. Temperature pri-
marily governs acid-rock reaction kinetics, thereby affecting acid flow
and dissolution processes (Gou et al., 2025). As carbonate reservoir
depth increases, rising temperatures significantly accelerate acid-rock
reaction rates. However, the response to temperature elevation varies
across carbonate lithologies.

Mou et al. (2024) observed that temperature exerts a stronger in-
fluence on surface reaction rates than on mass transfer rates. At lower
temperatures, reaction rates between limestone and dolomite diverge
markedly, but this difference diminishes at elevated temperatures.
Similarly, Li et al. (2025) demonstrated (Fig. 7) that under conditions
(30 °C, 5 MPa to 180 °C, 60 MPa), the dissolution rate of dolomite in
acetic acid solutions increases with rising temperature and pressure. In
contrast, limestone dissolution rates decline sharply beyond 155 °C and
50 MPa. Marl exhibits significant dissolution reduction and structural
failure when conditions exceed 130 °C and 40 MPa. Dolomitic limestone
initially shows enhanced dissolution with increasing temperature and
pressure but experiences a sharp decline in acid dissolution capacity
beyond 130 °C and 40 MPa. These findings underscore the dominant
role of lithology in acid-rock reaction kinetics.

3.4. Discussion

Acidizing technology expands pores and interconnects pore struc-
tures by dissolving carbonate minerals in rocks, thereby increasing
reservoir permeability. It also degrades the mechanical strength of
rocks, making them more susceptible to fracturing under lower pres-
sures, thus effectively reducing the reservoir’s breakdown pressure. For
deep high-temperature carbonate reservoirs acidizing, selecting an
efficient, low-corrosive, and non-secondary-damaging acid system is
crucial to effectively reduce the breakdown pressure.

The HCI system, with its low cost, strong dissolution capability, and

absence of secondary precipitation, can be applied to numerous reser-
voirs. However, the high temperature environment can cause severe
corrosion of the tubing string by HCI, posing a serious threat to the safety
of the down-hole tubing string. To mitigate corrosion, it is recommended
to use acid systems with lower corrosivity, or to appropriately reduce the
concentration of HCl and combine it with weak functional acids.

Organic acid systems are commonly used in high-temperature res-
ervoirs and exhibit much lower corrosiveness than HCl. However, due to
the fact that organic acids do not completely dissociate in water, the
reaction rate of acid rock is relatively slow, and it is usually used in
conjunction with HCL. It is worth noting that the solubility of the reac-
tion products between organic acids and carbonate rock matrix is low. It
is recommended to control the concentration of organic acids when
using them. Alternatively, additives such as gluconate can be added to
increase the useable concentration of organic acids.

Chelating agent system is another candidate to be used in deep res-
ervoirs, with corrosiveness much lower than that of HCl and organic
acids. However, due to the slow reaction between chelating agents and
carbonate matrix rocks, they cannot quickly weaken the mechanical
strength of rocks, so they need to be used in conjunction with acid so-
lutions with stronger dissolution ability. Alternatively, following Sayed
et al. (2023)’s approach to accelerating the reaction rate of acid with
dolomite, the chelation reaction between chelating agents and carbon-
ate rocks can be accelerated by selecting appropriate additives.

The acidizing fluid system plays a decisive role in determining
acidizing performance. During acidizing operations, acid concentration
selection should be prioritized to maximize dissolution efficiency while
ensuring tubular integrity. This strategy may minimizes pre-treatment
duration and acid volume consumption, thereby optimizing resource
utilization and reducing operational costs (Zeng et al., 2025). Addi-
tionally, reservoir lithology and temperature exert significant influences
on the dissolution behavior of carbonate rocks. Elevated temperatures
generally enhance the acid dissolution rate of carbonates; however,
different lithologies exhibit distinct optimal dissolution capacities under
varying temperature environments. For instance, limestone may achieve
peak dissolution at moderate temperatures (e.g. 155-160 °C), whereas
dolomite-dominated formations often require a higher temperature (e.g,
>160 °C) to maximize dissolution efficiency. The performance and
applicable conditions of different acid systems are compared in Table 3.
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Fig. 6. The trend of changes in rock surface hardness, and Young’s modulus with porosity before and after acid treatment (Mustafa et al., 2022)°.

8 Adapted from Mustafa et al. (2022).

4. Laboratory methods to evaluate the acidizing performance

Accurate evaluation of rock pore structure and mechanical proper-
ties is critical for assessing acidizing performance. This process is
essential to optimize acid formulations, determine post-acidizing
reservoir breakdown pressure reduction, and design effective frac-
turing operations. Conventional methods, such as measuring rock size,
weight, and porosity-permeability, provide preliminary characterization
but lack precision and comprehensiveness. To address these limitations,
this section systematically reviews evaluation techniques across micro-
scopic and macroscopic scales.

4.1. Microscopic scale

4.1.1. Scanning electron microscope (SEM)

Scanning electron microscope (SEM) uses an electron beam emitted
by an electron gun to scan the sample surface point by point, and images
the surface of the rock sample by collecting signals such as secondary
electrons excited by the sample surface (Lou et al., 2020), in order to
observe the micro-structure and morphological changes of the rock
sample surface (Li et al., 2021a) (Fig. 8). It has the advantages of
nano-scale resolution, non-contact observation, and no damage to the
specimen (Ali et al., 2023; Bonilla-Jaimes et al., 2016).

Comparing the SEM scanning images of rock samples before and

The Dissolution of Carbonate Rocks
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Fig. 7. The dissolution amount of carbonate rocks varies with temperature and pressure (Li et al., 2025).
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Table 3

Comparison of different acid systems.

Geoenergy Science and Engineering 251 (2025) 213856

Performance HCl Organic acid Chelating agent
Advantage @ Acid rock has a fast reaction rate (Chang et al., @ Corrosive much lower than HCI (Liu et al., 2024a) @ Suitable for high temperature
2008) @ Formic acid can be used as a corrosion inhibitor and environments
@ Low cost (Chang et al., 2008) enhancer (Alhamad et al., 2020) @ The corrosiveness of equipment
@ Lactic acid and citric acid can be used as iron control is much lower than that of HCI
agents and organic acids
@ Lactic acid can be used in combination to remove filter =~ @ Environmentally friendly, with
cake minimal damage to the reservoir
Limitation @ High corrosion, poor equipment durability (Liu @ Higher cost than HCI (Chang et al., 2008) @ Slow acid-rock reaction
et al., 2024a) @ The reaction rate of acidic rocks is relatively slow @ High cost (Huang et al., 2000)
@ Low solubility of reaction products @ Poor acid solubility (de Wolf
et al., 2014)
Improvement @ Develop acid alternatives to HCl (Mustafa et al., @ Used in conjunction with HCl (Mohamed et al., 2015) @ Used in conjunction with acids
measures 2021) @ Improve the solubility of reaction products that react faster with rocks (Shi

@ Reduce the concentration of HCl appropriately
and use it in combination with functional weak
acids(Chang et al., 2008)
Simulations indicate that acid pre-treatment [ ]
leads to a significant 46 % reduction in break-
down pressure compared to untreated conditions
(Zeng et al., 2025).
@ Acidizing (100 °C, 50 min) reduces breakdown
pressure by approximately 15 MPa. (Li et al.,
2024)

Effect of acidizing on )
reducing breakdown
pressure

et al., 2020)

Selecting citric acid to initiate a thermochemical /
reaction in laboratory fracturing simulations results in a
0.6335 MPa reduction in breakdown pressure (0.65

min) compared to tests without citric acid (Tariq et al.,
2020a).
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Fig. 8. Schematic diagram of scanning electron microscope (SEM) structure.
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after acidizing gives us the information on the dissolution of minerals
such as calcite and dolomite, and the sensitivity of minerals to the acid
system (Liu et al., 2024c; Tian et al., 2020). Meanwhile, SEM can visu-
ally display the changes in pore structure, such as the expansion of pores
and the improving connectivity. After acidizing, the skeleton of rock
samples is destroyed, and many complex damaged structures (i.e.
micro-fractures and pores) are formed inside the rock samples
(Figs. 9-11). Consequently, the mechanical properties of the rock core
show an exponential decreasing trend, indicating that the structural
changes of rocks after acidizing are the main reason for the deterioration
of mechanical properties (Xu et al., 2022; Yang et al., 2024).

4.1.2. Computer tomography (CT scanning)

CT scanning technology, also known as computed tomography, is a
non-destructive testing method based on X-ray imaging (Raynaud et al.,
2012). Micro-CT is commonly used in the field of petroleum engineering
for testing rock samples. Micro-CT, a type of industrial CT, boasts
micrometer-level resolution capability. X-rays pass through a rotating
sample to obtain attenuation and absorption spectra at different angles.

10

Through inversion, three-dimensional images characterizing the inter-
nal structure of the sample can be obtained (Yoo et al., 2021) (Fig. 12).
CT scanning technology has advantages such as non-destructive testing
and 3D imaging (Mohammadi, 2024; Yoo et al., 2021), enabling the
acquisition of detailed information on the internal structure of rocks
without damaging the rock samples (Machado et al., 2014).

By comparing CT images before and after acidizing, we can observe
the dissolution of rock minerals, internal pore structure, and micro-
fracture wormhole propagation (Feng et al., 2004; Mustafa et al.,
2022). This provides an important basis for evaluating the degree of
damage caused by acidizing to rocks. Alameedy et al. (2022) employed
CT scanning technology to visualize the outcomes after acid treatment
(Fig. 13). Research indicates that the size and characteristics of
acid-etched wormholes, which emerge after acid treatment, may
contribute to alterations in rock mechanical and physical properties. The
formation of these wormholes corresponds to an increase in rock sample
porosity, manifesting as a reduction in rock strength.

The availability of CT scanning technology enables further work to
be conducted, aiming to refine the formulation and usage techniques of
the acid system. Martyushev et al. (2022) utilized CT scanning tech-
nology to optimize the acid system, addressing the issue of pore space
blockage caused by reaction products from inappropriate acid systems in
carbonate rocks after acidizing, which led to reduced permeability.

4.1.3. Nuclear magnetic resonance (NMR)

Nuclear magnetic resonance (NMR) is a physical phenomenon
(Benavides et al., 2020) characterized by its non-destructive and rapid
nature (Tariq et al., 2023). In rock analysis, NMR technology typically
utilizes the behavior of hydrogen nuclei (protons) in rock pores within a
magnetic field to reflect the pore structure and fluid distribution of rocks
(Schoenfelder et al., 2008) (Fig. 14). The intensity of NMR signals is
directly proportional to the hydrogen content in the pores. When a rock
is saturated with a single fluid (such as water), the detected NMR signal
is directly proportional to the pore volume of the rock (Elsayed et al.,
2022). The relaxation time of NMR signals (such as To) is related to the
size and shape of pores (Mondal and Singh, 2024). Specifically, the NMR
relaxation time is directly proportional to the pore size, meaning that
small pores exhibit smaller Ty values, while large pores exhibit larger Ty
values (Elsayed et al., 2022).

NMR is highly beneficial for conducting detailed studies on micro-
scopic changes within samples, and it finds widespread application in
rock analysis (Schoenfelder et al., 2008; Yao and Liu, 2012; Zhou et al.,
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Fig. 9. Micro-structure of rock cores under different acidizing times at 120 °C (Yang et al., 2024)".

4 Adapted from Yang et al., 2024 with permission from Elsevier. License No.: 55895230104760.

2015). Acidizing treatment can modify the internal pore structure of
rocks and alter the distribution of fluids within them. NMR technology,
by precisely analyzing fluid signals and their relaxation characteristics
within rock pores, can indirectly indicate the changes in rock pore
structure, fluid distribution, and physical properties resulting from
acidizing treatment (Adebayo et al., 2017; Arnold et al., 2006; Li et al.,
2016). Carpenter et al. (1993) and Tariq et al. (2021a) employed nuclear
magnetic resonance technology to measure the distribution of saturated
water content in limestone, thereby revealing alterations in the internal
pore structure and permeability of rocks. Li et al. (2018) utilized nuclear
magnetic resonance technology to investigate changes in porosity of

BUR o)

intercrystalline pore
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.

limestone after erosion by chemical solutions with varying pH values (3,
5, and 7), as well as the microscopic damage evolution of limestone
under triaxial mechanical loading (Figs. 15 and 16). Research has
revealed that changes in porosity may be the primary cause of the
decline in mechanical properties.

4.2. Macroscopic scale

4.2.1. Uniaxial and triaxial compression tests
Uniaxial compression technique is a commonly used testing method,
which applies unidirectional pressure on a rock specimen. The specimen
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Fig. 10. Image of dolomite sample (5 x 5 x 1.5 mm) before acidizing under scanning electron microscope (Xu et al., 2022)°.

5 CGited from Xu et al., 2022 with permission from Elsevier. License No.: 5895230256776.
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Fig. 11. Image of dolomite sample (5 x 5 x 1.5 mm) with acid (1 wt% HCl, 10 min) under scanning electron microscopy (Xu et al., 2022)°.

6 Cited from Xu et al., 2022 with permission from Elsevier. License No.: 5895230256776.

undergoes axial compression and lateral expansion under axial pressure
until it ultimately fails. The maximum compressive stress that a rock can
withstand before failure under uniaxial compression load is called the
uniaxial compressive strength of the rock, also known as the unconfined
compressive strength. Because the specimen is only subjected to axial
pressure and there is no lateral pressure, the deformation of the spec-
imen is not restricted. By measuring the stress-strain relationship of the
specimen during loading, mechanical parameters such as compressive
strength and elastic modulus of the rock can be calculated. However,
rocks in actual geological formations are controlled by three-
dimensional stress fields. In uniaxial compression tests, the lack of
control over confining pressure and the uneven stress load caused by
frictional forces at the interface between the rock core and the pressure
plate may result in inaccurate estimation of test results (Tuzingila et al.,
2024).

The triaxial compression experiment, based on the uniaxial
compression experiment, simultaneously applies confining pressure
around the rock sample. By adjusting the magnitude of the confining
pressure, the mechanical properties of the rock before and after acid
treatment under different confining pressure conditions can be studied
(Gou et al., 2019) (Fig. 17). Similar to uniaxial compression, the
compressive strength of acidified rocks will also decrease. Under triaxial
compression conditions, due to the presence of confining pressure, stress
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—

Fig. 12. Schematic diagram of micro CT scan.
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and displacement distributions are more uniform compared to uniaxial
compression (Yuan et al., 2024). Zhang et al. (2020) measured the
mechanical properties of carbonate rocks using uniaxial compression
tests and triaxial compression tests. The test results showed that the
compressive strength and elastic modulus of carbonate rocks decreased
after acid treatment (Figs. 18 and 19). The degree of weakening is as
follows: rocks with relatively low bonding strength > limestone with
high bonding strength > limestone with high bonding strength. How-
ever, under high temperature conditions, acid severely etches both ends
of the rock sample, making it unable to meet the requirements of triaxial
compression experiments. This is one of the main reasons for the
insufficient research on the mechanical properties of carbonate rocks
after high-temperature acidizing. Yang et al., 2024 proposed using
high-temperature and corrosion-resistant coatings to brush the upper
and lower surfaces of rock cores to prevent acid from entering the upper

(a) (b)

Fig. 13. Two Micro CT images of acidified rock samples were reconstructed
using 3D Slicer software (Alameedy et al., 2022).
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Fig. 15. T, Spectral distribution of limestone in different chemical solutions after different soaking days (Li et al., 2018)7.

7 Cited from Li et al. (2022) with permission from Elsevier. License No.: 5895230720938.
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Fig. 16. The variations in mechanical characteristics of limestone when exposed to different chemical solutions (Li et al., 2018)8.

8 Cited from Li et al. (2022) with permission from Elsevier. License No.: 5895230720938.

and lower surfaces, ensuring that the acidified rock cores are suitable for
triaxial compression experiments. Nevertheless, triaxial compression
experiments remain an essential method for measuring the mechanical
parameters of rock cores.

4.2.2. Brazilian splitting test

The Brazilian splitting technique involves applying radial pressure
(also known as splitting force) at both ends of a rock specimen to cause
splitting failure in a plane perpendicular to the loading direction (Li
et al., 2019) (Fig. 20). This method is mainly used to determine the
tensile strength of rocks (Perras and Diederichs, 2014). The Brazilian
splitting technique is simple and easy to operate, but this method ignores
the frictional stress at the interface between the pressure plate and the
rock sample, which may affect the accuracy of determining the tensile
strength (Tuzingila et al., 2024).

Tensile strength is an important parameter for analyzing rock
breakdown pressure (Ibemesi and Benson, 2023; Li et al., 2024; Sampath
et al., 2018). The possible changes in the micro-structure or chemical
properties of rocks during acid treatment can directly affect this key

transducer

mechanical property. Therefore, in order to ensure the scientific and
accurate prediction of rock breakdown pressure, the degree of degra-
dation of rock tensile strength after acid treatment should be fully
considered. Li et al. (2024) conducted splitting experiments on dolo-
mite. The experimental results show that the tensile strength of rocks
decreases with the increase of acid treatment time and acid reaction
temperature. Combining finite element simulation shows that the
degradation of tensile strength of rocks after acid treatment is beneficial
for reducing fracture propagation pressure.

4.2.3. Hardness testing

Hardness is one of the main mechanical properties of rocks. Gener-
ally speaking, hardness indicates the resistance of rocks to infiltration,
scratching, or permanent deformation (Ghorbani et al., 2022b). The
commonly used rock hardness testing methods currently include scratch
testing, indentation testing, and rebound based hardness testing
(Ghorbani et al., 2022a).

The Mohs hardness test, a type of scratch testing method, is
straightforward and easy to conduct, often used for quick rock hardness

Computer

Porous disk

Protective
membrane

Pressure vessel

Fig. 17. Schematic diagram of triaxial compression test equipment.
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9 Cited from Zhang et al. (2020a) with permission from Elsevier. License No.:
5895230866754.

assessments in the field. This method involves scratching the surface of
rocks using standard minerals with known hardness, such as talc, gyp-
sum, and calcite. The hardness level of the rocks is determined by
comparing the ease of making scratches (Ghorbani et al., 2022b).
Although this method can provide relative measurement of rock hard-
ness, it may lack accuracy. At present, a relatively accurate scratch
testing technology has been developed, which obtains continuous uni-
axial compressive strength (UCS) by scratching the rock surface with
diamond cutting tools. Unlike triaxial and uniaxial compression tests,
scratch tests can measure the UCS of acid etched surfaces with rock
roughness. Compared with conventional hardness testing, scratch
testing can obtain more strength values from the same sample, thereby
avoiding inaccurate results obtained from hardness testing due to fewer
hardness data points and sampling deviations. Zhou et al., 2021 used the
scratch testing technology to test the surface strength of limestone
before and after acidizing. The research results showed that this tech-
nology can better reflect the heterogeneity of the fracture surface before
and after acid etching (Fig. 21). Based on XRD (X-ray diffraction)
analysis technology, it can be concluded that dolomite in the limestone
sample is the reason for the increase in strength, while calcite is the
reason for the decrease in strength.

The indentation test method is to use a pressure head (such as a metal
cone or steel sphere) with a specified size and shape to press into the
surface of a rock under a certain load, measure the size and depth of the
indentation, and calculate the hardness value of the rock according to
relevant formulas (Broitman, 2016; Ghorbani et al., 2022a). It can
directly reflect the ability of rocks to resist local deformation, and the
results are relatively accurate. Common indentation hardness tests
include Vickers hardness test (Smith and Sandly, 1922), Brinell hardness
test (Boutrid et al., 2015), Rockwell hardness test (Broitman, 2016),
Knoop hardness test (Knoop et al., 1939), nanoindentation test (Ma
et al., 2020), etc. However, four indentation methods, including Vickers
indentation, Knoop indentation, Brinell indentation, and Rockwell
indentation, were developed for the application of metallic materials
(Broitman, 2016). Due to the lack of rock hardness measurement stan-
dards, their use in rock engineering may be limited (Ghorbani et al.,
2022a). In recent years, nanoindentation technology has gradually
become well-known to researchers due to advances in mechanical
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10 Gited from Zhang et al. (2020a) with permission from Elsevier. License No.:
5895230866754.

testing at the micro and nano scales (Liu et al., 2023). Nanoindentation
technology can obtain mechanical parameters such as rock hardness and
elastic modulus by applying a small load on the rock surface and
measuring its indentation depth (Shi et al., 2019). One of the advantages
of this method is that it causes less damage to the material surface.
Simultaneously, multiple measurements are allowed for small-sized
samples, and the measurement results are averaged or statistically
analyzed to reduce random errors (Liu et al., 2024d; Luo et al., 2020).
Tian et al., 2020 used nanoindentation technology to test the mechanical
characteristics of shale before and after acidizing. Tests have found that
the Young’s modulus and hardness of shale samples significantly
decrease after acid treatment, and their ductility is stronger. Xu et al.,
2022 used the nanoindentation continuous stiffness measurement (CSM)
mode to obtain the local mechanical properties of dolomite samples
before and after acid dissolution (Fig. 22). The test found that the
Young’s modulus and hardness of the sample significantly decreased
after acid treatment, and the ductility was stronger.

The rebound based hardness testing method calculates the hardness
of rocks by measuring the height or velocity of the rebound of an impact
object with a certain mass and velocity when it hits the surface of the
rock (Liu et al., 2020; Ritz et al., 2014). This method usually reflects the
ability of rocks to resist impact damage, and impact hardness more re-
flects the overall structure and strength characteristics of rocks. Acid-
izing can cause micro-fractures or increased porosity within rocks,
which may reduce the hardness. Mustafa et al. (2022) conducted
hardness tests on rocks before and after acidizing using an impulse
hammer. The test results show that the hardness of the rock after acid
treatment has decreased to a certain extent, with the hardness of IL, AC,
and SD rock samples decreasing by 47 %, 69 %, and 77 %, respectively.
Then the reduction of SD may not be accurate, as the impulse hammer
may fall on uneven areas.

4.2.4. Ultrasonic wave testing

Ultrasonic wave testing technology, especially by measuring the
longitudinal (V), i.e. longitudinal wave velocity) and transverse (Vs, i.e.
transverse wave velocity) propagation velocities of sound waves in
rocks, is an important means of evaluating the physical and mechanical
properties of rocks (Al-Awsi and Khorshid, 2021; Alameedy et al., 2023)
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11 Cited from Zhou et al., 2021 with permission from Elsevier. License No.: 5895231214974.

(Fig. 23). The propagation speed of sound waves in rocks is influenced
by various factors such as rock density, elastic modulus, porosity, and
degree of fracture propagation (Alameedy et al., 2022).

During the process of rock acidizing, changes in acoustic parameters
can indirectly reflect changes in rock mechanical properties, such as
rock strength, Poisson’s ratio, and brittleness index. Alameedy et al.
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(2022) used acoustic testing techniques to test the sound velocity of
rocks before and after acidizing. By using acoustic parameters (V}, and
V), the elastic modulus (E) and Poisson’s ratio (PR) of rocks were
estimated using Eq. (7), Eq. (8),Eq. (9),Eq. (10), indicating the material
index (IM) and static lateral soil pressure coefficient (K,) of rock hard-
ness. The study found that the decrease in longitudinal and transverse
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wave velocities of rocks after acid treatment may indicate a weakening
of their mechanical properties, and the E of the studied rock samples
decreased by 26%-37 %. PR, K,, and IM increased by 13%-20 %, 23%—
32 %, and 28%-125 %, respectively.
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4.3. Discussion

In the aforementioned studies, various evaluation methods exhibit
distinct advantages and limitations. Scanning Electron Microscopy
(SEM) is used to examine the microstructure and surface morphology of
rock samples before and after acidizing. However, it lacks sufficient
precision in quantifying changes in pore structure. Nuclear Magnetic
Resonance (NMR) technology provides valuable information on pore
structure and dynamic changes in rock samples, but it struggles to
analyze complex structural features. While micro-CT imaging enables

Display screen

Transmitting transducer

Receiving transducer

Fig. 23. Schematic diagram of ultrasonic testing system.
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Table 4
Advantages and limitations of commonly used evaluation methods for acidizing
performance in laboratory.

Scale Method Advantage limitation
Micro SEM @ Nano-scale @ Limited to
resolution surface analysis
@ Do not waste @® No 3D
inspection quantification
materials
CT scanning @ 3D internal @ High cost
structure @ Complex image
visualization processing
@ Nondestructive @ Micro-CT
analysis limiting the
capture volume
NMR @® Non destructive, @ Difficult to
fast, and accurate analyze complex
structures
Macro Uniaxial compression @ Direct @ Friction at the
measurement of core-pressure
rock strength plate interface
@ Easy to operate may cause inac-
curate test
results.
@ Only provide
stress data in a
single direction
@ Require the
contact surface
of the rock
sample be
smooth
Triaxial compression @ Simulates in-situ @ Requires longer
stress conditions testing time
@ Provide more @ Require the
comprehensive contact surface
stress-strain data of the rock
sample be
smooth
Brazilian splitting @ Simple and easy @ Ignoring
to operate frictional stress
at the pressure
plate-rock inter-
face may lead to
inaccuracies
Hardness Scratching @ Simple and easy @ The results are
test test to operate greatly affected
@ Can provide by the surface
relative roughness of the
comparison sample
values of @ Destructive
hardness testing
Nano- @ No need for large @ Surface
indentation volume or size polishing of the
samples for sample is
testing required,
@ Less damage to potentially
the surface of the distorting actual
material conditions
Based on @ The testing @ The test results
rebound process is fast are greatly
and simple affected by the
surface
condition of the
sample
Ultrasonic wave testing @ Non-destructive @ Acoustic signal
testing transmission

may suffer losses
at the probe-rock
interface

3D visualization of the internal structure of rock samples before and
after acidizing, its application is limited by relatively high testing costs.
Uniaxial compression testing is straightforward to perform but only
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provides unidirectional stress data. Triaxial compression testing, which
incorporates confining pressure, offers a more comprehensive assess-
ment of stress-strain relationships but requires longer testing durations.
Similar to uniaxial tests, triaxial tests impose stringent requirements on
rock samples. Rock samples with uneven contact surfaces may not meet
the criteria for such tests after acidizing. The Brazilian splitting test is
effective for evaluating the tensile strength of rocks. However, frictional
stress between the pressure plates and the rock samples can lead to
inaccuracies in the results. Rock hardness testing methods, including
scratch tests, nano-indentation, and rebound-based hardness measure-
ments, each have unique advantages and limitations. Nevertheless, like
rock mechanics experiments, these methods are destructive. Ultrasonic
testing is a non-destructive method for evaluating mechanical parame-
ters of rocks, such as Young’s modulus (E) and Poisson’s ratio (PR).
However, signal loss during transmission can introduce errors into the
measurements.

Micro-scale evaluation methods excel in pore-scale characterization.
Macro-scale testing quantifies bulk mechanical property changes. Inte-
grating multiscale data improves acidizing performance evaluation,
optimizes acid formulation design, and refines subsequent acid frac-
turing strategies. Table 4 summarizes the advantages and limitations of
commonly used laboratory methods for evaluating the pore structure
and mechanical properties of rock samples.

5. Further developments and future perspectives
5.1. Further developments

5.1.1. Development of high-temperature-resistant, efficient, low-corrosion
acid systems

The key challenge in developing high-temperature, efficient, and
low-corrosion acid systems is the conflicting requirements of acid sta-
bility, dissolution efficiency, and corrosion inhibition at ultra-high
temperatures (>180 °C). At such temperatures, acids like acetic acid
decompose more rapidly, reducing dissolution efficiency, while high-
concentration HCI intensifies corrosion on P110 steel. Moreover, the
low solubility of reaction products between organic acids and carbonate
minerals can lead to secondary precipitation, further damaging the
reservoir. Future development should focus on: (1) Identifying alterna-
tives to hydrochloric acid by developing organic acid systems with high
product solubility or chelating agent systems with rapid chelation rates
that are stable at high temperatures, potentially enhanced by nano-
particles to improve acid fluid penetration (Zhang et al., 2025). (2)
Optimizing corrosion inhibitor molecular structures to enhance film
stability at high temperatures, achieving a synergistic balance between
efficient dissolution and low corrosion.

5.1.2. Acidizing experiments under ultra-high temperature conditions
Under ultra-high temperature conditions, understanding the acid-
rock reaction mechanisms and evaluating acidizing performance are
critical for designing acidizing strategies to reduce reservoir breakdown
pressure. Experimental simulations remain the most direct method to
study acid-rock interactions and assess acidizing performance. However,
at ultra-high temperatures, experimental equipment is highly suscepti-
ble to acid corrosion, leading to significant material loss. Thus, there is
an urgent need to develop high-temperature-resistant materials, such as
Hastelloy, to optimize experimental setups and accurately simulate acid-
rock interactions (He et al., 2024). Additionally, some evaluation tests,
such as triaxial compression experiments, require perfectly flat rock
sample surfaces. Traditional acid-rock reaction methods like acid soak-
ing cause severe surface damage, resulting in data inaccuracies. Re-
searchers should consider designing new acidizing methods that
preserve the integrity of rock sample surfaces under ultra-high
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Fig. 24. Design strategy for acidizing to reduce reservoir breakdown pressure.

temperature conditions.

5.1.3. Design workflow for acidizing to reduce reservoir breakdown
pressure

The current design workflow for reducing reservoir breakdown
pressure through acid treatment is based on an analysis of reservoir
geological features and rock mechanical response mechanisms. Acid
systems are selected and optimized accordingly. Laboratory experiments
simulate changes in rock mechanical properties after acidizing to guide
field applications. This workflow aims to significantly improve reservoir
stimulation feasibility by lowering breakdown pressure and reducing
fracturing risks in deep and ultra-deep carbonate reservoirs. For
example, in well P101 at 7000 m, the breakdown pressure decreased
from 197.5 MPa to 179.1 MPa, a reduction of 18.4 MPa (9.3 %), which
verifies the effectiveness of the design process. Fig. 24 illustrates the
design approach for using acid treatment to lower breakdown pressure
in carbonate reservoirs, providing a universal strategy for acidizing deep
carbonate reservoirs. Future work should improve design accuracy and
adaptability. It is also necessary to promote interdisciplinary research
and develop multi-scale numerical models for breakdown pressure in
ultra-deep carbonate reservoirs to further optimize acid treatment
technology. Moreover, emerging technologies such as big data and
artificial intelligence can be used to build standardized experimental
databases and machine learning models. These tools can quickly match
reservoir characteristics with acid systems, shorten design cycles, and
enhance economic efficiency.

5.2. Future perspectives
In the future, acidizing technologies for reducing reservoir break-

down pressure may advance through interdisciplinary integration,
smart optimization, and low-carbon approaches. Researchers could
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combine geoscience, data science, and materials science to develop
multi-field coupled numerical models (thermal, fluid, and solid) and
apply machine learning for dynamic optimization of acid fluid param-
eters. A digital platform integrating geological modeling, real-time
monitoring, and intelligent control can be established, using fiber-
optic sensors and IoT technologies to track acid-rock reactions in real
time and enhance the adaptability of acidizing schemes. Moreover, the
development of CO;-based acid systems combined with nanotechnology
may lower breakdown pressure while achieving carbon sequestration
and synergistic activation of reservoir energy, thereby driving the evo-
lution of green acidizing technologies.

6. Summary and conclusion

To investigate the causes of high breakdown pressures in deep car-
bonate reservoirs, this paper’s second section examines contributing
factors from the perspectives of in-situ stress, rock properties, and
contamination from engineering operations. Geological structures that
increase minimum horizontal stress, elevated vertical stress, and the
heterogeneity of rock mineral particles and pore structures are identified
as direct causes of elevated breakdown pressures. Indirect causes
include contamination from drilling, completion, and perforation op-
erations, which lead to reservoir blockages and reduce the reservoir’s
permeability. Therefore, breakdown pressure can be reduced by
enhancing the connectivity of the reservoir’s pore structure, improving
its permeability, and weakening the mechanical strength of the rock.

The discussion then focuses on the mechanism by which acidizing
technology reduces breakdown pressures (Fig. 25). Acidizing improves
reservoir permeability and reduces the mechanical properties of reser-
voir rocks by chemically dissolving rock minerals and blockages caused
by engineering operations, making the rock more prone to fracture
under external pressure.
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In Section 3.2, we further examine the role of acid fluid systems in
acidizing technology aimed at reducing reservoir breakdown pressure.
In the absence of corrosion concerns, HCl systems are typically the most
effective acid fluids for acidizing. However, in high-temperature deep
wells, the safety of downhole equipment is the primary consideration. As
a result, organic acid and chelating agent systems are often preferred.
Organic acids exhibit significantly lower corrosiveness to downhole
strings compared to HCI at the same concentration. However, due to
their slower reaction rate and potential for secondary precipitation,
their concentration must be carefully controlled. Chelating agents,
particularly GLDA, are even less corrosive than organic acids, offering
good water solubility, low corrosiveness, high-temperature resistance,
and excellent biodegradability. However, due to their relatively slow
chemical reaction rate with carbonate rocks, they cannot effectively
weaken rock mechanical strength in the short term. This limitation re-
stricts their ability to rapidly reduce formation fracturing pressures,
which is why they are typically used in combination with stronger acids
like HCL. Under high-temperature conditions, the acid fluid system is the
key factor in ensuring safe and efficient acid treatment to reduce
reservoir breakdown pressure. In the final of section 3, a comparative
analysis of various acid fluids is presented, as summarized in Table 3.

Accurately evaluating the acidizing performance is crucial for sub-
sequent success in fracturing operations. Changes in rock properties and
mechanical performance are the foundation for studying changes in
breakdown pressures. The fourth section of the paper introduces various
evaluation methods from a micro to macro perspective and compares
them, as shown in Table 4. SEM is commonly used for rock sample
property evaluation, which can directly display the mineral composi-
tion, pore structure, and other characteristics of rock samples. CT
scanning technology can quickly and non-destructively obtain detailed
information on the internal structure of rocks, but the testing cost is
relatively high. NMR technology cannot directly display the internal
situation of rocks, but it can indirectly reflect the changes in rock pore
structure, fluid distribution, and physical properties brought about by
acidizing. Rock mechanical property evaluation commonly uses rock
mechanical experiments (uniaxial, triaxial compression tests, Brazilian
split tests) to directly measure the mechanical performance parameters
of rocks, but it is destructive to rock samples. Ultrasonic testing is non-
destructive and can indirectly reflect changes in rock mechanical
properties, but it does not cover a comprehensive range of rock me-
chanical parameters. Rock hardness testing experiments can reflect the

resistance of rock samples to permeation and permanent deformation,
but the testing process has some destructiveness to the material surface,
is cumbersome, and requires multiple point tests to avoid errors.

Based on the above discussion, the acidizing performance evaluation
methods introduced can be further used to optimize, assess, and develop
acid fluid systems suitable for deep high-temperature carbonate reser-
voirs. Attention should be given to issues such as the corrosiveness of
acidic fluids to downhole tubulars. And section 5 emphasizes that
finding alternatives to HCl, or developing chelating agents with
improved metal ion chelation rates, the challenges associated with
chelating agents can be addressed, ensuring efficient operations and the
safety of downhole tubing.

Nomenclature
EGS Enhanced Geothermal Systems
Oy vertical stress
on maximum horizontal principal stress
Oh minimum horizontal principal stress
Py, breakdown/initiation pressure
Py pore fluid pressure,
or tensile strength of the rock
SD Silurian dolomite
L Indiana limestone
AC Austin chalk
PR Poisson’s ratio
HCl hydrochloric acid
HCOOH Formic acid
CH3COOH Acetic acid
CeHgO7 Citric acid
C3HgO3 Lactic acid
HnY typical structure of chelating agents
n number of carboxylic acid groups
Y™ fully ionized form of chelating agents
EDTA ethylenediaminetetraacetic acid
HEDTA hydroxyethyl ethylenediamine triacetate
NTA nitrilotriacetic acid
GLDA glutamic acid diacetic acid
DTPA diethylenetriaminepentaacetic acid
SEM glutamic acid diacetic acid
XRD X-ray diffraction
CT computer tomography
NMR nuclear magnetic resonance
ucs uniaxial compressive strength
CSM continuous stiffness measurement
Vp longitudinal wave velocity

(continued on next page)
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(continued)

Vs transverse wave velocity
E elastic modulus

M material index
Ko static lateral soil pressure coefficient
VES viscoelastic surfactants

CRediT authorship contribution statement

Pingli Liu: Writing - review & editing, Supervision, Funding
acquisition, Conceptualization. Yu Wu: Writing — original draft, Meth-
odology, Investigation. Xiang Chen: Supervision. Wen Luo: Writing —
review & editing. Jinming Liu: Project administration. Pengfei Chen:
Investigation. Gang Xiong: Visualization. Juan Du: Visualization.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgments

The authors thank everyone involved in creating this paper with
supervision, knowledge, guidance, and operational assets. This paper
was supported by The Science and Technology Cooperation Project
(2020CX0105) of CNPC- SWPU Innovation Alliance, Open Fund
(PLN202433) of State Key Laboratory of Oil and Gas Reservoir Geology
and Exploitation (Southwest Petroleum University).

Data availability
Data will be made available on request.

References

Abass, H.H., Hedayati, S., Meadows, D.L., 1996. Nonplanar fracture propagation from a
horizontal wellbore: experimental study. SPE Prod. Facil. 11 (3), 133-137.

Abdelgawad, K.Z., Mahmoud, M., Hussein, 1., 2018. Stimulation of high temperature
carbonate gas reservoirs using seawater and chelating agents: reaction kinetics.

J. Nat. Gas Sci. Eng. 55, 595-605.

Adebayo, A.R., Kandil, M.E., Okasha, T.M., Sanni, M.L., 2017. Measurements of electrical
resistivity, NMR pore size and distribution, and x-ray CT-scan for performance
evaluation of CO2 injection in carbonate rocks: a pilot study. Int. J. Greenh. Gas
Control 63, 1-11.

Al-Awsi, M.D., Khorshid, S.Z., 2021. Geophysical and geotechnical evaluation of Tanjero
sandstone layers at Dokan area using ultrasonic wave method. Iraqi J. Sci. 62 (7),
2262-2271.

Al-Khaldi, M.H., Nasr-El-Din, H.A., Blauch, M.E., Funkhouser, G.P., 2005. New findings
on damage potential, geochemical reaction mechanisms, and production
enhancement applications for citric acid. SPE J. 10 (3), 267-275.

Al-Shargabi, M., Davoodi, S., Wood, D.A., Ali, M., Rukavishnikov, V.S., Minaev, K.M.,
2023. A critical review of self-diverting acid treatments applied to carbonate oil and
gas reservoirs. Pet. Sci. 20 (2), 922-950.

Alameedy, U., Alhaleem, A.A., Isah, A., Al-Yaseri, A., Mahmoud, M., Salih, LS., 2022.
Effect of acid treatment on the geomechanical properties of rocks: an experimental
investigation in Ahdeb oil field. J. Pet. Explor. Prod. Technol. 12 (12), 3425-3441.

Alameedy, U., Fatah, A., Abbas, A.K., Al-Yaseri, A., 2023a. Matrix acidizing in carbonate
rocks and the impact on geomechanical properties: a review. Fuel 349, 128586.

Alhamad, L., Alrashed, A., Al Munif, E., Miskimins, J., 2020. Organic acids for
stimulation purposes: a review. SPE Prod. Oper. 35 (4), 952-978.

Alhamad, L., Miskimins, J., 2022. Minimizing calcium lactate precipitation via the
addition of gluconate ions for matrix acidizing with lactic acid. J. Petrol. Sci. Eng.
218, 110995.

Ali, A., Zhang, N., Santos, R.M., 2023. Mineral characterization using scanning electron
microscopy (SEM): a review of the fundamentals, advancements, and research
directions. Appl. Sci. 13 (23), 12600.

Aljawad, M.S., Aboluhom, H., Schwalber, M.P., Al-Mubarak, A., Alafnan, S.,
Mahmoud, M., 2021. Temperature impact on linear and radial wormhole
propagation in limestone, dolomite, and mixed mineralogy. J. Nat. Gas Sci. Eng. 93,
104031.

Alkhaldi, M.H.H., Nasr-El-Din, H.A.A., Sarma, H., 2010. Kinetics of the reaction of citric
acid with calcite. SPE J. 15 (3), 704-713.

21

Geoenergy Science and Engineering 251 (2025) 213856

Almarri, M.J., AlTammar, M.J., Alruwaili, K.M., Zheng, S., 2022. Numerical feasibility of
near-wellbore cooling as a novel method for reducing breakdown pressure in
hydraulic fracturing. J. Nat. Gas Sci. Eng. 102, 104549.

Almubarak, T., Ng, J.H., Ramanathan, R., Nasr-El-Din, H.A., 2021. Chelating agents for
oilfield stimulation: lessons learned and future outlook. J. Petrol. Sci. Eng. 205,
108832.

AlTammar, M.J., Gala, D.P., Sharma, M.M., 2020. Application of different fluid injection
methods to reduce breakdown pressure. In: International Petroleum Technology
Conference, Dhahran, Kingdom of Saudi Arabia, IPTC-19589-MS.

Arnold, J., Clauser, C., Pechnig, R., Anferova, C., Anferov, V., Bliimich, B., 2006. Porosity
and permeability from mobile NMR core-scanning. Petrophysics - The SPWLA
Journal of Formation Evaluation and Reservoir Description 47 (4), SPWLA-2006-
v47nda2.

Barri, A.A., Mahmoud, M.A., 2015. Effect of stimulation with chelating agents on
carbonate rocks integrity, 19th Middle East oil and gas show and conference, MEOS
2015, March 8, 2015 - March 11, 2015. In: SPE Middle East Oil and Gas Show and
Conference, MEOS, Proceedings. Society of Petroleum Engineers (SPE), Manama,
Bahrain, pp. 1781-1796.

Behrmann, L.A., Nolte, K.G., 1998. Perforating requirements for fracture stimulations.
SPE Drill. Compl 14 (04), 228-234.

Benavides, F., Leiderman, R., Souza, A., Carneiro, G., Bagueira de Vasconcellos
Azeredo, R., 2020. Pore size distribution from NMR and image based methods: a
comparative study. J. Petrol. Sci. Eng. 184, 106321.

Bonilla-Jaimes, J.D., Henao-Martinez, J.A., Mendoza-Luna, C., Castellanos-Alarcon, O.
M., Rios-Reyes, C.A., 2016. Non-destructive in situ analysis of garnet by combining
scanning electron microscopy and X-ray diffraction techniques. Dyna 83, 84-92.

Boutrid, A., Bensihamdi, S., Chettibi, M., Talhi, K., 2015. Strength hardness rock testing.
J. Min. Sci. 51 (1), 95-110.

Broitman, E., 2016. Indentation hardness measurements at macro-, micro-, and
nanoscale: a critical overview. Tribol. Lett. 65 (1), 23.

Brown, E.T., Hoek, E., 1978. Trends in relationships between measured in-situ stresses
and depth. Int. J. Rock Mech. Min. Sci. Geomech. Abstracts 15 (4), 211-215.

Bucheli-Witschel, M., Egli, T., 2001. Environmental fate and microbial degradation of
aminopolycarboxylic acids. FEMS (Fed. Eur. Microbiol. Soc.) Microbiol. Rev. 25 (1),
69-106.

Buijse, M., de Boer, P., Breukel, B., Burgos, G., 2004. Organic acids in carbonate
acidizing. SPE Prod. Facil. 19 (3), 128-134.

Cai, J., Yu, B., Zou, M., Mei, M., 2010. Fractal analysis of invasion depth of extraneous
fluids in porous media. Chem. Eng. Sci. 65 (18), 5178-5186.

Carpenter, T.A., Davies, E.S., Hall, C., Hall, L.D., Hoff, W.D., Wilson, M.A., 1993.
Capillary water migration in rock: process and material properties examined by NMR
imaging. Mater. Struct. 26 (5), 286-292.

Cerfontaine, B., Collin, F., 2018. Cyclic and fatigue behaviour of rock materials: review,
interpretation and research perspectives. Rock Mech. Rock Eng. 51 (2), 391-414.

Chang, F.F., Cairns, A.J., Sayed, M.A., 2022. Acid retardation for deeper
stimulation—revisiting the chemistry and evaluation methods. Can. J. Chem. Eng.
100 (6), 1298-1308.

Chang, F.F., Nasr-El-Din, H.A., Lindvig, T., Qiu, X.W., 2008. Matrix acidizing of
carbonate reservoirs using organic acids and mixture of HCl and organic acids. In:
SPE Annual Technical Conference and Exhibition, Denver, Colorado, SPE-116601-
MS.

Chen, H., Liu, X., Zhang, C., Tan, X., Yang, R., Yang, S., Yang, J., 2022. Effects of miscible
degree and pore scale on seepage characteristics of unconventional reservoirs fluids
due to supercritical CO2 injection. Energy 239, 122287.

Chen, H., Zhang, C., Jia, N., Duncan, 1., Yang, S., Yang, Y., 2021. A machine learning
model for predicting the minimum miscibility pressure of CO2 and crude oil system
based on a support vector machine algorithm approach. Fuel 290, 120048.

Chen, M., Jiang, H., Zhang, G.Q., Jin, Y., 2010. The experimental investigation of
fracture propagation behavior and fracture geometry in hydraulic fracturing through
oriented perforations. Petrol. Sci. Technol. 28 (13), 1297-1306.

Chen, S., Tang, D., Tao, S., Xu, H., Li, S., Zhao, J., Cui, Y., Li, Z., 2018. Characteristics of
in-situ stress distribution and its significance on the coalbed methane (CBM)
development in Fanzhuang-Zhengzhuang Block, Southern Qinshui Basin, China.

J. Petrol. Sci. Eng. 161, 108-120.

Chen, W., Yang, J., Li, L., Wang, H., Huang, L., Jia, Y., Hu, Q., Jiang, X., Tang, J., 2023.
Investigation of mechanical properties evolution and crack initiation mechanisms of
deep carbonate rocks affected by acid erosion. Sustainability 15 (15), 11807.

Chen, X., Hu, H,, Liu, P., Du, J., Wang, M., Tang, H., Deng, Z., Wang, G., Liu, F., 2025.
Enhancing fracture conductivity in carbonate formations through mineral alteration.
Int. J. Rock Mech. Min. Sci. 186, 106027.

Correia da Silva, D., Dentas da Silva, N.P.D., de Meneses Laurenco, M.C., Schwalbert, M.
P., Wanderley Neto, Rodrigues, M.A.F., 2024. Evaluation of carbonate rock acidizing
under different reservoir conditions and damage scenarios: a systematic review.
Carbonates Evaporites 39 (4), 113.

de Wolf, C.A,, Bang, E., Bouwman, A., Braun, W., De Oliveria, E., Nasr.El-Din, H., 2014.
Evaluation of environmentally friendly chelating agents for applications in the oil
and gas industry. In: SPE International Symposium and Exhibition on Formation
Damage Control, Louisiana, USA, SPE-168145-MS.

Detournay, E., Carbonell, R., 1997. Fracture-mechanics analysis of the breakdown
process in minifracture or leakoff test. SPE Prod. Facil. 12 (3), 195-199.

Diaz, M.B., Kim, K.Y., Jung, S.G., 2020. Effect of frequency during cyclic hydraulic
fracturing and the process of fracture development in laboratory experiments. Int. J.
Rock Mech. Min. Sci. 134, 104474.

Dong, K., Zhu, D., Hill, A.D., 2018. The role of temperature on optimal conditions in
dolomite acidizing: an experimental study and its applications. J. Petrol. Sci. Eng.
165, 736-742.


http://refhub.elsevier.com/S2949-8910(25)00214-3/sref1
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref1
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref2
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref2
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref2
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref3
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref3
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref3
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref3
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref4
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref4
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref4
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref5
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref5
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref5
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref6
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref6
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref6
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref7
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref7
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref7
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref8
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref8
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref10
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref10
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref11
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref11
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref11
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref12
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref12
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref12
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref13
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref13
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref13
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref13
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref14
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref14
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref15
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref15
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref15
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref16
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref16
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref16
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref17
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref17
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref17
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref19
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref19
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref19
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref19
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref19
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref20
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref20
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref21
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref21
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref21
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref22
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref22
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref22
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref23
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref23
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref24
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref24
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref25
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref25
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref26
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref26
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref26
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref27
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref27
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref28
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref28
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref29
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref29
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref29
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref30
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref30
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref31
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref31
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref31
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref32
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref32
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref32
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref32
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref33
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref33
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref33
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref34
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref34
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref34
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref35
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref35
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref35
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref36
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref36
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref36
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref36
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref37
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref37
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref37
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref38
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref38
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref38
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref39
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref39
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref39
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref39
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref41
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref41
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref42
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref42
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref42
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref43
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref43
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref43

P. Liu et al.

Du, J., Yuan, Y., Liu, P., Wang, Q., Liu, J., Huang, Q., 2024. A review of self-generating
acid system of high temperature reservoir. Energy Sources, Part A Recovery. Util.
Environ. Eff. 46 (1), 2059-2079.

Ehrenberg, S.N., Nadeau, P.H., 2005. Sandstone vs. carbonate petroleum reservoirs: a
global perspective on porosity-depth and porosity-permeability relationships. AAPG
(Am. Assoc. Pet. Geol.) Bull. 89 (4), 435-445.

Elsayed, M., Isah, A., Hiba, M., Hassan, A., Al-Garadi, K., Mahmoud, M., El-Husseiny, A.,
Radwan, A., 2022. A review on the applications of nuclear magnetic resonance
(NMR) in the oil and gas industry: laboratory and field-scale measurements. J. Pet.
Explor. Prod. Technol. 12 (10), 2747-2784.

Enayatpour, S., van Oort, E., Patzek, T., 2019. Thermal cooling to improve hydraulic
fracturing efficiency and hydrocarbon production in shales. J. Nat. Gas Sci. Eng. 62,
184-201.

Feng, X.-T., Chen, S., Zhou, H., 2004. Real-time computerized tomography (CT)
experiments on sandstone damage evolution during triaxial compression with
chemical corrosion. Int. J. Rock Mech. Min. Sci. 41 (2), 181-192.

Feng, Y., Jones, J.F., Gray, K.E., 2016. A review on fracture-initiation and -propagation
pressures for lost circulation and wellbore strengthening. SPE Drill. Complet. 31 (2),
134-144.

Fredd, Fogler, 1998. The influence of chelating agents on the kinetics of calcite
dissolution. J. Colloid Interface Sci. 204 (1), 187-197.

Garrouch, A.A., Jennings, A.R., 2017. A contemporary approach to carbonate matrix
acidizing. J. Petrol. Sci. Eng. 158, 129-143.

Ghadami, N., Reza Rasaei, M., Hejri, S., Sajedian, A., Afsari, K., 2015. Consistent
porosity—permeability modeling, reservoir rock typing and hydraulic flow
unitization in a giant carbonate reservoir. J. Petrol. Sci. Eng. 131, 58-69.

Ghorbani, S., Hoseinie, S.H., Ghasemi, E., Sherizadeh, T., 2022a. A review on rock
hardness testing methods and their applications in rock engineering. Arabian J.
Geosci. 15 (11), 1067.

Ghorbani, S., Hoseinie, S.H., Ghasemi, E., Sherizadeh, T., Wanhainen, C., 2022b. A new
rock hardness classification system based on portable dynamic testing. Bull. Eng.
Geol. Environ. 81 (5), 179.

Gou, B., Zeng, M., Guo, J., Lai, J., Liu, Z., Ma, H., Zhou, C., Liu, F, 2019. Effects of
hydrochloric acid on the mechanical and elastic properties of tight dolomite. In:
ARMA-CUPB Geothermal International Conference, Beijing, China, ARMA-CUPB-19-
9032.

Gou, B., Liu, Z., Zhou, J., Xu, K., Xiao, B., Pu, K., Guo, J., 2025. Experimental and
modeling study on the acid-etching and conductivity of hydraulic fractures in
carbonate rocks: a critical review. Geoenergy Sci. Eng. 245, 213517.

Guo, J., Guo, B., Qin, N., Zhao, J., Wu, L., Wang, K., Ren, J., 2020a. An innovative
concept on deep carbonate reservoir stimulation: three-dimensional acid fracturing
technology. Nat. Gas. Ind. B 7 (5), 484-497.

Guo, Y., Hou, L., Yao, Y., Zuo, L., Wu, Z., Wang, L., 2020b. Experimental study on
influencing factors of fracture propagation in fractured carbonate rocks. J. Struct.
Geol. 131, 103955.

Hassan, A.M., Al-Hashim, H.S., 2020. Surface charge study of EDTA interaction with
carbonate rock during chelating agent flooding. J. Petrol. Sci. Eng. 191, 107163.

He, B., Ni, L., Zhou, L., He, Y., Su, M., Liu, W., Chen, J., Zhao, Y., 2024. Design of Ni-
based amorphous alloy corrosion-resistant to high temperature hydrochloric acid.
Mater. Today Commun. 39, 109112.

Hossain, M.M., Rahman, M.K., Rahman, S.S., 2000. Hydraulic fracture initiation and
propagation: roles of wellbore trajectory, perforation and stress regimes. J. Petrol.
Sci. Eng. 27 (3), 129-149.

Hu, Y., Peng, X., Li, Q., Li, L., Hu, D., 2020. Progress and development direction of
technologies for deep marine carbonate gas reservoirs in the Sichuan Basin. Nat. Gas.
Ind. B 7 (2), 149-159.

Huang, T., Ostensen, L., Hill, A.D., 2000. Carbonate matrix acidizing with acetic acid. In:
SPE International Symposium on Formation Damage Control, Lafayette, Louisiana,
SPE-58715-MS.

Huang, G., Xu, Z., Qu, X,, Cao, J., Long, S., Yang, K., Hou, H., Wang, Y., Ma, X., 2022.
Critical climate issues toward carbon neutrality targets. Fundam. Res. 2 (3),
396-400.

Huang, T., McElfresh, P.M., Gabrysch, A.D., 2003. Carbonate matrix acidizing fluids at
high temperatures: acetic acid, chelating agents or long-chained carboxylic acids?.
In: SPE European Formation Damage Conference, The Hague, Netherlands, SPE-
82268-MS.

Hubbert, M.K., Willis, D.G., 1957. Mechanics of hydraulic fracturing. Transactions of the
AIME 210 (1), 153-168.

Ibemesi, P., Benson, P., 2023. Effect of pressure and stress cycles on fluid flow in
hydraulically fractured, low-porosity, anisotropic sandstone. Rock Mech. Rock Eng.
56 (1), 19-34.

Jia, C., Alkaabi, S., Hu, J., Sepehrnoori, K., Yao, J., Zhang, L., 2024. Impact of rock
heterogeneity on reactive flow during acid stimulation process. Int. J. Heat Mass
Tran. 227, 125560.

Jia, W., Mou, J., Wang, G., Li, X., Wang, X., Ma, X., 2023. A new experimental method for
acid pretreatment in perforated horizontal wells: a case study of mahu conglomerate
reservoir. Processes 11 (12), 3353.

Jiang, X., Chen, M., Li, Q., Liang, L., Zhong, Z., Yu, B., Wen, H., 2022a. Study on the
feasibility of the heat treatment after shale gas reservoir hydration fracturing. Energy
254, 124422,

Jiang, Y., He, Y., Liu, Y., Sun, S., Wang, Z., 2022b. Production performance of the low-
permeability reservoirs: impact of contamination at the wellbore vicinity. Int. J.
Hydrogen Energy 47 (58), 24328-24342.

Kaminskaite-Baranauskiene, 1., Wang, H., Liu, Z., Li, H., 2023. Geothermal carbonate
reservoirs and their sustainability: what can natural hydrothermal systems tell us?
Geothermics 114, 102798.

22

Geoenergy Science and Engineering 251 (2025) 213856

Khan, F., et al., 2024b. Application of endothermic fluids to lower the breakdown
pressure of unconventional reservoirs: implications for hydraulic fracturing. ACS
Omega 9 (35), 37253-37264.

Knoop, F.C., Peters, C.G., Emerson, W.B., 1939. A sensitive pyramidal-diamond tool for
indentation measurements. J. Res. Natl. Bur. Stand. 23, 39.

Kolawole, O., Millikan, C., Kumar, M., Ispas, L., Weber, J., 2022. Microbial induced
mechano-petrophysical modified properties to improve hydrocarbon recovery in
carbonate reservoirs. Geomech. Energy Environ. 32, 100399.

Lai, J., Guo, J., Ma, Y., Zhou, H., Wang, S., Liu, Y., 2022. Effect of acid-rock reaction on
the microstructure and mechanical property of tight limestone. Rock Mech. Rock
Eng. 55 (1), 35-49.

LePage, J.N., De Wolf, C.A., Bemelaar, J.H., Nasr-El-Din, H.A., 2011. An environmentally
friendly stimulation fluid for high-temperature applications. SPE J. 16 (1), 104-110.

Li, C., Wang, D., Kong, L., 2021a. Application of machine learning techniques in mineral
classification for scanning electron microscopy - energy dispersive X-ray
spectroscopy (SEM-EDS) images. J. Petrol. Sci. Eng. 200, 108178.

Li, H., Lai, B., Liu, H., 2019. Determination of tensile elastic parameters from Brazilian
tensile test: theory and experiments. Rock Mech. Rock Eng. 52 (8), 2551-2568.

Li, H., Zhong, Z., Liu, X., Sheng, Y., Yang, D., 2018. Micro-damage evolution and macro-
mechanical property degradation of limestone due to chemical effects. Int. J. Rock
Mech. Min. Sci. 110, 257-265.

Li, J.-1., Zhou, K.-p., Liu, W.-j., Deng, H.-w., 2016. NMR research on deterioration
characteristics of microscopic structure of sandstones in freeze-thaw cycles. Trans.
Nonferrous Metals Soc. China 26 (11), 2997-3003.

Li, N., Chen, F., Yu, J.,, Han, P., Kang, J., 2021b. Pre-acid system for improving the
hydraulic fracturing effect in low-permeability tight gas reservoir. J. Pet. Explor.
Prod. 11 (4), 1761-1780.

Li, N., Chen, F., Yu, J., Han, P., Kang, J., 2021c. Pre-acid system for improving the
hydraulic fracturing effect in low-permeability tight gas reservoir. J. Pet. Explor.
Prod. Technol. 11 (4), 1761-1780.

Li, N., Hu, Y., Xiong, G., Liu, P., Xiong, Y., Luo, Z., Zhang, Q., Li, Y., Zhu, S., Feng, W.,
Yu, J., 2023. Research and application of eco-friendly chelating agents in plugging
removal systems: a review. Geoenergy Sci. Eng. 229, 212135.

Li, S., Wang, S., Tang, H., 2022. Stimulation mechanism and design of enhanced
geothermal systems: a comprehensive review. Renew. Sustain. Energy Rev. 155,
111914.

Li, Y., Huang, Y., Zhang, Y., Liang, D., Zhao, J., Zhang, X., Ma, K., Yi, Y., Wang, H.,
Guo, J., 2025. Experimental analysis of primary factors controlling carbonate rock
dissolution capability and its impact on geothermal reservoir modification.
Geothermics 126, 103124.

Li, Y., Jiang, X., Tang, J., Liu, B., 2024. Simulation study of acid fracturing initiation with
consideration of rock mechanics parameter variations. Rock Mech. Rock Eng. 57 (8),
5743-5761.

Liu, B., Schieber, J., Mastalerz, M., Teng, J., 2020. Variability of rock mechanical
properties in the sequence stratigraphic context of the upper devonian new albany
shale, Illinois basin. Mar. Petrol. Geol. 112, 104068.

Liu, P, Li, J., Du, J., Liu, J., Xiong, G., Chen, P., Li, Y., Chen, X., 2025. Evaluation of acid
retardation based on acid-etched fracture morphology. Geoenergy Sci. Eng. 244,
213492.

Liu, H., Cui, S., Meng, Y., Han, X., 2019. Dynamic analysis of wellbore stress field and
wellbore stability in carbonate reservoir production process. Arabian J. Geosci. 12
(18), 585.

Liu, H., Lan, Z., Wang, S., Xu, J., Zhao, C., 2015. Hydraulic fracture initiation mechanism
in the definite plane perforating technology of horizontal well. Petrol. Explor. Dev.
42 (6), 869-875.

Liu, J., Liu, P., Xiong, G., Chen, P., Du, J., Li, C., Yuan, Y., Zuo, Z., Li, J., Wang, C., 2024.
Corrosion behaviour of 110SS steel in hydrochloric acid and blended acid system at
200 °C. Corrosion Engineering, Science and Technology, 1478422X241277631.

Liu, M., Mostaghimi, P., 2017. Pore-scale simulation of dissolution-induced variations in
rock mechanical properties. Int. J. Heat Mass Tran. 111, 842-851.

Liu, P., Hu, H., Chen, X., Du, J., Liu, J., Liu, F., Chen, W., Jia, Y., 2024b. The influencing
parameters and improve methods of acid-etched fracture conductivity: a review.
Geoenergy Sci. Eng. 238, 212844.

Liu, W, Liu, Y., Wang, C., Zhai, M., 2024c. Mechanical characteristics and energy
evolution of limestone under the action of acid corrosion. Iran. J. Sci. Technol.,
Trans. Civ. Eng. 49, 613-628.

Liu, X.-y., Xu, D.-p., Li, S.-j., Duan, S.-q., Xu, H.-s., Jiang, Q., Qiu, S.-1., 2024d. Estimating
the mechanical properties of rocks and rock masses based on mineral
micromechanics testing. Rock Mech. Rock Eng. 57 (7), 5267-5278.

Liu, X.-y., Xu, D.-p., Li, S.-j., Qiu, S.-1,, Jiang, Q., 2023. An insight into the mechanical
and fracture characterization of minerals and mineral interfaces in granite using
nanoindentation and micro X-ray computed tomography. Rock Mech. Rock Eng. 56
(5), 3359-3375.

Liu, X., Chen, H., Chen, Z., Yang, R., Song, L., Bai, M., Qiu, P., Zuo, M., Li, B, Yang, B.,
Jiang, X., Wu, Y., Brahim, M., 2024e. Study on characterization and distribution of
four regions of tight sandstone condensate gas reservoirs in the depletion
development process. Fuel 358, 130267.

Lou, W., Zhang, D., Bayless, R.C., 2020. Review of mineral recognition and its future.
Appl. Geochem. 122, 104727.

Lovetskii, E.E., Selyakov, V.I., 1984. Percolation models of the permeability properties of
media. Fluid Dynam. 19 (3), 411-416.

Lu, S.-M., 2018. A global review of enhanced geothermal system (EGS). Renew. Sustain.
Energy Rev. 81, 2902-2921.

Lund, K., Fogler, H.S., McCune, C.C., 1973. Acidization—I. The dissolution of dolomite in
hydrochloric acid. Chem. Eng. Sci. 28 (3), 691. IN1.


http://refhub.elsevier.com/S2949-8910(25)00214-3/sref44
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref44
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref44
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref45
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref45
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref45
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref46
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref46
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref46
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref46
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref47
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref47
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref47
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref48
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref48
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref48
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref49
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref49
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref49
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref50
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref50
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref51
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref51
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref52
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref52
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref52
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref53
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref53
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref53
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref54
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref54
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref54
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref55
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref55
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref55
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref57
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref57
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref57
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref58
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref58
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref58
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref59
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref59
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref60
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref60
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref60
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref61
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref61
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref61
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref62
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref62
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref62
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref63
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref63
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref63
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref64
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref64
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref64
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref64
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref66
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref66
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref67
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref67
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref67
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref68
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref68
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref68
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref69
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref69
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref69
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref70
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref70
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref70
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref71
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref71
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref71
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref72
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref72
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref72
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref74
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref74
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref74
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref75
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref75
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref76
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref76
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref76
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref77
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref77
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref77
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref78
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref78
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref79
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref79
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref79
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref80
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref80
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref81
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref81
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref81
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref82
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref82
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref82
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref83
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref83
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref83
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref84
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref84
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref84
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref85
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref85
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref85
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref86
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref86
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref86
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref87
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref87
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref87
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref87
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref88
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref88
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref88
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref89
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref89
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref89
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref95
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref95
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref95
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref90
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref90
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref90
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref91
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref91
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref91
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref92
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref92
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref92
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref93
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref93
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref94
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref94
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref94
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref96
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref96
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref96
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref97
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref97
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref97
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref98
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref98
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref98
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref98
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref99
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref99
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref99
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref99
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref100
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref100
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref101
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref101
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref102
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref102
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref103
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref103

P. Liu et al.

Luo, S., Lu, Y., Wu, Y., Song, J., DeGroot, D.J., Jin, Y., Zhang, G., 2020. Cross-scale
characterization of the elasticity of shales: statistical nanoindentation and data
analytics. J. Mech. Phys. Solid. 140, 103945.

Ma, W., Yang, C., Ahmed, S.F., Chen, Y., Yang, C., Liu, G., 2024. Influential mechanism of
perforation parameters in geothermal fixed-plane perforation recovery. Appl.
Therm. Eng. 236, 121515.

Ma, Z., Pathegama Gamage, R., Zhang, C., 2020. Application of nanoindentation
technology in rocks: a review. Geomech. Geophy. Geo-Energy Geo-Resources 6 (4),
60.

Machado, A.C., Lima, I., Lopes, R.T., 2014. Effect of 3d computed microtomography
resolution on reservoir rocks. Radiat. Phys. Chem. 95, 405-407.

Mahmoud, M.A., Nasr-El-Din, H.A., De Wolf, C.A., LePage, J.N., Bemelaar, J.H., 2011.
Evaluation of a new environmentally friendly chelating agent for high-temperature
applications. SPE J. 16 (3), 559-574.

Malki, M.L., Saberi, M.R., Kolawole, O., Rasouli, V., Sennaoui, B., Ozotta, O., 2023.
Underlying mechanisms and controlling factors of carbonate reservoir
characterization from rock physics perspective: a comprehensive review. Geoenergy
Sci. Eng. 226, 211793.

Martell, A.E., Motekaitis, R.J., Fried, A.R., Wilson, J.S., MacMillan, D.T., 1975. Thermal
decomposition of EDTA, NTA, and nitrilotrimethylenephosphonic acid in aqueous
solution. Can. J. Chem. 53 (22), 3471-3476.

Martyushev, D.A., Govindarajan, S.K., Li, Y., Yang, Y., 2022. Experimental study of the
influence of the content of calcite and dolomite in the rock on the efficiency of acid
treatment. J. Petrol. Sci. Eng. 208, 109770.

McBeck, J., Mair, K., Renard, F., 2019. How porosity controls macroscopic failure via
propagating fractures and percolating force chains in porous granular rocks.

J. Geophys. Res. Solid Earth 124 (9), 9920-9939.

Mohamed, R.S., Rabie, A.L,, Nasr-El-Din, H.A., 2015. A new technique to increase the
performance of organic acids to stimulate carbonate reservoirs at high acid
concentrations. In: SPE Kuwait Oil and Gas Show and Conference, Mishref, Kuwait,
October 2015, SPE-175192-MS.

Mohammadi, S., 2024. Mechanistic analysis of matrix-acid treatment of carbonate
formations: an experimental core flooding study. Heliyon 10 (3), e24936.

Mondal, I., Singh, K.H., 2024. Petrophysical insights into pore structure in complex
carbonate reservoirs using NMR data. Petrol Research 9 (3), 439-450.

Mou, J., Xia, X., Gao, B., Zhang, S., Ma, X., Wang, F., 2024. Effect of Mixed Mineralogy
on Etching Profile and Conductivity in Acid Fracturing in Naturally Fractured
Carbonate Reservoirs. In: International Petroleum Technology Conference,
D021S046R003.

Mustafa, A., Aly, M., Aljawad, M.S., Dvorkin, J., Solling, T., Sultan, A., 2021. A green and
efficient acid system for carbonate reservoir stimulation. J. Petrol. Sci. Eng. 205,
108974.

Mustafa, A., Alzaki, T., Aljawad, M.S., Solling, T., Dvorkin, J., 2022. Impact of acid
wormhole on the mechanical properties of chalk, limestone, and dolomite:
experimental and modeling studies. Energy Rep. 8, 605-616.

Nasr-El-Din, H.A., Al-Zahrani, A., Still, J., Lesko, T., Kelkar, S., 2007. Laboratory
evaluation of an innovative system for fracture stimulation of high-temperature
carbonate reservoirs. Int. Symposium on Oilfield Chemistry, Houston, Texas, U.S.A ,
SPE-106054-MS.

Ng, K., Santamarina, J.C., 2023. Mechanical and hydraulic properties of carbonate rock:
the critical role of porosity. J. Rock Mech. Geotech. Eng. 15 (4), 814-825.

Nguyen, M.T., Bemer, E., Dormieux, L., 2011. Micromechanical modeling of carbonate
geomechanical properties evolution during acid gas injection. In: 45th U.S. Rock
Mechanics/Geomechanics Symposium, San Francisco, California, ARMA-11-207..

Nunes, M., Bedrikovetsky, P., Newbery, B., Paiva, R., Furtado, C., de Souza, A.L., 2010.
Theoretical definition of formation damage zone with applications to well
stimulation. J. Energy Resour. Technol. 132 (3), 033101.

Palchik, V., 1999. Influence of porosity and elastic modulus on uniaxial compressive
strength in soft brittle porous sandstones. Rock Mech. Rock Eng. 32 (4), 303-309.

Parandeh, M., Dehkohneh, H.Z., Soulgani, B.S., 2023. Experimental investigation of the
acidizing effects on the mechanical properties of carbonated rocks. Geoenergy Sci.
Eng. 222, 211447.

Patel, S.M., Sondergeld, C.H., Rai, C.S., 2017. Laboratory studies of hydraulic fracturing
by cyclic injection. Int. J. Rock Mech. Min. Sci. 95, 8-15.

Pei, S., Wang, X., Hu, X,, Li, R., Long, H., Huang, D., 2022. Characteristics and diagenetic
evolution of dolomite reservoirs in the middle permian gixia formation,
southwestern sichuan basin, China. Carbonates Evaporites 37 (1), 17.

Perras, M.A., Diederichs, M.S., 2014. A review of the tensile strength of rock: concepts
and testing. Geotech. Geol. Eng. 32 (2), 525-546.

Piao, S., Huang, S., Wang, Q., Ma, B., 2023. Experimental and numerical study of
measuring in-situ stress in horizontal borehole by hydraulic fracturing method.
Tunn. Undergr. Space Technol. 141, 105363.

Pinto, L.S.S., Neto, LF.F., Soares, H.M.V.M., 2014. Biodegradable chelating agents for
industrial, domestic, and agricultural applications—a review. Environ. Sci. Pollut.
Control Ser. 21 (20), 11893-11906.

Portier, S., Vuataz, F.-D., Nami, P., Sanjuan, B., Gérard, A., 2009. Chemical stimulation
techniques for geothermal wells: experiments on the three-well EGS system at
Soultz-sous-Foréts, France. Geothermics 38 (4), 349-359.

Qin, Q., Zhou, K., Wei, B., Du, Q., Liu, Y., Li, X., Hou, J., 2024. Experimental and
simulation study on deep reservoir fracturing technology: a review and future
perspectives. Geoenergy Sci. Eng. 242, 213209.

Rabie, A.I., Mahmoud, M.A., Nasr-El-Din, H.A., 2011. Reaction of GLDA with calcite:
reaction kinetics and transport study. In: SPE International Symposium on Oilfield
Chemistry, The Woodlands, Texas, USA, SPE-139816-MS.

Rabie, A.L, Saber, M.R., Nasr El-Din, H.A., 2015. A new environmentally friendly
acidizing fluid for HP/HT matrix acidizing treatments with enhanced product

23

Geoenergy Science and Engineering 251 (2025) 213856

solubility. SPE Int. Sysposium Oilfield Chemistry, The Woodlands, Texas, USA, SPE-
173751-MS.

Rabie, AL, Shedd, D.C., Nasr-El-Din, H.A., 2014. Measuring the reaction rate of lactic
acid with calcite and dolomite by use of the rotating-disk apparatus. SPE J. 19 (6),
1192-1202.

Raj, N., Pal, T.V., 2014. Enhancing efficiency of HCI based stimulating fluids by creating
in-situ carbonic acid using nickel nanoparticles. Int. J. Petrol. Technol. Conf, Kuala
Lumpur, Malaysia, IPTC-17814-MS.

Rashid, F., Glover, P.W.J., Lorinczi, P., Hussein, D., Lawrence, J.A., 2017.
Microstructural controls on reservoir quality in tight oil carbonate reservoir rocks.
J. Petrol. Sci. Eng. 156, 814-826.

Raynaud, S., Vasseur, G., Soliva, R., 2012. In vivo CT X-ray observations of porosity
evolution during triaxial deformation of a calcarenite. Int. J. Rock Mech. Min. Sci.
56, 161-170.

Ritz, E., Honarpour, M., Dvorkin, J., Dula, W., 2014. Core hardness testing and data
integration for unconventionals. In: SPE/AAPG/SEG Unconventional Resources
Technology Conference, Denver, Colorado. URTEC. URTEC-1916004-MS.

Sampath, K.H.S.M., Perera, M.S.A., Ranjith, P.G., 2018. Theoretical overview of
hydraulic fracturing break-down pressure. J. Nat. Gas Sci. Eng. 58, 251-265.

Sayed, M., Chang, F., Cairns, A.J., 2021. Low-viscosity single phase acid system for acid
fracturing in deep carbonate reservoirs. MRS Commun. 11 (6), 796-803.

Sayed, M.A., Cairns, A.J., Chang, F.F., 2023. Boosting reaction rate of acids for better
acid fracturing stimulation of dolomite-rich formations. SPE J. 28 (4), 1690-1705.

Schoenfelder, W., Glaser, H.-R., Mitreiter, 1., Stallmach, F., 2008. Two-dimensional NMR
relaxometry study of pore space characteristics of carbonate rocks from a Permian
aquifer. J. Appl. Geophys. 65 (1), 21-29.

Schultz, R., Skoumal, R.J., Brudzinski, M.R., Eaton, D., Baptie, B., Ellsworth, W., 2020.
Hydraulic fracturing-induced seismicity. Rev. Geophys. 58 (3), e€2019RG000695.

Shi, X., Jiang, S., Lu, S., He, Z., Li, D., Wang, Z., Xiao, D., 2019. Investigation of
mechanical properties of bedded shale by nanoindentation tests: a case study on
Lower Silurian Longmaxi Formation of Youyang area in southeast Chongqing, China.
Petrol. Explor. Dev. 46 (1), 163-172.

Shi, Y., Yu, L., Chen, S., He, Y., Yang, X., Duan, L., Cai, J., 2020. Effects of L-glutamic
acid, N, N-diacetic acid as chelating agent on acidification of carbonate reservoirs in
acidic environments. J. Nat. Gas Sci. Eng. 82, 103494.

Shi, X., Han, L., Han, Q., Xiao, C., Feng, Q., Wang, S., Du, Y., 2021. Experimental near-
wellbore hydraulic fracture initiation and growth for horizontal wells with in-plane
perforations. J. Nat. Gas Sci. Eng. 95, 104224.

Shokri, J., Ruf, M., Lee, D., Mohammadrezaei, S., Steeb, H., Niasar, V., 2024. Exploring
carbonate rock dissolution dynamics and the influence of rock mineralogy in CO2
injection. Environ. Sci. Technol. 58 (6), 2728-2738.

Sillanpaa, M., Pirkanniemi, K., 2001. Recent developments in chelate degradation.
Environ. Technol. 22 (7), 791-801.

Smith, R.L., Sandly, G.E., 1922. An accurate method of determining the hardness of
metals, with particular reference to those of a high degree of hardness. Proc. Inst.
Mech. Eng. 102 (1), 623-641.

Sokhanvarian, K., Stanciu, C., Fernandez, J.M., Ibrahim, A.F., Kumar, H., Nasr-El-Din, H.
A., 2021. Experimental evaluation of a new nonaromatic nonionic surfactant for
deep carbonate stimulation. SPE Drill. Complet. 36 (3), 668-679.

Sokhanvarian, K., Nasr-El-Din, H.A., de Wolf, C.A., 2016. Thermal stability of oilfield
aminopolycarboxylic acids/salts. SPE Prod. Oper. 31 (1), 12-21.

Sui, Y., Cao, G., Guo, T., Li, Z., Bai, Y., Li, D., Zhang, Z., 2022. Development of gelled acid
system in high-temperature carbonate reservoirs. J. Petrol. Sci. Eng. 216, 110836.

Sun, H., Belhaj, H., Tao, G., Vega, S., Liu, L., 2019. Rock properties evaluation for
carbonate reservoir characterization with multi-scale digital rock images. J. Petrol.
Sci. Eng. 175, 654-664.

Taherynia, M.H., Fatemi Aghda, S.M., Fahimifar, A., 2016. In-situ stress state and
tectonic regime in different depths of earth crust. Geotech. Geol. Eng. 34 (2),
679-687.

Tariq, Z., Aljawad, M.S., Hassan, A., Mahmoud, M., Al-Ramadhan, A., 2021a. Chelating
agents as acid-fracturing fluids: experimental and modeling studies. Energy Fuel. 35
(3), 2602-2618.

Tariq, Z., Aljawad, M.S., Mahmoud, M., Abdulraheem, A., Al-Nakhli, A.R., 2020a.
Thermochemical acid fracturing of tight and unconventional rocks: experimental
and modeling investigations. J. Nat. Gas Sci. Eng. 83, 103606.

Tariq, Z., Aljawad, M.S., Mahmoud, M., Alade, O., Kamal, M.S., Al-Nakhli, A., et al.,
2021b. Reduction of breakdown pressure by filter cake removal using
thermochemical fluids and solvents: experimental and numerical studies. Molecules
26 (15), 4407.

Tariq, Z., Gudala, M., Yan, B., Sun, S., Mahmoud, M., 2023. A fast method to infer
Nuclear Magnetic Resonance based effective porosity in carbonate rocks using
machine learning techniques. Geoenergy Sci. Eng. 222, 211333.

Tariq, Z., Mahmoud, M., Abdulraheem, A., Al-Nakhli, A., BaTaweel, M., 2020b. An
experimental study to reduce the breakdown pressure of the unconventional
carbonate rock by cyclic injection of thermochemical fluids. J. Petrol. Sci. Eng. 187,
106859.

Tian, S., Zhang, P., Sheng, M., Wang, T., Tang, J., Xiao, L., 2020. Modification of
microscopic properties of shale by carbonic acid treatment: implications for CO2-
based fracturing in shale formations. Energy Fuel. 34, 3458-3466.

Tian, F., Di, Q., Jin, Q., Cheng, F., Zhang, W., Lin, L., Wang, Y., Yang, D., Niu, C, Li, Y.,
2019. Multiscale geological-geophysical characterization of the epigenic origin and
deeply buried paleokarst system in Tahe Oilfield, Tarim Basin. Mar. Petrol. Geol.
102, 16-32.

Tuzingila, R.M., Kong, L., Koy Kasongo, R., 2024. A review on experimental techniques
and their applications in the effects of mineral content on geomechanical properties
of reservoir shale rock. Rock Mech. Bull. 3 (2), 100110.


http://refhub.elsevier.com/S2949-8910(25)00214-3/sref104
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref104
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref104
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref105
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref105
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref105
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref106
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref106
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref106
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref107
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref107
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref108
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref108
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref108
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref109
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref109
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref109
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref109
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref110
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref110
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref110
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref111
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref111
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref111
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref112
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref112
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref112
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref114
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref114
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref115
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref115
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref116
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref116
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref116
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref116
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref118
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref118
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref118
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref119
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref119
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref119
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref120
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref120
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref120
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref120
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref121
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref121
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref122
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref122
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref122
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref123
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref123
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref123
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref124
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref124
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref125
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref125
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref125
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref126
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref126
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref127
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref127
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref127
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref128
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref128
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref129
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref129
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref129
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref130
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref130
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref130
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref131
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref131
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref131
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref132
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref132
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref132
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref133
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref133
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref133
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref134
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref134
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref134
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref134
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref135
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref135
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref135
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref136
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref136
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref136
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref137
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref137
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref137
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref138
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref138
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref138
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref139
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref139
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref139
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref140
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref140
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref142
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref142
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref143
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref143
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref144
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref144
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref144
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref145
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref145
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref147
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref147
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref147
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref147
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref148
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref148
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref148
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref146
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref146
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref146
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref149
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref149
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref149
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref150
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref150
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref151
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref151
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref151
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref153
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref153
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref153
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref152
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref152
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref154
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref154
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref155
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref155
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref155
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref156
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref156
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref156
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref157
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref157
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref157
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref158
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref158
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref158
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref159
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref159
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref159
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref159
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref160
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref160
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref160
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref161
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref161
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref161
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref161
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref163
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref163
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref163
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref162
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref162
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref162
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref162
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref164
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref164
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref164

P. Liu et al.

Veeken, C.A.M., Davies, D.R., Walters, J.V., 1989. Limited communication between
hydraulic fracture and (deviated) wellbore. In: Low Permeability Reservoirs
Symposium ,Denver, Colorado, SPE-18982-MS.

Wang, H., Zhou, D., Liu, S., Wang, X., Ma, X., Yao, T., 2022. Hydraulic fracture initiation
for perforated wellbore coupled with the effect of fluid seepage. Energy Rep. 8,
10290-10298.

Wang, H., Fall, M., Miao, S., 2024. Characteristics of fracture changes and fatigue failure
signals for siltstone under cyclic loading. Int. J. Rock Mech. Min. Sci. 174, 105645.

Wei, J., Huang, S., Hao, G., Li, J., Zhou, X., Gong, T., 2020. A multi-perforation staged
fracturing experimental study on hydraulic fracture initiation and propagation.
Energy Explor. Exploit. 38 (6), 2466-2484.

Wu, Y., Li, P., 2020. The potential of coupled carbon storage and geothermal extraction
in a CO2-enhanced geothermal system: a review. Geoth. Energy 8 (1), 19.

Wu, Y., Tao, J., Wang, J., Zhang, Y., Peng, S., 2021. Experimental investigation of shale
breakdown pressure under liquid nitrogen pre-conditioning before nitrogen
fracturing. Int. J. Min. Sci. Technol. 31 (4), 611-620.

Xiujian, X., Yongjin, Y., Fengzhong, Q., Huiting, L., Congfeng, Q., 2024. Research on key
materials and systems of ultra high temperature cement slurry for ultra-deep wells
cementing. APOGCE 2024, Perth, Australia, SPE-221184-MS.

Xu, Z.-X., Li, S., Li, B, Chen, D., Liu, Z., Li, M., 2020. A review of development methods
and EOR technologies for carbonate reservoirs. Pet. Sci. 17 (4), 990-1013.

Xu, P., Sheng, M., Lin, T., Liu, Q., Wang, X., Khan, W.A,, Xu, Q., 2022. Influences of rock
microstructure on acid dissolution at a dolomite surface. Geothermics 100, 102324.

Xu, C., You, Z., Kang, Y., You, L., 2018. Stochastic modelling of particulate suspension
transport for formation damage prediction in fractured tight reservoir. Fuel 221,
476-490.

Yang, S., Yang, D., Shi, W., Deng, C., Chen, C., Feng, S., 2023. Global evaluation of
carbon neutrality and peak carbon dioxide emissions: current challenges and future
outlook. Environ. Sci. Pollut. Control Ser. 30 (34), 81725-81744.

Yang, J., Cheng, Y., Han, S., Han, Z., Yan, C., Xue, M., 2024. Experimental study of the
mechanical properties and microscopic mechanism of carbonate rock subjected to
high-temperature acid stimulation. Geoenergy Sci. Eng. 237, 212821.

Yang, G., Wang, H., Shen, H., Yang, Y., Jia, S., Chen, W., Zhu, H., Li, Y., 2015.
Characteristics and exploration prospects of middle permian reservoirs in the
sichuan basin. Nat. Gas. Ind. B 2 (5), 399-405.

Yao, Y., Liu, D., 2012. Comparison of low-field NMR and mercury intrusion porosimetry
in characterizing pore size distributions of coals. Fuel 95, 152-158.

Yin, G., Wu, K., Ju, W., Qin, Y., Qian, Z., Xu, K., Lu, Z., Wang, P., Liang, X., Liang, Y.,
2023. In-situ stress prediction in ultra-deep carbonate reservoirs of Fuman Oilfield,
Tarim Basin of China. Front. Energy Res. 11, 1271377.

Yoo, H., Kim, Y., Jang, H., Lee, J., 2021. Propagation characteristics of optimum
wormbhole in carbonate matrix acidizing using micro X-ray CT imaging. J. Petrol. Sci.
Eng. 196, 108010.

Yuan, S., Du, B., Shen, M., 2024. Experimental and numerical investigation of the
mechanical properties and energy evolution of sandstone-concrete combined body.
Sci. Rep. 14 (1), 5214.

24

Geoenergy Science and Engineering 251 (2025) 213856

Zeng, Q., Li, T., Liu, P., Bo, L., Yao, C., Yao, J., 2024. A phase field framework to model
acid fracture propagation with hydro-mechano-reactive flow coupling. Comput.
Geotech. 174.

Zeng, Q., Li, T., Bo, L., Zhou, K., Zhang, W., Yao, J., 2025. Effect of acid pre-treatment on
hydraulic fracturing in heterogeneous porous media. Geoenergy Sci. Eng. 246,
213601.

Zhang, R., Hou, B., Shan, Q., Lin, B, Lu, Y., Wang, Y., Zhang, X., 2018. The study on
hydraulic fracture initiation and propagation of coplanar perforation technology in
the horizontal well. In: SPE/IADC Middle East Drilling Technology Conference and
Exhibition, Abu Dhabi, UAE, SPE-189374-MS.

Zhang, H., Zhong, Y., Zhang, J., Zhang, Y., Kuang, J., Yang, B., et al., 2020. Experimental
research on deterioration of mechanical properties of carbonate rocks under
acidified conditions. JJ. Petrol. Sci. Eng. 185, 106612.

Zhang, J., Zheng, H., Wang, G., Liu, Z., Qi, Y., Huang, Z., Fan, X., 2020c. In-situ stresses,
abnormal pore pressures and their impacts on the Triassic Xujiahe reservoirs in
tectonically active western Sichuan basin. Mar. Petrol. Geol. 122, 104708.

Zhang, N., Chen, X., Luo, Z., Yan, B., Jia, Y., Lv, M., Li, J., He, T., 2023a. Experimental
study of fracture conductivity in dolomite reservoirs treated with different acid
fracturing technologies. Geoenergy Sci. Eng. 227, 211914.

Zhang, R., Hou, B., Zhou, B., Liu, Y., Xiao, Y., Zhang, K., 2020d. Effect of acid fracturing
on carbonate formation in southwest China based on experimental investigations.
J. Nat. Gas Sci. Eng. 73, 103057.

Zhang, R., Wang, L., Li, J., Feng, C., Zhang, Y., 2024a. Numerical analysis of perforation
during hydraulic fracture initiation based on continuous-discontinuous element
method. CMES - Comput. Model. Eng. Sci. 140 (2), 2103-2129.

Zhang, X., Cao, X., Sun, Y., Liu, L., Zhao, B., Geng, Y., 2024b. Laboratory study on acid
fracturing performance in high temperature carbonate reservoirs. Therm. Sci. 28
(2A), 1113-1119.

Zhang, F., Feng, Q., Zhu, H., Wang, B., Li, X., Li, S., Sun, Y., Liu, Y., Sun, S., She, Y., 2025.
New strategy for injection well stimulation by continuous bio-acid and nanofluid
treatment: laboratory and field trials. Geoenergy Sci. Eng. 249, 213763.

Zhang, Y., Sun, B., Deng, Z., Chao, W., Men, X., 2023b. In situ stress distribution of deep
coals and its influence on coalbed methane development in the Shizhuang Block,
Qinshui basin, China. ACS Omega 8 (39), 36188-36198.

Zhao, L., Nasser, M., Han, D.-h., 2013. Quantitative geophysical pore-type
characterization and its geological implication in carbonate reservoirs. Geophys.
Prospect. 61 (4), 827-841.

Zhao, X., Ma, X., Chen, B., Shang, Y., Song, M., 2022. Challenges toward carbon
neutrality in China: strategies and countermeasures. Resour. Conserv. Recycl. 176,
105959.

Zhou, D., Wang, H., He, Z., Liu, Y., Liu, S., Ma, X., Cai, W., Bao, J., 2020. Numerical study
of the influence of seepage force on the stress field around a vertical wellbore. Eng.
Appl. Comput. Fluid Mech. 14 (1), 1489-1500.

Zhou, B., Jin, Y., Xiong, W., Zhang, J., Lai, J., Fang, Q., 2021. Investigation on surface
strength of acid fracture from scratch test. J. Petrol. Sci. Eng. 206, 109017.

Zhou, K.-p., Li, B., Li, J.-1., Deng, H.-w., Bin, F., 2015. Microscopic damage and dynamic
mechanical properties of rock under freeze-thaw environment. Trans. Nonferrous
Metals Soc. China 25 (4), 1254-1261.


http://refhub.elsevier.com/S2949-8910(25)00214-3/sref165
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref165
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref165
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref167
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref167
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref167
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref166
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref166
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref168
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref168
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref168
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref169
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref169
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref170
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref170
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref170
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref174
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref174
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref173
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref173
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref172
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref172
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref172
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref177
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref177
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref177
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref176
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref176
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref176
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref175
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref175
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref175
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref178
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref178
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref179
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref179
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref179
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref180
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref180
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref180
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref181
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref181
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref181
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref183
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref183
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref183
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref182
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref182
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref182
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref185
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref185
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref185
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref187
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref187
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref187
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref188
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref188
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref188
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref190
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref190
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref190
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref191
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref191
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref191
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref192
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref192
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref192
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref184
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref184
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref184
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref193
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref193
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref193
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref194
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref194
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref194
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref195
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref195
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref195
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref197
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref197
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref197
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref196
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref196
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref198
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref198
http://refhub.elsevier.com/S2949-8910(25)00214-3/sref198

	Acidizing of deep carbonate reservoirs to reduce breakdown pressure: A review
	1 Introduction
	2 Causes of high breakdown pressure in deep carbonate reservoirs
	2.1 In-situ stress
	2.2 Rocks properties
	2.3 Engineering operation pollution
	2.4 Discussion

	3 Acidizing technology
	3.1 Mechanism of acidizing to reduce breakdown pressure
	3.1.1 Acid-rock reaction
	3.1.2 Pore structure evolution and mechanical property alteration
	3.1.3 Mechanisms affecting breakdown pressure

	3.2 Acid system
	3.2.1 HCl system
	3.2.2 Organic acid system
	3.2.3 Chelating agent system

	3.3 Factors influencing acidizing performance
	3.3.1 Rock lithology
	3.3.2 Reservoir temperature

	3.4 Discussion

	4 Laboratory methods to evaluate the acidizing performance
	4.1 Microscopic scale
	4.1.1 Scanning electron microscope (SEM)
	4.1.2 Computer tomography (CT scanning)
	4.1.3 Nuclear magnetic resonance (NMR)

	4.2 Macroscopic scale
	4.2.1 Uniaxial and triaxial compression tests
	4.2.2 Brazilian splitting test
	4.2.3 Hardness testing
	4.2.4 Ultrasonic wave testing

	4.3 Discussion

	5 Further developments and future perspectives
	5.1 Further developments
	5.1.1 Development of high-temperature-resistant, efficient, low-corrosion acid systems
	5.1.2 Acidizing experiments under ultra-high temperature conditions
	5.1.3 Design workflow for acidizing to reduce reservoir breakdown pressure

	5.2 Future perspectives

	6 Summary and conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgments
	Data availability
	References


