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Abstract
Hydraulic fracturing is an important technical means to improve the development effect of low-permeability oil and gas 
reservoirs. However, for low pressure, low-permeability, tight, and high-clay sandstone gas reservoirs, conventional propped 
fracturing can cause serious damage to the reservoir and restrict the fracturing effect. The pre-acid fracturing technology 
combines acid treatment technology with sand-fracturing technology. A pre-acid system that meets special performance 
requirements is injected before fracturing. The pre-acid reduces the formation fracture pressure and removes clay damage. 
During acid flowback, the fracturing fluid is promoted to break the gel, dissolve the fracturing fluid residue and polymer filter 
cake, clean the supporting cracks, and effectively improve the fracturing effect. This study analyzes the process principle 
and technical advantages of the pre-acid fracturing technology based on the laboratory evaluation of the fracturing dam-
age mechanism of low-permeability tight gas reservoirs. To meet the performance requirements of low-permeability tight 
gas reservoirs and pre-acid fracturing technology, a set of polyhydrogen acid system with long-lasting slow reactivity, low 
damage, and low corrosion was developed and used as the pre-fracturing acid. The acid system is mainly composed of the 
main agent SA601 and the auxiliary agent SA701. Then, on the basis of laboratory experiments, this acid system is used as 
the fracturing pre-acid to evaluate the fracturing improvement effect. The results show that the fracturing fluid system can 
better dissolve the fracturing fluid filter cake and remove the fracturing fluid damage.
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Introduction

For a long time, hydraulic propped fracturing has become 
an important technical measure for increasing the produc-
tion of low porosity and permeability oil and gas reservoirs 
(Holditch 1979; Gdanski and Fulton 2006). However, conven-
tional propped fracturing still has a series of problems, which 
restrict the fracturing effect. The effect of hydraulic fracturing 
is severely restricted, mainly due to a series of problems that 
cannot be ignored in conventional propped fracturing (Volk 
and Gall 1983; Xu et al 2011; Kim and Losacano 1985; Wang 

et al. 2008; Cheng et al 2018; Tan et al. 2017). For tight gas 
reservoirs with low pressure and permeability, its damage has 
a more significant impact on the effect of fracturing stimula-
tion. Mainly reflected in: ①The formation rock is tight, result-
ing in the high fracture pressure The formation rock is tight, 
resulting in the high fracture pressure of the reservoir rock, 
which is reflected in the high wellhead pressure in the sand-
fracturing construction, and it is difficult to open the reservoir 
under the pressure of the existing wellhead device; ②Pressure 
Fracture fluid residues remaining in supporting fractures or 
natural fractures and reservoir pores block the seepage chan-
nel and damage the seepage channel; ③The fracturing fluid 
leaks into the reservoir and causes damage to the reservoir; 
④The proppant is broken and the rock particles in the reser-
voir cause the supporting fracture ⑤The damage caused by 
the fracturing fluid filter cake to the fracture wall; ⑥Hydraulic 
fracturing cannot effectively remove inorganic scaling and the 
damage to the reservoir caused by solid substances entering 
the reservoir during drilling or completion. However, acidifi-
cation (acid fracturing) has advantages in reducing formation 
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fracture and fracturing, and releasing damage from drilling 
and completion and fracturing (Guo et al 2017; Hou et al 
2019; Li et al 2012). To further improve the fracturing effect 
and fracturing efficiency, it is necessary to redefine the idea of 
deep reconstruction of low-permeability tight gas reservoirs, 
integrate the advantages of acidification into the fracturing 
process, and consider the acidification in high fracture pres-
sure, tight sandstone reservoirs, and sensitive sandstones. 
The role of reservoir reformation is to improve the fractur-
ing effect. Consequently, the pre-acid fracturing technology 
is proposed (Wu and Sharma 2016; Tang 2017). This tech-
nology injects a pre-acid system with special performance 
requirements into the formation before conventional hydraulic 
propped fracturing, and then enters the conventional hydrau-
lic sand-fracturing process (Gensheng et al 2012). Compared 
with conventional hydraulic propped fracturing, the most 
significant advantages of the pre-acid fracturing technol-
ogy include: First, the pre-acid pretreatment of the reservoir 
during the pre-acid injection process reduces the formation 
fracture pressure; The sensitive minerals of the formation can 
improve the permeability of the formation near the fractures 
of the reservoir, prevent the expansion and dispersion of the 
clay and prepare for the subsequent injection of the fracturing 
sand-carrying fluid (Peng et al. 2013). Second, when fluid 
flows back into the well, fracturing fluid flows back first, fol-
lowed by residual acid. It can make full use of the degradation 
and cleaning effects of low pH residual acid, promote the gel 
breaking of fracturing fluid, dissolve the fracturing fluid filter 
cake, clean support fractures and improve the conductivity of 
support fractures (Jiang et al 2015). This process combines 
acid treatment technology with sand-fracturing technology, 
which can not only play the advantages of conventional frac-
turing to reform the reservoir, but also significantly solve its 
existing problems and improve the fracturing effect (Qasem 
et al. 2007). The optimization of the pre-acid acid solution 
system is different from the previous acidification acid fractur-
ing because the pre-acid sanding-fracturing process not only 
considers the factors of the reaction degree of the acid and 
the rock but also considers factors such as late fracturing and 
drainage (Dang et al 2019). An ideal pre-acid fracturing acid 
system must not only have a certain dissolution capacity for 
reservoir minerals but also have the characteristics of longer 
action time and low damage to the proppant, so that it can 
promote pressure in the flowback of the acid. The fracturing 
fluid breaks the gel, dissolves the fracturing fluid filter cake, 
and cleans the supporting fractures to improve the fracturing 
effect. Based on the characteristics of low-permeability tight 
gas reservoirs and the performance requirements of the pre-
acid fracturing process for the pre-acid system, a new type 
of chelating acid system—polyhydroacid is developed as the 
pre-acid. The performance of the pre-acid solution was sys-
tematically evaluated in terms of reaction performance, cor-
rosion ability, and acidification effect. Also, the mechanism of 

the pre-acid in improving the fracturing effect was evaluated 
in terms of the pre-acid reducing rock fracture pressure, pro-
moting fracturing fluid gel breaking, reducing clay damage, 
cleaning the matrix, and supporting cracks.

Methodology

Firstly, this paper analyzes the damage mechanism of 
hydraulic fracturing in low permeability tight gas reservoir 
through the experiments of dynamic adsorption and reten-
tion of fracturing fluid and core damage caused by fractur-
ing fluid filtrate; then, through the experiments of solution 
rate test, retaining performance test, inhibition of secondary 
precision test, solution rate of proppant by pre-acid test, cor-
rosion performance of pre-acid system test, and minimum 
energy spectrum analysis after pre-acid reactions with rock, 
the suitable pre-acid formula for low permeability tight gas 
reservoir is selected; finally, through the experiments of 
reducing rock strength by pre-acid damage, the influence 
of pre-acid on gel breaking of fracturing fluid, the influence 
of pre-acid on clay expansion and particle migration, the 
cleaning of matrix pores and supporting fractures by pre-
acid, the effect of improving fracturing under the pre-acid 
formula is evaluated.

Damage of hydraulic fracturing in low‑permeability 
tight gas reservoirs

In the process of drilling and completion, the use of inappro-
priate drilling fluid damages the oil layer, and also causes the 
oil and gas layer to lose its due production capacity. This has 
been a long concern; however, various measures have been 
proposed to prevent the drilling and completion fluid from 
affecting the formation (Zhang et al 2010; Hajiabadi et al. 
2020). Also, in the process of hydraulic fracturing, the jelly-
fracturing fluid used will also cause damage to the oil and 
gas reservoirs similar to the process of drilling and comple-
tion (Wang et al 2020). The damage of hydraulic fracturing 
to productivity is also different from the process of drilling 
and completion. In terms of nature, it is shown as follows: 
(1) Because a large amount of breaker is lost to the oil layer 
through the filter cake and the filtrate, it greatly reduces 
its impact on the filter cake. Glue breaking and hydration, 
thereby increasing the retention time of the filter cake on the 
fracture wall, affecting the smooth entry of oil and gas from 
the oil layer into the fracture; (2) After the fracture is closed, 
the residue concentration in the sand-filled fracture greatly 
exceeds the concentration during surface injection. Thus, 
greatly reducing the conductivity of the sand-filled cracks; 
(3) when the discharge intensity exceeds the requirement, 
the fracturing fluid residues and the particles in the fracture 
will move, and they may get stuck in certain parts of the 
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fracture, causing further damage to the fracture conductivity. 
(4) After the fracturing filtrate invades the reservoir during 
the fracturing construction process, due to the retention of 
the capillary force, the formation driving pressure cannot 
completely drain the filtrate out of the formation. The water 
saturation of the reservoir will increase and the oil gas per-
meability will decrease. For low-permeability and ultra-low-
permeability reservoirs, water blocking is more serious. Dur-
ing the fracturing process, the deeper the penetration depth 
of the fracturing fluid, the more difficult it is to discharge 
the retained water. For tight reservoirs, due to low porosity, 
water blocking damage is more serious. In the low pressure 
and tight reservoirs, once the reservoir is water-locked, it is 
very difficult to remove the water lock damage.

The damage of fracturing fluid in the oil layer is more 
intense than the drilling fluid (Huang et al 2020; Fu et al 
2020; Hou et al. 2019; Lufeng et al. 2019), which is specifi-
cally expressed as (1) The fluid loss area of fracturing fluid is 
larger than that of opening the oil layer; (2) fracture rupture 
and extension in the process, the pressure difference between 
inside and outside the fracture is much larger than the pres-
sure difference between the bottom of the well and the oil 
layer when the oil layer is drilled. Therefore, under the same 
conditions, the damage of fracturing fluid in the production 
capacity of the oil layer should not be taken lightly.

Holditch (1979) showed that capillary force and rela-
tive permeability damage are important factors affecting 
the flowback of fractured wells. Gdanski and Fulton (2006) 
illustrated Holditch’s view using numerical simulation; 
Volk and Gall (1983) established an evaluation of the frac-
ture wall bedrock. According to the empirical method of 

damage, the damage caused by the fluid loss of fracturing 
fluid should not be ignored; Xu et al (2011) experimentally 
studied the formation process of the guar gum fracturing 
fluid filter cake and found that the thickness of the filter cake 
is linearly related to the fluid loss. The filter cake has a yield 
stress, which determines its removability. Kim and Losacano 
(1985) studied the damage of cross-linking agent residues to 
proppant conductivity. They believed that the damage degree 
depends on the fracturing fluid, but it is not directly propor-
tional to the polymer concentration used; Wang and Holditch 
(2008) used computer simulation to study the relationship 
between fracturing fluid residue cleaning in tight gas reser-
voirs and natural gas recovery;

Evaluation of fracturing fluid dynamic adsorption 
and retention damage

Different concentrations of hydroxypropyl guanidine solu-
tion were prepared, and use proppant dynamic adsorption 
retention damage experimental device to conduct experi-
ments (Fig. 1).

The microscopic morphology of fracturing fluid adsorption 
on the surface of proppant

We used clean water and hydroxypropyl guar gum solution 
to drive the ceramsite proppant belt for 2 h, then place it in 
a constant temperature blast drying oven and observe the 
adsorption and retention of the hydroxypropyl guar gum 
inside the proppant belt. Finally, observe the proppant before 
and after the injury through an electron microscope.

Fig. 1  Experimental device for 
proppant dynamic adsorption 
and retention damage
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Experimental evaluation of damage of fracturing fluid 
filtrate to core matrix and micro‑fractures

The experiment process is as follows:

1. Determine the core permeability  K1 before damage: the 
flow medium (4%  NH4Cl as simulated formation water) 
is squeezed into the core from the reverse end of the 
core holder for displacement, and the flow rate of the 
flow medium is lower than the critical flow rate. Until 
the flow rate and pressure difference are stable, the sta-
bilization time is not less than 60 min;

2. Use the high temperature and high-pressure flow meter 
to forward the pressure fluid and the gel breaker into the 
core, and the displacement volume is 10 PV; the deter-
mination of core permeability K2 after damage;

3. Measure the permeability K2 of the flowing medium 
after the core is damaged by fracturing fluid filtrate;

4. The matrix permeability damage rate is calculated by

Design experiment of pre‑acid system

The mechanism of pre-acid propped fracturing is shown in 
Fig. 2. At a pressure higher than the fracture pressure, the 
pre-acid fracturing technology pumps acid into the formation 
so that a part of the acid is at the forefront of the fracture, 
whereas a part is filtered to both sides of the fracture wall, 
and then a certain isolation fluid is squeezed into the frac-
turing. Liquid phase isolation prevents the fracturing fluid 
from hydrating and breaking gel after encountering acid, 
which will cause fracturing failure. Then, the sand-carrying 
fluid and displacement fluid is continuously pumped. After 
the fracture is completed, the fracturing fluid and acid will 
drain back. Relying on the injection of pre-acid to relieve 
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clay damage, drilling and completion damage, reduce forma-
tion fracture pressure, in the process of fluid drainage after 
fracturing, the long-acting pre-acid system promotes fractur-
ing fluid gel breaking, cleaning matrix pores and supports 
fractures, in general, reduce the damage of fracturing fluid 
and improve the effect of increasing production.

Compared with conventional fracturing technology, the 
pre-acid fracturing technology has the following advantages: 
(1) Injecting acid before fracturing and pre-treating the for-
mation with acid liquid, which can reduce the formation 
fracture pressure; (2) The clay stabilizer in the pre-acid and 
the dissolving effect of HF on clay minerals fundamentally 
reduces the damage caused by the clay expansion; (3) dur-
ing fracturing, foreign fluid enters the formation and causes 
water lock, which makes it difficult to discharge fluid, which 
in turn affects the reforming effect. During pre-acid fractur-
ing, replacing the fracturing fluid with acid can avoid dam-
age to the reservoir caused by the fracturing fluid to a certain 
extent; (4) acid fluid can increase the degree of gel breaking 
of the fracturing fluid; acid flowback can regulate fractur-
ing the pH value of the fluid is used to control the degree of 
cross-linking to realize the non-degradable gel breaking of 
the fracturing fluid; (5) the acid fluid can properly dissolve 
the fracturing fluid residue and filter cake, so as to achieve 
the role of cleaning and supporting cracks.

To ensure that the effect of the measures and performance 
requirements of the general acidification (acid fracturing) 
acid system, the pre-acid fracturing technology has special 
requirements for the pre-acid acid system. From the geologi-
cal characteristics of the reservoir in the Eastern Sulige area, 
the analysis of potential damage factors in the process of 
drilling and completion, hydraulic fracturing, and the tech-
nical requirements of the pre-acid fracturing process, the 
performance characteristics of an optimal pre-acid system 
includes.

1. The pre-acid system has good compatibility with forma-
tion rocks and formation fluids;

2. The pre-acid system has a certain ability to dissolve 
reservoir minerals and can effectively remove various 
blockages;

3. The acid rock reaction speed is slow, and the effective 
action time of the acid is long, ensuring that the residual 
acid still has a strong reactivity in the formation after 
the injection of fracturing construction, so that the acid 
promotes fracturing during the flowback process the 
gel breaks the fluid, and at the same time, it dissolves 
the fracturing fluid filter cake and cleans the supporting 
cracks to improve the fracturing effect;

4. Generally, the construction time of propped fractur-
ing is long, and secondary damage to the acid liquid is 
required to be small under the long-term action of acid 
in the formation;

Fig. 2  Schematic diagram of the action mechanism of pre-acid 
propped fracture
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5. To ensure the strength of the proppant, the dissolution 
rate of the proppant by the pre-acid should be low.

Due to the characteristics of low-permeability tight reser-
voirs and the special performance requirements of the pre-
acid fracturing process for the pre-acid, a set of long-lasting 
slow-rate and scale-inhibiting polyhydrogen acid system 
was developed. More so, Polyhydrogen acid is a new type 
of HF acid solution system. A special compound replaces 
HCl and fluoride salt to undergo hydrogenation reaction. 
Polyhydrogen acid is a moderately strong acid with ioniza-
tion balance. The acid solution system can release multiple 
hydrogen ions through multistage ionization under differ-
ent stoichiometric conditions. It is named “Multi-Hydrogen 
Acid” (Multi-Hydrogen Acid). The acid system is mainly 
composed of the main agent SA601 and the auxiliary agent 
SA701. Polyhydrogen acid is hydrogenated by a special 
compound instead of HCl and fluoride salt. Polyhydrogen 
acid is a strong acid with ionization balance. The acid solu-
tion system can release multiple hydrogen ions through a 
multistage ionization decomposition under different stoi-
chiometric conditions.

Polyhydric acid controls the rate of HF generation 
through gradual ionization. In a low pH environment, 
the ionization of polyhydric acid is limited by the reac-
tion equilibrium, so the concentration of hydrogen ions 
produced is relatively low. The buffer regulation system 
formed by polyhydrogen acid and fluoride salt, when HF 
reacts with rock minerals and is partly consumed, the bal-
ance is broken, and the reaction will proceed in the positive 
direction until the solution re-establishes a new balance. 
Therefore, as long as the acid concentration of the solution 
is large enough and the concentration of HF in the acid 
solution remains basically constant, the reaction between 
the acid solution and rock minerals will proceed at a rela-
tively stable rate.

Dissolution rate test

A corrosion test was conducted on the reservoir core to 
understand the dissolution rate of the acid solution to the 
soluble matter in the core so as to initially determine the acid 
concentration. In addition to determining the acid concentra-
tion through the determination of dissolution, a comprehen-
sive analysis was conducted based on the rock structure of 
the reservoir and the characteristics of the reservoir fluid.

Test temperature: 90 °C, dissolution time: 2 h.

Retarding performance test

Since polyhydrogen acid is a HF acid solution system, 
it is impossible to directly measure the pH with a glass 
electrode, and an antimony electrode acidity transmitter 

is used to measure the electrode potential. The antimony 
electrode acidity transmitter is a pH measurement system 
composed of an antimony electrode and a reference elec-
trode. In the tested acid solution, an antimony trioxide 
oxide layer will be formed on the surface of the anti-
mony electrode, so a potential difference will be formed 
between the metal antimony surface and the antimony tri-
oxide. The magnitude of the potential difference depends 
on the concentration of antimony trioxide, which corre-
sponds to the moderate number of hydrogen ions in the 
measured acid solution. In the experiment, the electrode 
potential indirectly indicates the acidity of the polyhydro-
gen acid solution system.

Inhibition of secondary precipitation test

(1) Suppresses metal ion precipitation
According to the static scale inhibition test of polyhydro-

gen acid on  CaCO3, the scale inhibition and dispersion per-
formance of polyhydrogen acid is observed. (a: Polyhydro-
gen acid and alkali to adjust to neutral +  CaCl2 +  NaHCO3, 
heating at 80 °C for 2 h; b: polyhydrogen acid +  CaCl2 + 
 NaHCO3; c:  CaCl2 +  NaHCO3, heating at 80 °C for 2 h; d: 
 CaCl2 +  NaHCO3).

(2) Inhibit silica gel precipitation
During the experiment, two solutions were prepared 

with Na2SiO3·9H2O: solution one Si ion concentration 
was 4000 mg/l, the solution contained 1.5 ml SA601 and 
0.5 ml SA701; solution two Si ion concentration was 2000 
mg/l without chelating agent for comparison experiment. 
The two solutions were both 50 ml and the pH are about 
2.5. Put the two solutions in a 95 °C constant temperature 
water bath to heat, cool, and filter. Use the molybdenum 
blue photometric method to determine the Si ion content, 
and use the weighing method to determine the amount of 
silica gel precipitation, and then conduct a comparison 
experiment.

Dissolution rate of proppant by pre‑acid test

The dissolution of proppant in acid solution was tested by 
weight loss method under the condition of reservoir tem-
perature and reaction time of 2 h.

Corrosion performance of pre‑acid system test

Without adding corrosion inhibitors, the corrosion rate of 
hydrochloric acid, mud acid, and polyhydroacid to N80 steel 
sheet and its own corrosion inhibition were measured, so no 
corrosion inhibitor was added in the experiment. The design 
time is 4 h, the reaction is suspended, and the constant tem-
perature of the water bath is 90 °C.
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Mineral energy spectrum analysis after pre‑acid reacts 
with rock

After grinding the rock, add acid water bath at 90 ℃ and react 
for 4 h, take samples and wash them with distilled water repeat-
edly. Then, the composition and content of mineral elements 
before and after acidizing are determined by energy spectrum 
analysis, so as to judge the damage degree of acid to reservoir.

Evaluation experiment of fracturing effect improved 
by pre‑acid

Test of rock strength reduced by pre‑acid damage

Fracture pressure is very important for hydraulic fractur-
ing, and pre-acid can effectively reduce formation fracture 
pressure (Peng et al. 2013). The mechanism of pre-acid in 
reducing formation fracture pressure has two aspects. First, 
the acid can not only clean mud pollution during drilling 
but also change the mineral content of the reservoir and 
the cementation strength of the pores, and reduce the rock 
cohesive force and friction angle; second, when the perfo-
ration holes are not clean, purifying the perforation holes 
can greatly reduce the rupture pressure. The pre-acid pre-
treatment technology reduces the fracture pressure. It not 
only changes the mechanical properties of the rock but 
also improves the liquid absorption capacity of the forma-
tion, thereby increasing the construction displacement and 
achieving the purpose of increasing the width of the joint.

Prikryl (2001) statistically studied the relationship between 
rock mineral content and composition, compressive strength 
and mechanical anisotropy. The statistical results show that 
the mineral composition is not the only factor that affects the 
mechanical properties of rocks. The arrangement of minerals 
and pore structure are also important factors that determine 
the mechanical properties of rocks. Dunning and Miller (1984) 
believes that the acid rock reaction changes the mechanical 
properties of rocks by changing the composition and structure 
of the rock and soil; Krajcinovic and Fonseka (1981) believes 
that the acid solution dissolves the cement between the cal-
careous particles, causing the stress concentration between 
the calcareous particles, thereby changing the carbon and the 
mechanical properties of acid rock; Qi et al (2020) studied the 
acid corrosion morphology of cracks and discussed the influ-
encing factors and improvement methods of crack conductivity; 
Jiawei et al. (2020) conducted an acid fracturing experiment, 
using hydrochloric acid, guar gum, guar gum and acid as the 
fracturing fluid to analyze the characteristics of acid-etched 
cracks. The experimental results show that the acid has cor-
roded the rock on the surface of the fracture, especially near 
the borehole. Acidic fluids easily open micro-cracks and pores 
and leak into these spaces, thereby shortening the propagation 
distance of initial acid corrosion cracks.

Acid reacts with rocks, especially with soluble miner-
als, which change the rock mineral parameters and greatly 
reduces the fracture pressure of the reservoir rock (Jin 
et al. 2020). We test the influence of different acid injec-
tion amount and concentration on rock microstructure and 
mechanical parameters by displacement experiment. Then, 
the microstructure was analyzed by SEM. The core flow 
test can macroscopically evaluate the effect of pre-acid on 
the improvement of formation core permeability. To inves-
tigate more on the microscopic changes in the rock struc-
ture after acid injection, the capillary flow porometry was 
used to measure and compare the pore throat size before and 
after the acid injection. By micro-displacement experiments 
of reservoir cores before and after acidification, the effec-
tive pore throat distribution before and after acidification is 
quantitatively described, and the change of rock pore throat 
structure before and after acidification is compared to evalu-
ate the effect of acidification from a microperspective.

Influence of pre‑acid on gel breaking of fracturing fluid

The molecular weight of ordinary guar gum is generally 
above 2 million and contains more than 4000 galactoman-
nose-repeating units. The borate ions and the cis hydroxyl 
group in the guar gum molecule can form a relatively stable 
hydrogen bond through intermolecular cross-linking to form 
a high-viscosity jelly with excellent rheology. The deriva-
tives of guar gum, such as hydroxypropyl guar gum, can be 
cross-linked with boron as long as the polymer chain con-
tains a considerable proportion of cis hydroxyl groups. The 
cross-linking effect in the fracturing fluid is the borate ions, 
and the content of borate determines the degree of cross-
linking of the fracturing fluid. According to the principle 
of chemical equilibrium movement, as long as the pH value 
of the fracturing fluid is lowered, the reaction direction can 
be moved to the left, and the degree of cross-linking can be 
controlled. After the completion of the pre-acid fracturing 
construction, the flowback of the acid liquid causes the pH 
value of the fracturing fluid to decrease, thereby reducing the 
concentration of borate in the fracturing fluid, and realizing 
the non-degradable gel breaking of the fracturing fluid.

Use the atomic force microscope to observe the micro-
structure of the fracturing fluid, determine the performance 
of the fracturing fluid and the changes caused by the acid to 
the microstructure of the fracturing fluid, and analyze the 
impact of the acid on the performance of the fracturing fluid.

Influence of pre‑acid on clay expansion and particle 
migration

Due to the complexity of its chemical composition and char-
acteristics, formation clay can cause clay swelling when it 
encounters foreign fluids such as water-based fracturing fluid 
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filtrate. The high content of filamentous illite in the forma-
tion has potential for quick-sensitive damage. The clay sta-
bilizer in the pre-acid solution can prevent clay from swell-
ing. Using an acid solution system containing HF or other 
HF generated by the reaction as the pre-acid can react with 
clay minerals, reducing the number of swelling minerals 
and reducing the number of fast-sensitive minerals, thereby 
further reducing the damage of clay swelling and particle 
migration.

(1)  Analysis of the composition of clay minerals before 
and after peracid

  By using electron microscope scanning together with 
X-ray diffraction to quantitatively analyze the composi-
tion of various minerals in the rock core, static obser-
vation of the internal structure of the core, an intuitive 
understanding on the situation after the acid reacts with 
the minerals can be developed

(2)  Research on the influence of pH value on clay-swelling 
rate

  The low pH value environment caused by the acid 
system is also beneficial in inhibiting the expansion of 
clay. Laboratory experiments were conducted to study 
the swelling rate of bentonite at different pH values to 
evaluate the effect of pH on the swelling rate.

The experiment took 5 ml of bentonite placed in acid 
solutions of different pH values. The experiment temperature 
and time was 70 °C and 48 h, respectively.

Pre‑acid cleaning matrix pore and support fracture test

The acid solution can largely dissolve the fracturing fluid 
residue and polymerized filter cake, and further strengthen 
the gel breaking of the fracturing fluid, so as to achieve the 
function of cleaning and supporting cracks.

(1)  Dissolution experiment of pre-acid on fracturing fluid 
filter cake.

  During the fracturing process, the fracturing fluid in 
the fractures is continuously filtered out as the fractur-
ing fluid is injected into the fractures. When the frac-
tures are closed, the fracturing fluid in the fractures is 
further concentrated, resulting in a high concentration 
of HPG glue in the filter cake, and the breaker content 
is relatively low, the gel breaker does not work fully, 
so that the filter cake cannot be broken or the gel is not 
completely broken, which causes damage to the matrix 
permeability.

  A 0.4% guar gum base fluid is prepared with con-
ventional fracturing guar gum powder. After it is fully 
swelled, cross-linked guar gum is made, and a high 
temperature and high-pressure static fluid filter is 

used to simulate the formation of a filter cake during 
propped fracturing. The weight loss method was used 
to dissolve the filter cake with pre-acid at 75 °C for 2 h.

(2)  Pre-acid cleaning experiment for matrix pores
  The cross-linked fracturing fluid has a high viscosity. 

Consequently, it cannot pass through the core under the 
experimental conditions. Therefore, an uncross-linked 
fracturing fluid is selected for the experiment. During 
the experiment, the acid solution was reacted with the 
reservoir rock powder for 2 h at the reservoir tempera-
ture and filtered to obtain the residual acid solution.

(3)  Cleaning experiment of supporting cracks by acid
  First, use the base fluid to measure the permeability of 

the artificial core; then inject the cross-linked fracturing 
fluid; after the fracturing fluid breaks the gel, use the 
base fluid to measure the permeability of the artificial 
core; inject the residual acid (the preparation method is 
the same as before), use the base fluid to measures the 
permeability of the artificial core and evaluate the degree 
of improvement on the permeability of the residual acid.

(4)  Microscopic analysis of core damage
  Infrared spectroscopy is one of the most commonly 

used methods to identify compounds and determine 
the molecular structure. It can perform qualitative or 
quantitative analysis on a single component or each 
component in a mixture. Using infrared spectroscopy to 
produce characteristic adsorption peaks for the polymer 
in the fracturing fluid to evaluate the fracturing fluid’s 
adsorption of rock dust and the removal of acid damage 
to the fracturing fluid.

Results and discussion

Test results and analysis of hydraulic fracturing 
damage

Evaluation results and analysis of fracturing fluid dynamic 
adsorption retention damage

Taking the concentration of hydroxypropyl guar gum in the 
solution as the abscissa and the permeability damage rate as 
the ordinate, the experimental data are shown in Fig. 3. After 
the experiment, the hydroxypropyl guar gum solution was 
subjected to ultraviolet spectroscopy to obtain the residual 
hydroxypropyl guar gum content in the solution, and then 
the retention of the hydroxypropyl guar gum in the proppant 
placement belt was obtained.

The experimental results in the figure show that as the 
concentration of hydroxypropyl guar gum increases, the 
retention of hydroxypropyl guar gum in the ceramsite prop-
pant belt gradually increases, and also the damage to the 
permeability of the proppant belt gradually increases. When 
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increased, the penetration rate drops by 40%. The retention 
volume increased rapidly in the early stage from 13.7 mg to 
20.5 mg. After the hydroxypropyl guar gum concentration 
reached 5000 mg/L, the retention volume slowly increased 
to saturation. The increasing trend of penetration rate of 
damage is roughly consistent with the amount of retention. 
First, it rapidly increased from 14 to 36%, and then slowly 
increased to 39% to maintain stability.

Observation and analysis of electron microscope

From the scanning electron microscope image, it can be seen 
that in the ceramsite proppant placement belt after the use of 
hydroxypropyl guar gum solution, there is indeed the phe-
nomenon of hydroxypropyl guar gum molecular chain reten-
tion and molecular flocculation blocking the pore throat.

From the overall comparison in Fig. 4a, there are a large 
number of hydroxypropyl guar gum molecules on the surface 
and intergranular pores of the ceramsite after injury, which 
has two forms of chain and network structures, occupying 
a large number of pores; namely, flow channels. By further 
enlargement, as shown in Fig. 4b, the intergranular pores 
before damage have a larger pore size and better flow ability. 
After the hydroxypropyl guar gum solution is displaced, the 
guar gum molecular chains are entangled, curled and form 
flocs to stay in the pores, which seriously affect the con-
ductivity of the cracks. In addition, the degree of molecular 
chain entanglement is complicated, and the flocs are stable 
in shape and large in size, and it is difficult to be discharged 
back. Enlarged to a ceramsite as shown in Fig. 4c, the sur-
face of the ceramsite is uneven before injury; however, there 
is material retention. After the injury, the hydroxypropyl 
guar gum molecule with a network structure is obviously 
covered on the surface of the ceramsite. There are also some 
small-area flake guar gums. Although these hydroxypropyl 
guar gum molecules covering the surface do not significantly 
block the pore throats, they are present in almost all ceram-
site particles, which have a positive effect on the reduction in 

the pore volume of the entire porous medium and also cause 
proppant spreading. One of the main factors contributing to 
the decline of belt penetration. Enlarging the surface of a 
single ceramsite as shown in Fig. 4d, it can be seen that not 
only flakes and net-like hydroxypropyl guar gum stay on the 
surface of the ceramsite, but also chain-like entanglement. 
Due to the uneven surface of the ceramsite, the chain guar 
gum polymer is easy to hang on the surface. However, the 
contact force between them is very weak, and it is easy to be 
washed out of the proppant placement zone under a longer 
flowback time or a strong flowback displacement.

Test results and analysis of damage of fracturing fluid 
filtrate to core matrix and microfracture

The experimental results are shown in Fig. 5. The damage of 
filtrate to the matrix is not very strong, the core permeabil-
ity damage rate is 11.85–39.81%, and the average damage 
degree is 24.64%.

Using the same experimental process described above, 
the fracturing fluid damage experiment was conducted on 
the core filled with proppant. The experimental results are 
shown in Fig. 6. The damage of fracturing fluid to support-
ing fractures is higher than that to the core matrix, and the 
average damage rate of fractures is 47.6%.

It can be seen from the experimental results that the dam-
age of fracturing fluid to the sand-filled cracks is more than 
40%, and the maximum is 60%, indicating that the fracturing 
fluid seriously damages the sand-filled cracks.

Design results and analysis of pre‑acid system

Corrosion rate test results

The test results are shown in Fig. 7.
According to the evolution of rock dust dissolution rate 

with an acid concentration, and at the same time, it is con-
sidered that the pre-acid stays in the formation for a long 
time during the pre-acid fracturing construction process. 
Therefore, it is necessary to ensure that the acid solution 
effectively dissolves the rock and minerals and compares it, 
and also maintains a low pH value for a long time without 
causing secondary damage to the formation due to excessive 
acid concentration.

Evaluation results and analysis of retarded acid energy

(1) HCl and SA601 acidity curve analysis.
  From Fig. 8, the acidity curve of HCl has only one 

mutation point, and the mutation part of the curve is 
very steep, almost a straight line, indicating that HCl 
is a strong monobasic acid, and  H+ is in a fully ion-
ized state in the solution. The acidity curve of SA601 
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Fig. 4  The microscopic morphology of fracturing fluid adsorbed and retained on the surface of the proppant
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has multiple mutation points, and the mutation part is 
smooth, indicating that SA601 is a polybasic weak acid, 
 H+ is partially ionized in the solution, and there will 
be  H+ in the solution as  H+ is consumed during the 
process of adding NaOH, it gradually ionizes to achieve 
ionization equilibrium. Comparing the acidity curves of 
HCl and SA601 shows that the initial pH value of HCl 
is lower than that of SA601, that is to say  [H+] in HCl 
solution is higher than SA601. SA601 will gradually 
re-ionize  H+ with the consumption of  H+, while HCl 
will no longer ionize  H+.

(2)  Analysis of acidity curve of polyhydrogen acid system.
  The electrode potential measured by the antimony 

electrode indirectly expresses  [H+], that is, indirectly 
expresses the pH value of the solution. From Fig. 9,  H+ 
of the polyhydrogen acid system is also ionized step by 
step, and the curve change is relatively smooth, indi-
cating that the polyhydrogen acid also has buffering 
properties. Also, the figure shows that the initial pH 
of the solution increases with the increase of SA701, 
indicating that SA701 has also buffering properties.

Test results and analysis of inhibiting secondary 
precipitation

(1) Suppresses metal ion precipitation.
  Figure 10 shows that solution b is a clear and trans-

parent solution. Indicating that after the polyhydrogen 
acid chelates Ca2+, no precipitation is formed under 
acidic conditions, and the polyhydrogen acid liquid sys-
tem has good scale inhibition performance; after the 
solution is neutral, the solution is no longer transparent 
but does not delaminate, showing that the polyhydro-
gen acid still has a certain dispersion ability.
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  Take a certain amount of a, c, d solution and add cal-
cium red indicator to observe the color of the solution. 
From the three solution colors in Fig. 11, it can be seen 
that there is  Ca2+ in both solutions c and d, and there 
is none in the solution a, indicating that polyhydrogen 
acid affects metal ions. It has good chelating ability, 
which can effectively inhibit the precipitation of fluo-
rosilicate.

(2)  Inhibit silica gel precipitation.
  The experimental results are shown in Table 1.
  Table 1 shows that the chelating agent can effectively 

inhibit the formation of silica gel precipitation.
  Additionally, as shown in the comparison chart 

before and after adding a chelating agent to the Si ion 
standard solution (Fig. 12), a large amount of precipi-
tation is generated after heating the sample without 
chelating agent for 30 min, and the amount of precipi-
tation increases with the heating time. Although the 
sample without chelating agent has high Si ion con-
centration, the liquid is still very transparent after heat-
ing for 90 min, and the transparency of the liquid after 
heating for 120 min decreases and starts to precipitate.

Fig. 10  a, b, and c solution

Fig. 11  c, a and b solution of involve calred tracer agent

Table 1  Chelating agents inhibit 
silica gel precipitation

Sample 30 min 90 min 120 min

Si con-
centration 
(mg/l)

Silica gel 
precipitation 
(mg)

Si con-
centration 
(mg/l)

Silica gel 
precipitation 
(mg)

Si con-
centration 
(mg/l)

Silica gel 
precipitation 
(mg)

Without 
chelat-
ing agent 
(2000 mg/l)

1243.12 129.48 765.29 211.22 586.44 241.82

Add chelat-
ing agent 
(4000 mg/l)

3810.63 32.39 3613.13 66.18 3020.63 167.54

Fig. 12  Comparison diagram of 
Si ion standard solution before 
and after adding chelating agent
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Dissolution rate of proppant by pre‑acid

As shown in Fig. 13, simulating the formation temperature 
conditions and conducting research on the dissolution rate of 
proppant by acid shows that the dissolution rate of the prop-
pant by the acid solution is very low, and the acid treatment 
will not affect the proppant support capacity.

Test results and analysis of corrosion performance 
of pre‑acid system

The test results are shown in Table 2.
Figure 14 shows a photograph of the corrosion of the steel 

sheet by the acid solution (the left is the photograph before 
corrosion, and the right is the photograph after corrosion).

It can be seen from the test results that at 90 °C, under 
normal pressure and static conditions, 12% HCl + 3% HF 
and 8% hydrochloric acid will corrode the N80 steel sheet 
more severely. Corrosion is very weak.

Energy spectrum test results and analysis of minerals 
after reaction between pre‑acid and rock

See Table 3 for determination.
After the acid reacts with the rock, the mineral composi-

tion of the rock will inevitably change. The composition of 
the rock and mineral before and after acidification is ana-
lyzed through the energy spectrum to judge the change of 
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Table 2  Normal pressure static 
corrosion test results

Number Acid (280 ml) Temperature reflex (°C) Corrosion 
rate (g/m2h)

a 10%HCl 90 432.89
b 12%HCl + 3%HF 90 2097.70
c 3%HCl + 3%SA601 + 2%SA701 90 8.15
d 3%HCl + 3%SA601 + 3%SA701 90 11.58

Fig. 14  Corrosion photograph 
of steel sheet

Table 3  Determination of solid 
phase element composition after 
the reaction of each pre-acid 
with feldspar

wt%

Element C O Na Al Si K Ca F

Primitive minerals 4.54 40.83 6.68 11.03 33.28 2.45 1.19 0
After mud acid reaction 3.01 40.79 1.77 3.17 48.34 0 0 2.91
After polyhydroacid reaction 3.47 40.88 5.96 9.50 37.93 1.65 0 0.61
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the acid and mineral reaction elements, and to compare the 
damage degree of different acid on the rock. It can be seen 
from the above experimental results that there is no F ele-
ment in the original minerals, but F elements are produced 
in the minerals after the acid reaction, which shows that all 
sandstones will cause more or less damage after acidifica-
tion, but it is only harmful. The size is different. Compared 
with the acid solution system containing F element, poly-
hydrogen acid is obviously less harmful than the mud acid.

Experimental results and analysis of pre‑acid 
improving fracturing effect evaluation

Test results and analysis of pre‑acid reducing rock strength

(1) Measurement results and analysis of rock mechanical 
properties.

(a) The influence of acid concentration.
  The influence of different acid concentrations and 

different acid concentrations of the same acid concen-
tration on rock mechanical parameters (Young’s modu-
lus and breaking ratio) under the same acid injection 
rate (50PV) is shown in Figs. 15 and 16.

  It can be seen from Figs. 15 and 16 that as the acid 
concentration and the amount of acid injection increase, 
the Young’s modulus and Poisson’s ratio of the rock 
will also increase. Acidification pretreatment is effec-
tive in reducing the fracture pressure of the reservoir 
rock. However, when choosing the amount and strength 
of the acid solution, the selection must be made care-
fully to prevent the rock skeleton from collapsing.

(b) Stress–strain curve.
  Figure 17 is the stress–strain curve of the rock sam-

ple after acid treatment. It can be seen that the strength 
of the rock decreases after treatment. As the acid liquid 
dissolves part of the minerals in the rock, the porosity 
of the rock increases. In the initial stage of compres-
sion, there is an obvious compaction stage. In the fail-

ure stage of the rock, the axial deformation is greater 
than the axial deformation of the rock without acid 
damage.

(2) SEM test results and analysis.
  The SEM photograph before acid injection is shown 

in Fig. 18. It can be seen that the rock is relatively 
dense with occasional intergranular pores. Most of 
the primary intergranular pores are filled by chlorite, 
kaolinite or authigenic quartz, with a small number of 
intracrystalline dissolved pores.

  The SEM picture after acid injection is shown in 
Fig. 19. It can be seen that by reacting with the rock, 
the acid can dissolve the soluble and soluble minerals 
in the rock, and produce some intergranular pores and 
crystal-dissolved pores, which to an extent increase 
the rock pores and change the connectivity of the rock 
pores.

(3) Evaluation results and analysis of micro-pore structure.
  The pore throat distribution of different cores before 

and after acidification is shown in Fig. 20.
  After acid treatment, the acid liquid dissolves the 

fillings in the pore throat and part of the rock skel-
eton. Consequently, the effective pore throat number 
and diameter of the core are increased, which indicates 
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Fig. 18  SEM picture before 
acidification, a the rock is 
denser, with occasional inter-
granular pores, b the intergranu-
lar pores are filled with a large 
number of clay minerals, c clay 
minerals are wrapped around 
the substrate
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Fig. 19  SEM image after acidi-
fication, a acid dissolution holes 
are clearly visible, b partially 
insoluble clay minerals, c feld-
spar has crystal pores
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that the acidification played a role in improving the 
permeability of the core.

Experimental results and analysis of the effect of pre‑acid 
on viscosity expansion

See Table 4.

Experimental results and analysis of pre‑acid reducing clay 
expansion and particle migration

(1) Analysis of the composition of clay minerals before and 
after peracid
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Fig. 20  Comparison of the distribution of the front pore throat before 
and after core acid treatment

Table 4  Microstructure analysis results of fracturing fluid before and after encountering acid

Fracturing fluid Fracturing fluid plus acid gel breaking

It is obvious from the three-dimensional diagram of the fracturing fluid that the molecules of the fracturing fluid after adding acid are obvi-
ously smaller

It can be seen from the molecular size data that the number and size of fracturing fluid molecules after acid have become smaller

(2021) 11:1761–1780Journal of Petroleum Exploration and Production Technology 



1777 

1 3

  Table 5 shows the mineral composition analysis 
results of the rock samples before and after acid treat-
ment.

  Clearly, the results indicate that the absolute content 
of clay minerals is greatly reduced after the reaction. 
All the calcite is dissolved; however, only a small part 
of the chlorite, illite, and interlayer between illite and 
Mongolian remains. After the reaction, the clay miner-
als are mainly kaolinite, and most of the minerals that 
make the reservoir sensitive are consumed by the reac-
tion.

(2) Research on the influence of pH value on clay-swelling 
rate

  The experimental results are shown in Fig. 21.
  The above figure indicates that the stronger the acidic 

environment, then the better it inhibits clay expansion. 
At the same time, clay and iron ion stabilizers are added 
to the acid solution to prevent the secondary precipi-
tation of iron ions and the expansion and migration 
of clay minerals. Hence, improving the flowback rate 
of residual liquid and reducing the damage of residual 
liquid in the reservoir.

Results and analysis of pre‑acid cleaning matrix pores 
and supporting fractures

(1) Experimental results and analysis of pre-acid dissolving 
fracturing fluid filter cake.

  The experimental results are shown in Table 6.
  It can be seen that the residual acid after 2 h of 

reaction still has good dissolution performance on the 
fracturing fluid filter cake, which can better relieve the 
damage of the fracturing fluid filter cake to the perme-
ability.

(2)  Experimental results and analysis of pre-acid cleaning 
matrix pores.

  The relationship curve between K/K0 of core dam-
age and plugging removal effect test and pore volume 
multiple PV is shown in Fig. 22.

  The experiment is divided into two parts. The first 
part considers the core damage, while the second part 
considers the plugging effect of acid on the core. The 
core damage experiment indicates that the fracturing 
fluid entering the reservoir will inevitably cause dam-
age to the reservoir. The test is judged by the core per-
meability change, combined with the previous infrared 
spectrum experiment analysis, it shows that the fractur-

Table 5  XRD analysis results of core before and after peracid (whole rock analysis)

Nonclay minerals (> 4μ)

Absolute content Relative content

Quartz Potash feldspar Plagioclase Calcite

Before reaction 91.61 26.52 17.53 54.4 1.53
After reaction 95.33 30.47 18.06 51.47 0.00

Nonclay minerals (< 4μ)

Absolute content Relative content

Kaolinite Chlorite Illite Iraqi/
Mongolian 
layer

Before reaction 8.39 77.69 11.28 5.01 6.03
After reaction 4.67 83.20 9.15 2.15 5.51
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Table 6  Experimental results of dissolution of filter cake by acid 
solution (75 °C)

The acid solution is obtained by reacting the rock dust and the acid 
solution at the reservoir temperature for 2 h after filtering

Acid Weight before 
filter cake test 
(g)

Weight after 
filter cake test 
(g)

Corrosion rate%

Polyhydroacid 2.8762 2.5722 10.57
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ing fluid entering the reservoir will inevitably block the 
pores Roar.

  From the core plugging experimental results, the 
permeability of the reservoir increased after the acid 
liquid. Also, from the previous acid viscosity change 
data, it is known that the acid liquid can have a good 
gel-breaking effect on the fracturing fluid. The change 
of rate and the acid solution corrosion experiment 
know that acid solution can not only act on fracturing 
fluid but also dissolve reservoir minerals. Through the 
simultaneous effects of these two aspects, it has a good 
effect on removing plugging and increasing production.

(3)  Experimental results and analysis of acid cleaning for 
supporting cracks.

  The experimental results indicate that (as shown in 
Fig. 23) the permeability of the supporting fractures 
has greatly improved after the polyhydroacid cleaning, 
and the permeability increase rate is 50.0–53.2%. Thus, 
the fracture permeability recovery level is higher.

(4)  Microscopic experimental results and analysis of core 
damage.

  Figure 24 shows the infrared analysis spectrum of 
the experimental sample.

From the analysis of some characteristic peaks appearing 
in the spectrum, together with the properties of the frac-
turing fluid, we can deduce whether the fracturing fluid is 
adsorbed on the formation rocks, and whether the acid fluid 
has a destructive effect on the damage of the fracturing fluid 
through the following:

1. By comparing the original shape of the rock block with the 
infrared spectrum of the rock block after flowing through 
the fracturing fluid. The rock block after flowing through 
the fracturing fluid has two obvious wave crests at 2920.62 
 (cm−1) and 2852.2  (cm−1). Using the method of infrared 
spectrum characteristic analysis, this phenomenon should 
be the asymmetric stretching vibration Vas and symmetric 
stretching vibration Vs of methyl or methylene in the poly-
mer. It shows that after fracturing fluid, there is fracturing 
fluid to be adsorbed on the rock surface, indicating that the 
fracturing fluid damages the reservoir.

2. By comparing the infrared spectra of the original rock 
block with fracturing fluid and then hydrochloric acid, 
there is no peak or obvious peak at 2920.62  (cm−1) and 
2852.2  (cm−1). The spectrum of the rock block in the 
figure is almost the same as the original spectrum, indi-

Fig. 22  Experimental diagram 
of core damage and plugging 
removal
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cating that the damage of the fracturing fluid is obvi-
ously relieved under the action of the acid, and the acid 
system can remove the damage of the fracturing fluid.

Conclusion

1. In the process of fracturing, hydroxypropyl guar gum 
will adhere to the surface of proppant, and the molecular 
chains of hydroxypropyl guar gum will be retained and 

molecular flocs will block the pore throat. Finally, the 
permeability decreased. The pre-acid fracturing tech-
nology combines acid treatment and propped fracturing 
technology, which can not only play the advantages of 
conventional fracturing to reform the reservoir, but also 
solve its existing problems to a large extent.

2. According to the characteristics of pre-acid fracturing 
and the performance requirements of pre-acid system, 
research on pre-acid formula is carried out. A new type 
of polyhydric acid system was developed, which was 
mainly composed of main agent SA601 and side agent 
SA701.

3. Through the evaluation of fracturing effect, we found 
that the new type of acid system can effectively reduce 
the fracture pressure of formation rock, promote the 
gel breaking of fracturing fluid, effectively inhibit the 
expansion of clay, and remove the damage of fracturing 
fluid.
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