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Steering acid fracturing is a technique that improves the conductivity of carbonate reservoir. It is widely used in a carbonate
reservoir. However, due to the lack of comparative experiments, the application of steering acid to improve the fracturing results
is still unknown. Therefore, a series of true triaxial acid fracturing experiments were conducted to study steering acid fracturing
in carbonate reservoir. The carbonate specimens used in the experiment were from the Qixia group and Dengsi Member in
Sichuan, China. In this study, slick water, cross-linked gel, and self-generating acid were used as ahead fluid to cooperate with
steering acid. Experimental results show that (1) the low-viscosity ahead fluid with steering acid can result in more complex
fractures; (2) the complexity of fractures is influenced by natural fracture and the viscosity of the ahead fluid; and (3) based on
the 3D scanning results of the fracture surface, different ahead fluids will lead to different corrosion results. This study provides
useful suggestions on steering acid fracturing design and physical simulation experiments.

1. Introduction

Various development techniques applied to unconventional
reservoirs such as low-permeability reservoirs have received
increasing attention [1–5]. Carbonate reservoirs have lower
permeability and porosity as compared to conventional res-
ervoirs, which results in challenges for the conventional
development methods [6]. Because the carbonate content in
these reservoirs is high and it is easy to react with the acid,
the acid fracturing operation is usually used to stimulate
the carbonate reservoir to improve permeability and poros-
ity. However, compared with normal hydraulic fracturing,
it is hard to control the penetration distance caused by acid
solution in acid fracturing. The difficulty of acid fracturing
treatment is the leak off of acid which hampers the acid-
etched fractures to propagate and reduces the effective acid
penetration distance [7]. Therefore, it is necessary to design
some specific experiments that help to solve this problem.
For example, Wang et al. showed that self-generating acid
is highly compatible with gelled acid and self-diverting acid,
which suggests that self-generating acid can be used as the

ahead fluid in the experiment [4]. Hou et al. reported a suc-
cessful utilization of alternating acid fracturing, which used
self-generating acid as the ahead fluid to penetrate and cool
reservoir and gelled acid to deeply penetrate carbonate reser-
voir (FAN, et al. 2018). These studies provide a reference for
experiment design. Hou et al. introduced an innovative
method to realize the acid fracturing experiment based on
true triaxial experiment for the first time [8]. The study pro-
vides a way to digitally process experimental results.

However, there are many problems when applying
conventional experimental methods to steering acid experi-
ments. Steering acid has the advantages of low damage to res-
ervoir and simple construction process. The initial viscosity
of steering acid is low, but the viscosity will gradually increase
as the acid reacts with rocks. After the acid is injected into the
reservoir, it will first react with the carbonate rocks, and then,
the viscosity will gradually increase as the reaction proceeds.
It will have the large plugging strength, forcing the subse-
quent working fluid to turn to the low-permeability reservoir.
Moreover, as the fracture propagates, the acid viscosity of the
front end rises, affecting fracture propagation, which results
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in complex fracture networks. Thus, the large-scale triaxial
experiments are required to study steering acid fracturing
because the steering acid needs a sufficient fracture surface
area to complete chemical reaction. In addition, there are
many challenges for large-scale experiments, such as the leak
off of acid, high treatment pressure, high fracture tortuosity,
and occurrence of multiple fractures. However, currently,
there is little research about steering acid fracturing, and
the understanding of how to apply steering acid to hydraulic
fracturing needs to be improved.

In this paper, the experimental method of simulating the
laboratory injection stimulation was improved. Different
kinds of ahead fluid were used with the steering acid to acid-
ify and fracture the rock outcrop specimens of different reser-
voirs. The pump pressure curve during fracturing and the
fracture surface after fracturing were analyzed, so that the
influences of the steering acid in different periods of fracturing
can be understood. The different conditions to apply steering
acid were summarized. In one word, the study results can be
used to help improve steering acid fracturing design.

2. Methodology

2.1. Experimental Specimen. The outcrops used in the exper-
iment were from the Qixia group and Dengsi Member in
Sichuan, China. Fracture-vug carbonate rocks from the Qixia
group were used in experiment #1, #3, and #4, which involve
many natural fractures and vugs in the rock, as shown in
Figure 1(a). Matrix-type carbonate rock from the Dengsi

Member was used in experiment #2, which is characterized
by weak heterogeneity and less cracks and vugs, as shown
in Figure 1(b).

The physical parameters of experimental specimen are
illustrated in Table 1.

Outcrops were selected based on the integrity and distri-
bution of natural fractures. All specimens were cut into 300
× 300 × 300mm cubes. The specimens were drilled by an
impact-resistant bench drill to create a hole with a length of
170mm and a diameter of 14mm, which is used to simulate
a borehole. The size of the wellbore is shown in Figure 2(a). It
is 120mm long and fixed in the hole using a special glue with
high strength and good sealing performance. The bottom of
the wellbore was prefilled with a 50mm long high-
permeability foam filler to simulate the openhole completion.
The overall rock specimen is shown in Figure 2(b).

2.2. Experimental Fluid. The steering acid (Figure 3) has the
advantages of low damage to the reservoir and simple opera-
tion process. The initial viscosity of the steering acid is low,
but the viscosity will gradually increase after it is injected into
the reservoir [9]. The mechanism of this phenomenon is that
the acid will react with the carbonate in rocks.

Slick water (Figure 4(a)) is a kind of low-viscosity fractur-
ing fluid. Gel (Figure 4(b)) is a kind of high-viscosity fractur-
ing fluid. Self-generating acid (Figure 4(c)) is a fracturing
fluid used in ordinary acid fracturing. For slick water, its spe-
cial properties such as particularly low viscosity and ability to
generate complex fracture network in the shale reservoir have

Natural caves

(a)

Outcrop with no
fracture and vug 

(b)

Figure 1: Carbonate outcrop: (a) fracture-vug carbonate; (b) matrix-type carbonate.

Table 1: Physical properties of experimental specimen.

Property Fracture-vug carbonate rock Matrix-type carbonate rock Unit

Modulus of elasticity 33 35 GPa

Poisson’s ratio 0.2 0.2 —

Porosity 3.1 2.8 %

Permeability 0.1 0.1 mD

Compressive strength 102.01 103.78 MPa

Reservoir pressure coefficient 1.1 1.1 —

Coefficient of in situ stress difference 14–15 14–15 %
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been extensively studied [10]. Although vugs and natural
fractures in carbonate reservoirs might lead to the loss of slick
water, slick water still can be used in the acid fracturing treat-
ment as ahead fluid. For gel, it is widely used in shale hydrau-

lic fracturing. For acid fracturing, the gel can reduce the leak
off of acid [2]. For self-generating acid, it is widely used in
acid fracturing. Although its acidity in the beginning is not
obvious, acid-generating salt will form HCL by hydrolysis
reaction when it is injected into the wellbore. When injecting
self-generating acid into the reservoir, the acid will corrode
the formation and reduce rock fracture pressure. Tracer
was added into the experimental fluid to mark the fracture
surface clearly and accurately.

The parameters and formula of experimental fluid are
illustrated in Table 2.

2.3. Experimental Apparatus. The process of acid fracturing is
simulated by true triaxial simulation experiment system. The
experimental system consists of the following components: a
high pressure alternating injection system (Figure 5(a)), a tri-
axial pressure loading system (Figure 5(b)), and a data collec-
tion system (Figure 5(c)).

The alternating injection system performs hydraulic frac-
turing by pumping the fracturing fluid into the wellbore. The
triaxial pressure loading system can independently load the
specimen in three different directions. The data processing
system can display four pressures: x-axis pressure, y-axis
pressure, z-axis pressure, and injection pressure. All experi-
mental devices are resistant to acid and pressure.

2.4. Experimental Scheme. When horizontal stress difference
is relatively low, the fracture morphology is complex because
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Figure 2: Experimental specimen schematic: (a) wellbore; (b) experimental specimen. The parameters are shown in the figure. The wellbore is
120mm long and is fixed in the hole using a special glue with high strength and sealing performance.

Figure 3: Steering acid.
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it is mainly controlled by natural fractures. In addition, the
large vertical stress will reduce fracture pressure ([11]). How-
ever, the minimum horizontal stress has to be large enough to
eliminate the Poisson effect. Since the size of the specimen is
relatively small, the pump rate should be low to ensure that
the acid can fully react with carbonate. Hence, all experi-
ments are conducted with a vertical stress of 25MPa,
maximum horizontal principal stress of 20MPa, minimum
horizontal principal stress of 10MPa, and a pump rate of
10mL/min.

Note that various fracturing fluids were used in the
experiment to mix with the steering acid, so the experimental
scheme was designed with reference to the alternating injec-
tion experiments previously [12].

The experimental scheme is illustrated in Table 3.

3. Experimental Results and Analysis

3.1. Experimental Results

3.1.1. Distribution of Natural Fractures before Fracturing.
Natural fractures were roughly marked before the experi-
ment. The distribution of natural fractures in experiment
#1 is shown in Figure 6(a). There was a natural fracture about
15 cm away from the wellbore on the rock specimen. The
angle between the fracture and the wellbore was about 30°,
and the fracture extended to the center of the specimen.
The distribution of natural fractures in experiment #2 is
shown in Figure 6(b). There was a natural fracture about
15 cm away from the wellbore. The angle between the frac-
ture and the wellbore was about 70°, and the fracture extends
to the center of the specimen. The distribution of natural
fractures in experiment #3 is shown in Figure 6(c). There
was a natural fracture about 10 cm from the wellbore, which
was parallel to the wellbore and extended from the upper sur-
face of the rock specimen to the lower surface. The distribu-

tion of natural fractures in experiment #4 is shown in
Figure 6(d). There was a natural fracture about 15 cm from
the wellbore, which was perpendicular to the wellbore.

3.1.2. Analysis of Experimental Pressure. The treatment pres-
sure curves are shown in Figure 7. The pump rate is main-
tained at 10mL/min. The pressure profiles of experiment
#1, #2, #3, and #4 are compared. It is found that the
viscosity of the fracturing fluid is related to the fracture
initiation pressure. The fracture pressure varies as ahead
fluid changes. Note that points a, b, c, and d represent
fracture initiation pressures.

The sharp drop of treatment pressure represents frac-
ture initiation. The curve of experiment #1 is analyzed.
Fracture initiation pressure is reached at point a. In the
early stage of fracturing, the injection pump was out of
order and acid pumping was stopped. The pump pressure
slowly decreased. It indicates that the acid was seeping into
the rock mass. There is only one single peak on the pump
pressure curve, suggesting that the rock only experienced
one significant rupture.

In experiment #2, pressure dropped sharply after point b.
There is only one single peak on the pump pressure curve,
indicating that the there is only one main rupture in the rock.
There are pressure fluctuations at the end of fracturing, sug-
gesting that there are several peaks during the experiment.
After the fracture propagates thorough the specimen, the
pressure drops sharply.

In experiment #3, the treatment pressure curve shows the
fracture has interactions with the natural fractures and vugs.
After fracture initiation pressure is reached at point c, the
pressure fluctuates sharply. It is probably because many
small-scale fractures formed after the rock mass cracked.

In experiment #4, there is less pressure fluctuation, as
compared to experimental #3. Before the rock specimen

(a) (b)

Self-generating acid

(c)

Figure 4: Experimental fluid: (a) slick water; (b) gel; (c) self-generating acid.
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fractured, the pressure was maintained at around 25MPa
with small fluctuations. It suggests that the ahead fluid was
slowly reacting with the rock.

3.1.3. Analysis of Experimental Results. The results of experi-
ment #1 are shown in Figure 8. The direction of fracture is
indicated by the yellow arrows. Near the bottom of the well,
the acid seeped into the interior of the rock mass. After the
acid flew through the area, a clearly identifiable group of
dissolution vugs is formed in a multilevel dendritic shape.
The main acid-etched fracture was first parallel to the direc-
tion of the maximum horizontal principal stress. After a
certain distance, it intersected with the natural fracture and
then turned into the direction of the natural fracture. As a
consequence, a secondary fracture on the surface of the nat-
ural fracture was formed. Then, an acid fracturing turning
step occurred in which the fracture turned at the continuous
vugs. Subsequently, the fracture turned to the maximum hor-
izontal principal stress direction and continued to propagate.

The results of experiment #2 are shown in Figure 9. The
main fracture propagated in the direction of the maximum
horizontal principal stress. On the surface of main acid-
etched fracture, there was an acid-etched black deep groove
near the wellbore. In addition, there was another acid-etched
fracture at the rear end of the main fracture. The fracture was
perpendicular to the main fracture. The acid-etching phenom-
enon and a complex fracture network structure is obvious.

The results of experiment #3 are shown in Figure 10.
There was a two-wing vertical fracture that propagated along

the direction of the maximum horizontal principal stress.
One side propagated to the natural fracture and had an inter-
action with natural fracture, which eventually opened the
natural fracture. The other side propagated almost in a
straight line without a significant turning. After opening the
rock, it was observed that the surface area of acid-etched frac-
ture is large and the acid etching is obvious.

The results of experiment #4 are shown in Figure 11. The
fracture propagated in the direction of the maximum hori-
zontal principal stress. One side propagated to the boundary
of the specimen and the other side changed direction after a
certain distance. At the bottom of the wellbore, the acid-
etched fracture intersected with and propagated along the
natural fracture. The fracture surface was obviously etched.

3.2. Influence of Ahead Fluid on Acid Fracturing. The simple
schematic diagrams of the experimental results are shown in
Figure 12.

According to the results of experiment #1, it was not
satisfactory when steering acid was injected directly into the
reservoir for acid fracturing. This result was consistent with
previous research [13]. This was mainly because the subse-
quent acid solution would be prevented from flowing into
the small fractures in the formation after the acid viscosity
increased. The reaction range of the acid solution was small,
and the effect was poor. Therefore, it was necessary to inject a
certain amount of ahead fluid to mix with the steering acid.
Note that the compatibility between ahead fluid and steering
acid was significant for the effect of the acid fracturing. Thus,

Intermediate 
container

(a)

Platform

Pressure loading
board

(b)

Triaxial pressure

Data collection
system

(c)

Figure 5: Experimental apparatus: (a) alternating injection system; (b) triaxial pressure loading system; (c) data collection system. High
pressure alternating injection system can change fracturing fluid at any time during injection. The triaxial pressure loading system can
load the pressure on the surface of the specimen by hydraulic driving. The data collection system records the pressure values per second.

Table 3: Experimental scheme for the steering acid fracturing experiments.

Experiment number Rock type
Triaxial stress (MPa)

Pump rate (mL/min) Experimental fluid
σv/σH/σh

#1 Fracture-vug carbonate rock 25/20/10 10 Steering acid

#2 Matrix-type carbonate rock 25/20/10 10 Slick water + steering acid
#3 Fracture-vug carbonate rock 25/20/10 10 Gel + steering acid
#4 Fracture-vug carbonate rock 25/20/10 10 Self − generating acid + steering acid
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(a)

(b)

(c)

Figure 6: Continued.
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different experiments were conducted, with the same in situ
stress conditions and pump rate. Three kinds of ahead fluid
were used to mix with the steering acid. The results are
shown in Table 4.

Based on experiment #2, when the low-viscosity slick
water was used as the ahead fluid for acid fracturing, an obvi-
ous fracture diversion was found in the rock, and the fracture
network was complicated. However, for experiment #3, when
the high-viscosity gel was used as the ahead fluid for acid
fracturing, there was no obvious turning step. The acid-
etched fracture would directly connect to the natural fracture.
The fracture geometry is mainly affected by natural fracture,
and the fracture complexity of experiment #3 was low. Self-
generating acid can corrode carbonate reservoirs. Thus, when
self-generating acid was used as ahead fluid, the acid-etched
phenomenon of rock specimen was the most significant.
There were two fractures on both sides of the specimen in
experiment #4. One side propagated as a straight line, and
the other side has a diversion. The acid-etched fractures on
both sides connected to the natural fracture. Although the

(d)

Figure 6: Rock specimen before experiment: (a) specimen 1; (b) specimen 2; (c) specimen 3; (d) specimen 4. The picture on the left of each
group is the specimen photo, and the picture on the right is a perspective view picture.
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Figure 7: Experimental treatment pressure curve (four experiments were carried out under the same triaxial pressure and pump rate.)

Acid etched fracture
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Figure 8: Results of experiment 1. The direction of fracture is
indicated by the yellow arrows. The acid-etched fractures are
marked by red circle. The natural fractures are marked by green
circle.
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fracture complexity was not significant, the acid-etching phe-
nomenon was the most obvious.

The most complex fracture network forms when the low-
viscosity ahead fluid was mixed with the steering acid. This is
mainly due to the fact that as steering acid reacts with the
rock, the viscosity of the fluid rises, causing fracture diver-
sion. If the viscosity of ahead fluid is high, the fracture prop-
agation direction will mainly be controlled by the ahead fluid;
the effect of the steering acid is not significant. In the mean-
time, ahead fluid, due to its high viscosity, can flow into main
acid fracture and main natural fracture, but it is not easy for
the ahead fluid to enter the small fractures. Therefore, only
one secondary fracture is formed. Thus, the fracture com-
plexity is low. Based on the experimental results and analysis,
it is recommended to use slick water as the ahead fluid.

3.3. Influence of Natural Fractures and Vugs on Acid
Fracturing. In carbonate reservoir, it is common to observe
vugs and fractures. The interaction between artificial frac-
tures and natural fractures has been widely studied [14].
However, there are few studies on the influence of natural
fractures and vugs on acid fracturing. In the process of steer-
ing acid fracturing of carbonate formations, the distribution
of natural fractures and vugs is related to the final fracture
complexity ([15].). From the results of the comparative
experiment, the influence of natural fractures and vugs on
fracturing can be observed. In experiment #2, matrix-type
carbonate rock was used, which had less fractures and vugs
as compared to fracture-vug carbonate rock. However,
experimental results show a secondary fracture still formed
in different direction at the rear end of the main fracture.
In experiment #3, a different experimental fluid was used
on fracture-vug carbonate rock. The gel created a main frac-
ture during fracturing process. The main fracture did not
change direction until the natural fracture was reached, and
there was no turning step. It can be observed that natural
fractures and vugs affect the propagation direction of frac-
tures during acid fracturing. Compared with the viscosity of

the ahead fluid, natural fractures and vugs have less effect
on the fracturing. In one word, the major factor of forming
complex fractures is the viscosity of the ahead fluid.

In order to eliminate the effect of ahead fluid, fracture-
vug carbonate rock and steering acid were used during exper-
iment #1. Small vugs are observed randomly distributed
inside the fracture-vug carbonate rock. The experimental
results are shown in Figure 13. There are continuous vugs
near the bottom of the well. At the beginning, acid fractures
propagated along the direction of maximum horizontal prin-
cipal stress. When it touched the continuous vugs, it changes
propagation direction immediately and propagated along the
direction of vugs. Thus, a turn was observed to occur at the
continuous vugs, resulting in an acid fracturing turning step.
In one word, when the steering acid was used alone for acid
fracturing, it was easy to change the direction of fractures
under the influence of vugs or natural fractures.

In order to observe the effect of natural vugs on fracturing
fluid, a tracer was added in the experimental fluid. The results
of experiment #3 demonstrate a low fracture complexity, so
that it is highly possible that natural vugs have a significant
influence on the fracturing fluid. In experiment #3, the natu-
ral vugs in the rock specimen were distributed in two strips.
After the rock specimen was broken, the fracture surface
was observed to propagate along the direction of the maxi-
mum horizontal principal stress. Also, there were two clear
vug strips on the fracture surface. The results of experiment
#3 after the fracturing are shown in Figure 14. The surface
of vugs was dyed fluorescent green, because the fracturing
fluid traveled mostly along the vug strips and the acid reacts
with the vugs during the fracturing.

When acid fluid entered vugs, the pressure would reduce
drastically, due to the instantaneous expansion of volume.
Simultaneously, the acid reacted with the rock surface, and
the volume would be further enlarged. As more subsequent
fluid was pumped in, the pressure rose. Therefore, pressure
fluctuations were observed on the pressure curve
(Figure 15).

Acid etched fracture

Natural fracture

𝜎v

𝜎h

𝜎H

(a)

Acid etched fracture

Natural fracture

Acid-etched groove

𝜎v

𝜎h
𝜎H

(b)

Figure 9: Results of experiment 2: (a) external view; (b) internal view. The acid-etched groove is obvious, and the fracture complexity is high.
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It can be concluded that when the steering acid does not
mix with ahead fluid, it is easy for acid fracture to change
direction under the influence of natural fractures and vugs.
This is mainly because when the acid meets the fractures or
vugs, the surface area of the acid and rock contact increases
rapidly, the reaction is accelerated, and the viscosity
increased rapidly. Eventually, the direction of fracture prop-
agation changes. If the steering acid mixes with ahead fluid,
the complexity of fractures is affected by natural fractures
and viscosity of the ahead fluid. Generally, for rocks with
more vugs, the leak-off rate of fracturing fluid will be larger.

3.4. Influence of Steering Acid on Fracture Surface. During
acid fracturing, the acid will corrode the carbonate reservoir,
which is macroscopically evidenced based on the roughness
of the fracture surface. Previous studies have revealed that

the roughness of the fracture surface is positively correlated
with the conductivity (Rashnur M, et al. 2019). The higher
the roughness, the higher the fluid conductivity. The absolute
value of the Gaussian curvature can be used to characterize
the roughness of the surface, which actually provides the
degree of surface curvature. When the Gaussian curvature
of the surface changes fast, it indicates that the internal
variation of the surface is large, and thus, the roughness of
the surface is higher.

Take experiment #1 as an example. The fracture surface
is shown in Figure 16(a). The 3D image of fracture surface
(Figure 16(b)) was scanned by 3D scanning technology.

The area near the bottom of the well was selected. The
Gaussian curvature of each point on the area was calculated,
as shown in Figure 17. In order to display the relative size of
Gaussian curvature, different colors were used to mark, red

Acid etched fracture

Natural fracture

𝜎v

𝜎h𝜎H

(a)

Acid etched fracture

Natural fracture

Acid-etched groove

𝜎h

𝜎v

𝜎H

(b)

Figure 10: Results of experiment 3: (a) external view; (b) internal view. The acid-etched groove is obvious, and the fracture complexity is low.
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𝜎h
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Figure 11: Results of experiment 4: (a) external view; (b) internal view. The change in the direction of fracture is not obvious. Fracture
complexity is between experiment 2 and experiment 3.
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Figure 12: Perspective view of the distribution of fractures: (a) experiment 1; (b) experiment 2; (c) experiment 3; (d) experiment 4. Green
surfaces indicate natural fractures, and red surfaces indicate acid-etched fractures.
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for high Gaussian curvature and rougher surface and blue for
low Gaussian curvature and smoother surface. The result is
shown in Figure 17. The etching of the fracture surface by
the acid solution was uneven, so that the red spot areas
where the Gaussian curvature suddenly increased were dis-
tributed unevenly on the image. The analysis of the image
showed that the roughness of the continuous vug region
on the right of and below the wellbore was significantly
higher than that in the left region. It matched the observa-
tion that the steering acid mainly corroded the fracture on

the right of and below the well. The result is the same as that
of previous studies [16].

Similarly, other results are shown in Figure 18. According
to the above data processing flow, red spots represented
rough surfaces where Gaussian curvature is large, and the
blue spot was opposite. In the experimental results, there
were red spot concentrated areas on the fracture surface,
indicating that the surface was subjected to uneven etching
of acid. In the results of experiment #2 and #4, the red spots
on the surface of the fracture were evenly distributed. In

Table 4: Results of comparative experiments with different ahead fluid.

Experiment

Tri-axial
pressure
(MPa)

Experimental fluid
Degree of
fracture
diversion

Relationship between hydraulic
fracture and natural fracture

Fracture
complexity

σv/σH/σh

2 25/20/10 Slick water + steering acid High Crossing High

3 25/20/10 Gel + steering acid Low Diversion Low

4 25/20/10 Self − generating acid + steering acid High Diversion Medium

Continuous pores 
lead to fracture 
direction change

Figure 13: Continuous vug structure in experiment 1. There are continuous vugs on acid fracturing turning step.

Nature vugs

(a) (b)

Figure 14: Vug strip in experiment 3: (a) fracture surface picture; (b) schematic diagram of the relationship between vug strip and fracture.
Compared with other parts of the fracture surface, the vug strips have more fracturing fluid flow, and the wall absorbs more tracer.
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particular, there was no concentrated area of red spots in
experiment #4. The blue part of the fracture surface of exper-
iment #2 was the largest, and the red part of experiment 4 was
the largest.

The roughness of the fracture surface is affected by two
factors: internal vugs and acid corrosion. The results in
Figure 18 were analyzed. Experiment #2 used a matrix-type
carbonate rock, which was characterized by weak heteroge-
neity and less fracture vug structure. Therefore, compared
with other results, the fracture surface roughness was low,
and the acid-etching effect was uniform. Experiment #3 and
#4 used fracture-vug carbonate rock. Different kinds of ahead
fluid were used to cooperate with the steering acid. The
results of experiment #3 showed that the high viscosity ahead
fluid would result in uneven etching of the fracture surface.
In experiment #4, the self-generating acid can react with
the carbonate rock alone, so that the roughness of the frac-
ture surface was the largest among all the experimental
results. However, there was no uneven etching phenomenon

observed. Based on the above results, self-generating acid as
the ahead fluid is observed to have the best effect on fracture
surface modification, and a low viscosity ahead fluid is
recommended to form a uniform-etched fracture surface.

4. Discussion

In this paper, four acid fracturing experiments were carried
out. The different ahead fluids and different kinds of rock
are used to analyze fracture propagation in steering acid frac-
turing. It has been found that the results of acid fracturing are
best when the steering acid is mixed with the low viscosity
ahead fluid. This is probably because the low-viscosity ahead
fluid easily penetrates the small fractures or vugs in the reser-
voir. Therefore, the low-viscosity ahead fluid is more likely to
penetrate the small fractures in the reservoir, so that a bed-
ding plane of the deep carbonate reservoir can be activated.
Subsequent steering acid can fully react with the fracture sur-
face and seal the reservoir after penetrating a certain distance,
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Figure 15: Pressure fluctuation in experiment 3.
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Figure 16: Experiment 1 fracture surface: (a) fracture surface; (b) 3D scanning result. Select a certain area including the dissolution vugs on
the scanning result for subsequent processing.

13Geofluids



510

0 20 40 60
(a) (b) (c)

80 100 120 140 0

520

530

540

550

560

570

580

510

0 −40 −20 0 20 40

520

530

540

550

560

570

580

510

−60

520

1.55

1.54

1.53

1.52

1.51

1.5

1.49

1.48

1.47

1.46

1.45

540

560

580

−60 −40 −20 0 20 40

100

50

0

Wellbore
Rough area
Smooth area

Figure 17: Gaussian curvature of the selected area: (a) left view; (b) front view; (c) stereogram. There are more red spots in the red area,
indicating that the area has higher Gaussian curvature and a rougher surface. There are more blue spots in the blue area, indicating that
the area has a lower Gaussian curvature and a smoother surface.

415

410

1.55

1.54

1.53

1.52

1.51

1.5
1.49

1.48

1.47
1.46

1.45

420

425

430

435

440

445

200150100 50 100 150

Wellbore

(a)

570

565

1.56

1.54

1.52

1.5

1.48

1.46

575

580

40 20 0
−20

−40

6080 100

120

140

160

180

200

220

Wellbore

(b)

Wellbore
1.55
1.54
1.53
1.52
1.51
1.5
1.49
1.48
1.47
1.46
1.45

540
520

560
580
600

15010050

50

100

150

(c)
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causing the subsequent fracturing fluid to enter other weak
planes and open multiple fractures. If the viscosity of ahead
fluid is too high, the effect of steering acid on promoting frac-
ture complexity is not significant. If the ahead fluid is not
used, the steering acid can only react to the reservoir near
well bottom.

Based on the results of laboratory experiments, the work-
flow of on-site fracturing operation can be guided and
improved to create a more complex fracture network in the
target reservoir, which provides better fracturing efficiency.
It can also reduce fracture initiation pressure. This conclu-
sion supports the results of previous studies [17–19]. In field
fracturing operation, if steering acid is injected directly into
the wellbore, it will quickly react with carbonate rocks in
the formation. Eventually, the acid could not reach distant
natural fractures and fracturing efficiency will be unsatisfac-
tory. Therefore, low-viscosity ahead fluid, such as slick water,
can be regarded as a better choice. With the help of ahead
fluid, steering acid can reach further distance to improve
fracturing efficiency.

However, due to experiment limitations, there is no corre-
sponding visual experiment [20–22]. Therefore, no micro-
scopic understanding is obtained about the role of steering
acid in the interior of the rock. In addition, the pressure fluc-
tuation during fracturing is related to the injected liquid
amount and fracture volume. The pressure fluctuation caused
by the acid-rock reaction is determined by the absolute vol-
ume change. When the volume increases, the pressure fluctu-
ation will create additional pressure decrease. Otherwise, the
treatment pressure will increase. Subsequent research can be
conducted along this direction, so that the fracture volume
and the decrease degree of the fracture initiation pressure
can be evaluated according to the pressure fluctuation.

5. Conclusions

In this study, the carbonate rocks from Sichuan, China, were
used for laboratory large-scale triaxial acid fracturing exper-
iments to study the fracture initiation and propagation of
steering acid fracturing in carbonate reservoir. Different
ahead fluids were used for comparative experiments. Fractur-
ing fluids in this study were slick water, self-generating acid,
and the gel. They were made according to the field applica-
tion formula. The 3D scanning technique was used to obtain
the fracture surfaces roughness and helps to analyze the
results. The final conclusions are as follows:

(1) When low-viscosity ahead fluid is used with steering
acid or steering acid is used directly for acid fractur-
ing, it is easy for fracture to change propagation
direction under the influence of the natural fractures
and vugs and form complex fracture network. When
high-viscosity ahead fluid is used, the possibility to
change fracture propagation direction decreases, with
small influence from the natural fracture structure of
the reservoir

(2) Natural fractures influence the propagation of acid-
etched fracture. Natural vugs affect the penetrating

direction of fracturing fluid to influence acid-etched
fracture. The specimen with more vugs has large
leak-off rate of the fracturing fluid

(3) The acid will corrode the carbonate rock, which
results in a larger roughness of fracture surface.
Low-viscosity ahead fluid will cause the acid to evenly
etching fracture surfaces, while high-viscosity ahead
fluid will act the opposite. When the self-generated
acid is used as the ahead fluid, the fracture surface
roughness is the largest and there is no uneven etch-
ing phenomenon
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