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Abstract: In order to study the weakening mechanism and mechanical behaviors of hard lamprophyre
of Carboniferous Permian coal-bearing strata in China’s mining area, lamprophyre samples were
subjected to static rock dissolution experiments with pH values of 0, 2, and 4. The acid corrosion
mechanism of lamprophyre was revealed from the weight changes of samples, characteristics of
solution ion concentration, and macro-mechanical properties. The experimental results show that
reaction occurred between lamprophyre and acid solution. With the increasing concentration of
H+, the reaction was more intense, the degree of acid etching was higher, and the weight loss
was greater. The internal damage induced by acid etching results in the slow extension of the
compaction stage of stress–strain curve of uniaxial compression, and the obvious deterioration of
mechanical properties of the lamprophyre. The uniaxial compressive strength of the lamprophyre
in the dry state is 132 MPa, which decreased to 39 MPa under the acid etching condition, showing
significant mudding characteristics. Dolomite (CaMg(CO3)2 with 19.63%) and orthoclase (KAlSi3O8

with 31.4%) in lamprophyre are the major minerals constituents involved in acidification reaction.
Photomicrograph recorded from SEM studies reveals that the dissolution effect was directly related
to the concentration of H+ in the solution. The dissolution effect was from the surface to the inside.
The small dissolution pores became larger and continuously expanded, then finally formed a skeleton
structure dominated by quartz. The content of K+, Ca2+, and Mg2+ in the solution after acid etching
reaction indicates that the acidified product of orthoclase is colloidal H2SiO3, which adhered to
the surface of samples during acid etching and hinders the further acidification of minerals. The
dissolution of dolomite and orthoclase under acidic conditions directly leads to the damage of their
structure and further promotes the water–rock interaction, which is the fundamental reason for the
weakening of the mechanical properties of lamprophyre.

Keywords: acid corrosion; lamprophyre; mechanical activation behavior; weakening mechanism

1. Introduction

Hard igneous rock formed by magmatic intrusion in many coal-bearing sedimentary
strata in China seriously restrict safe and efficient mining of coal resources. Using a case
study of the Datong mining area as an example, the intrusive range of lamprophyre is
30.5 km2 in Carboniferous Permian No. 3–5 extra thick coal seam of the mining area.
Igneous rocks occur at the top of coal seam in the form of layered rock dykes. From east
to west, the thickness of rock dykes decreases from 8 m to 0 m [1]. The main mineral
compositions of lamprophyre are orthoclase (31.4%), dolomite (19.63%), quartz (9.23%),
and clay minerals [2]. The uniaxial compressive strength of the lamprophyre is 132 MPa
in the dry state. The intrusion of lamprophyre causes the accumulation of elastic strain
energy of hard roof in the process of stress redistribution during the mining on No. 3–5
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coal seam, which will cause risks such as strong strata behavior and may increase the
risk of rock burst and sudden roof collapse [3]. At the same time, it induces difficulties in
advancing the working face of No. 4 coal seam [4]. In addition, the erosion of igneous rock
destroys the structure of coal and rock mass, bringing more challenges to supporting the
stability of mines [5]. The hard property of the lamprophyre is the main factor affecting the
mining of the coal seam in the invaded area—whether the lamprophyre is intruded into
the coal seam or into the roof of the coal seam. Therefore, the rupture and softening of the
hard rock strata are important means to understand that the above risks factors and the
weakening of its mechanical properties are the fundamental causes for solving the mining
engineering problems.

The weakening effect of traditional hydraulic fracturing is limited in the stress environ-
ment, with large thickness, dense texture, and high stress on the hard rock. Acidification is
more likely to cause the change of mineral composition and structure at the micro-fracture
of rock mass to achieve weakening effect [6]. Fracturing acidification technology has
become an effective method to solve the problem of hard rock fracture mechanism [7].
Therefore, studying the weakening mechanism by acidic chemical solution is important
for the development of engineering structures. Huo, Li et al. [8–10] studied the degrada-
tion of mechanical properties of sandstone and the effect of acid corrosion under variable
conditions and suggested that the concentration of cations such as K+, Ca2+, and Mg2+ in
acid solution played an important role in understanding the degradation factor of mechan-
ical properties in rock samples. Yao et al. [11] pointed out that the corrosion of Na2SO4
aqueous solution had different effects on the structure and composition of artificially de-
veloped fractured limestone. Feng et al. [12–15] studied the mechanical properties and
failure characteristics of sandstone, granite, and limestone to understand the effects of
chemical corrosion, and they analyzed the microscopic fracture behavior of rock which
underwent chemical corrosion. He, Guo et al. [16] studied the influence mechanism of
acid solution by making a comparison among the mechanical properties of limestone
which had undergone the static corrosion of gelled acid and viscosifying acid. Next, they
concluded that the difference of acid solution on the internal corrosion structure of rock
core was the fundamental reason for the difference of mechanical strength. Liu et al. [17]
studied the strength degradation of argillaceous sandstone after acid dry–wet cycles and
pointed out that acid environment had an obvious degradation effect on shear strength
of sandstone. Feng, Wang et al. [18–21] studied the mechanical properties of sandstone
under hydrochemical action and pointed out that the water–rock interaction tends to be
stable with the extension of soaking time under the limited hydrochemical environment.
Liu, Cui et al. [22–24] studied the microscopic characteristics of carbonate rock acid etching
and clarified the characteristics changes of microscopic pore structure in carbonate rock
before and after acid etching. Yang, Xue et al. [25] established igneous rock mechanics
parameters based on logging data inversion. However, there are relatively few studies on
the physical, chemical, mechanical properties, and acid etching mechanism of lamprophyre
after acid solution corrosion [26].

In this paper, the failure of mechanical properties of acid-etched lamprophyre is stud-
ied. The mechanical properties of lamprophyre undergoing static corrosion by acid solution
with different pH values are studied by a uniaxial loading mechanical test. Based on the
changes of cation concentration and pH value in acid solution, the acid-etch corrosions
of lamprophyre are explored, which provides fundamental guidance for the acid-etch
deterioration of rock mass, confronting the exploitation of coal resource in the area of
igneous rock intrusion.

2. Materials and Methods
2.1. Preparation of Samples

Rock samples in this test were taken from the lamprophyre intrusive layer of the
Permian coal measure strata in Datong mining area. The sampling and sample preparation
were strictly carried out in accordance with the coal industry standard of the People’s
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Republic of China GB 235615-2009-T. Among these standard samples of ϕ50 mm × 100 mm,
the samples without cracks and surface defects were selected, while the abnormal wave
velocity samples were eliminated after ultrasonic testing.

2.2. Test Procedures

The lamprophyre rocks of Carboniferous Permian coal measures strata in Datong
mining area were strongly carbonated. This rock is mainly composed of carbonated
mica, orthoclase, quartz, and other minerals. It is identified as carbonated quartz-bearing
monzodiorite based on the identification results of Taiyuan Mineral Resources Supervision
and Inspection Center of Ministry of Land and Resources. It is also called lamprophyre in
Tashan mining area. Dolomite (CaMg(CO3)2) and orthoclase (KAISi3O8), covering over
50%, are the main minerals of lamprophyre. Besides, a certain amount of quartz and
clay minerals (chlorite, kaolinite, illite, and montmorillonite) [27] are also contained. The
detailed mineral composition of lamprophyre is shown in Table 1.

Table 1. Mineral composition and content of lamprophyre.

Mineral
Component Dolomite Orthoclase Chlorite Loweite Montmorillonite Illite Pyrophyllite Quartz Pyroxmangite

Content/% 19.63 31.4 1.46 13.16 3.11 1.67 6.70 9.32 13.64

Dolomite and orthoclase efficiently react with acid solutions, which promotes sig-
nificant change in chemical composition. Therefore, it is feasible to soften lamprophyre
by acidification. In order to further quantitatively study the acidizing effect of H+ con-
centration of acid solution on lamprophyre and explore the acid etching mechanism of
lamprophyre, a static corrosion test of lamprophyre was designed, as shown in Figure 1.
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Twelve samples, after processing and screening, were selected for the present study
and divided into four groups. These four groups of samples were immersed in four different
types of solutions (deionized water, pH = 0, pH = 2, pH = 4) of 2000 mL for the static acid
etching experiment conducted for 480 h at room temperature (about 25 ◦C). During the static
acid etching, the pH value of each solution and the weight of the samples were continuously
measured by pH meter and electronic balance when the concentration of some cations in
the immersion solution was monitored. In addition, the mechanical properties and failure
characteristics of lamprophyre under uniaxial loading were studied [28,29]. Based on the
above data, the acidification mechanism of lamprophyre was analyzed.

3. Mechanical Properties Analysis
3.1. Stress–Strain Relation

The stress–strain curves of different samples under uniaxial loading were shown in
Figure 2. Table 2 shows the average peak stress and strength damage of samples of each
group. The dried samples were procured by drying samples in the oven under the condition
of 105 ◦C for 24 h. Samples of each group show the typical compaction—elasticity—plastic
yield—post-peak four stages of change characteristics. The post-peak curve stage was
gradually completed with the decrease of pH value. However, the compaction stage
and yield stage of the stress–strain curve gradually slowed down and extended with the
decrease of pH value. The total strain value of the compaction stage of the sample immersed
in pH = 0 solution was 1.5 times that of the dry sample. The ultimate strain of the whole
sample also showed an increasing trend. It indicated that the increase of acid etching holes
and cracks in the sample changed the microstructure of the lamprophyre. At the same time,
the properties of grains were changed. Acid etching softened the lamprophyre sample and
increased its plastic deformation.
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Table 2. Peak stress of different lamprophyre under uniaxial compression.

Peak Stress/MPa Peak Stress Damage/%

Drying 132 ± 4 0
Deionized water 111 ± 7 15.91
pH = 4 solution 82 ± 5 37.88
pH = 2 solution 65 ± 3 50.76
pH = 0 solution 39 ± 3 70.45

The fluctuation before the stress–strain curve is decreased and generally considered
to be caused by internal damage and the shear slip of weak surface. It can be seen from
Figure 2 that the increase of strain and the brittle characteristics of the samples in the drying
group samples were observed. Each group of samples after acid etching has significant
development of shear slip section. The shear slip section strain of the samples in the pH = 0
group accounted for 20% of the total strain. It can be seen that a large number of internal
damage and weak surfaces appeared in the lamprophyre samples after acid etching. Due
to the increase of pH value of acid solution, the pre-peak accumulation deformation energy
decreased significantly (the samples with pH = 0 were about 1/3 of the dry samples). The
change in structure and grain size of samples after acid etching led to the sudden decrease
of elastic strain energy accumulation ability of the lamprophyre samples. The post-peak
loss deformation energy gradually decreased (about 1/5). It indicated that the damage
dissipation energy and the damage severity decreased.

It can be seen from Table 2 and Figure 2 that the strength of the deionized water
treatment group was 21 MPa lower than that of the dry control group, and the peak
stress damage caused by the dissolution of minerals for cementation such as clays in the
lamprophyre was 15.91%. Under the same conditions, the peak stress reduction effect of
static acid etching samples was more obvious, and the peak stress damage increased with
the decrease of solution pH. The peak stress of the samples soaked in pH = 0 solution
mostly decreased. Its peak stress of uniaxial compression is only 39 MPa. It was only 35.13%
of the samples soaked in deionized water, and 70.45% lower than that of the samples of the
drying group.

As shown in Figure 3, the compressive strength of samples decreased linearly with
the decrease of pH value, and the degradation effect of acid solution on the lamprophyre
increased linearly with the increase of H+ concentration. It was the result of the weakened
of mechanical properties caused by internal damage. Due to the increase of H+ concentra-
tion, the corrosion effect on lamprophyre samples increased, the mass loss rate increased
significantly, the internal damage increased, and the mechanical properties deteriorated
prominently. The concentration of metal cations in the solution increased significantly.
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3.2. Weight Changes of Samples

Acid leaching of lamprophyre is an intensive process of diffusion controlled by water
absorption of rock and chemical reaction between rock and acid solution. It is a kind of
simultaneous binary process, coupled with physical and chemical actions on rock samples.
These effects can be reflected by testing the weight changes of samples. The cumulative
variation of weight of four groups of lamprophyre samples in the test are shown in Figure 4.
In addition to pH = 0, the increased stage of the cumulative change value of weight of other
three groups all showed the rule of exponential function. Then, the cumulative variation of
weight became a fixed value with the saturation of water absorption and the end of the
chemical reaction. Finally, the weight of the three groups increased compared with the
beginning of the test. The pH = 2 group increased by 3.5 g and the pH = 4 group increased
by 4.8 g. The weight of samples of deionized water control group only increased under the
physical effect of water absorption.
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In the solution of pH = 2, the weight of samples decreased in the first 24 h in the
dominant stage of chemical reaction. Due to the decrease of H+ concentration and the
consumption of reactive minerals on the surface of samples, the H+ penetration path was
prolonged, and the chemical reaction rate was reduced. At the same time, the corrosion
of the surface of samples increased the contact area between samples and water, resulting
in the acceleration of the absorption of water and the gradual increase of the weight of
samples. However, affected by the internal chemical reaction, the increase of the weight of
samples in this group was minimum.

In the solution of pH = 4, the water absorption rate was higher than the chemical
reaction that causes corrosion and weight loss rate. The weight of the sample increased
throughout the test. Affected by the chemical reaction corrosion holes, the final water
absorption was higher than that of the deionized water control group.

In the solution of pH = 0, the chemical reaction degree of the lamprophyre sample was
intense. The weight was basically linearly reduced. Finally, the weight loss of the sample
was more than 50 g.

The above laws showed that the lamprophyre samples showed obvious aboriginal
mineral dissolution under the acidification of strong acid solution, which causes an increase
in the porosity inside the samples. Compared with the deionized water control group, the
weight growth of the sample in pH = 2 solution was less than that in pH = 4 solution, which
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indicated that acidification destroyed the structural composition of the sample and further
promoted the water–rock interaction.

3.3. Failure Characteristics of Uniaxial Compression

The failure characteristics are presented as the final evolution state of internal micro-
cracks. The failure characteristics contain rich information, such as sample deformation
and force transmission path [30–33]. Therefore, it is of great significance to analyze them.
The lamprophyre rock was a typical hard brittle material in the experiment, but the acid
etching effect weakened its brittle characteristics significantly. As shown in Figure 5, the
failure characteristics of the sample immersed in pH = 0 solution were consistent with the
typical plastic failure. It was in the state of argillization [34]. The debris spalling occurred
at both ends of the sample at low stress. Finally, the main cracks were generated along the
central axis of the sample, leading to its loss of bearing capacity.
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Under the influence of a large number of acid etching holes on the surface and the
action of low axial load, severe plastic failure and particle spalling first occurred at both
ends of the sample. Before the overall instability, the deformation had not been transferred
to the central strain gauge position, and the strain in the middle position did not show
obvious change rules during the failure.

The failure of samples in the pH = 2 and pH = 4 solution immersion groups showed
typical shear failure characteristics. When pH = 2, shear spalling and failure instability
along the conical surface of the sample, and the central part of the sample was relatively
complete. When pH = 4, the surface of the sample was flaked off, and the whole sample
was broken into a large number of small pieces along axial cracks.

The samples in the drying control group had plate splitting failure. The samples were
broken into several pieces of plates along the axial direction. Rock burst, surface cracking,
and block ejection occurred during the loading process. The samples were highly broken.

According to the failure characteristics and strain variation of samples, it can be
found that the radial strains of different samples are similar. However, the axial strain
is significantly different. For the sample immersed in pH = 2 solution, the maximum
axial strain was not more than 1600. The axial strain of the sample immersed in pH = 4
solution was close to 2500. The axial strain of the dry sample reached 3500. It indicated
that a large amount of elastic strain energy was accumulated in the loading and unloading
process of dry lamprophyre samples, which is also the root cause of rockburst when
it is damaged [35]. However, the accumulation ability of elastic strain energy of the
sample decreased significantly. The samples changed from brittle failure to elastic–plastic
failure after acidification. The failure mode of the samples showed a weakening of the
fracture degree.
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4. Characteristics and Mechanism of Acid Erosion
4.1. Reaction Process and Phenomena

Carbonate in lamprophyre reacts with the acid solution as follows:

2H++CO2−
3 = CO2 ↑ +H2O (1)

Carbonate minerals participating in the reaction were dissolved. In addition, the
dissolution of clay minerals causes some insoluble particles that broke into small pieces to
fall off, which floated in the solution and eventually formed precipitation with insoluble
products of the reaction while the generated CO2 was escaping.

The lamprophyre samples were immersed in acid solutions with different H+ concen-
trations. At the beginning of the experiment, the diffusion of acid solution in the samples
played a leading role. Then, fierce chemical reactions occurred on the surface of the sample
in the strong acid solution. As shown in Figure 6, severe chemical reactions occurred in
the strong acid solution with pH = 0. A large number of bubbles were generated on the
sample and a large number of lamprophyre particles were carried during the escape of
bubbles. The solution was in a state of emulsion-white turbidity as a whole. The inten-
sity of reaction in pH = 2 solution was lower than that in pH = 0 solution. There were
bubbles on the surface of the sample and white particles suspended in the solution. In
pH = 4 solution, only a small number of bubbles attached to the surface of the sample were
observed, and the solution remained clear. There was no visible change in the samples in
deionized water. Therefore, it can be indicated that lamprophyre can react strongly with
acid solution—the higher the H+ concentration was, the more intense the chemical reaction
on the lamprophyre rock samples would be.
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With the increase of immersion time, the infiltration path of acid solution into the
sample was prolonged. Thus, the intensity of chemical reaction in strong acid solution at
this stage was weakened to some extent. The diffusion of acid solution was hindered by
the cement produced by pre-reaction and the water film during gas escape. In this process,
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the chemical action of acid solution plays a leading role. However, the dominant roles of
diffusion and chemical action constantly switched when a certain part inside the samples
was focused.

When pH = 0, there was still a large number of bubbles on the samples. It indicated
that there was still a continuous chemical reaction. Suspended particles were still visible
in the solution and the color of the solution changed from milky white to light yellow. A
thick layer of insoluble particle precipitation layer was visible at the bottom of the beaker.
In the solution of pH = 2, there were bubbles occasionally escaping from the sample, and
a small number of white particles suspended in the solution. The color of the solution
after etching became light green, and a thin precipitation layer covered the bottom of the
beaker. In the solution of pH = 4, the color change was not observed. There was a small
number of insoluble particles at the bottom. Due to water absorption of the samples in
deionized water, the color of the solution changed from initial grayish white to light yellow.
The precipitation at the bottom of the beaker and the color change of the solution shows
that the higher the solution H+ concentration was, the greater the overall mass losses of
samples caused by dissolution of mineral components would be.

The samples of each group were taken out and compared after the test. As shown
in Figure 6, in the solution of pH = 0, a large number of corrosion holes with different
depths could be seen on the surface of the sample. Some holes were connected into pieces.
The appearance of the samples was similar to that of the porous rock. The surface of the
samples was affected by the corrosion reaction of minerals such as dolomite and orthoclase.
The color of the surface changed from grayish white to grayish black. When pH = 2, the
corrosion holes could also be seen on the surface of the samples. However, the number
and size of the holes were decreased as compared with pH = 0 conditions. The color of the
samples changed to gray-black. When pH = 4, the smoothness of the surface of the samples
decreased. The color of local surface of the samples became gray-black. In deionized water,
the color of the surface changed from gray to light yellow due to water absorption.

4.2. The Changes of pH Value

The change of pH value is a spontaneous response to the change of solution H+ concen-
tration [36–38]. Its monitoring results can reflect the acidification process of lamprophyre
well. The monitoring results of pH value of each solution are shown in Figure 7. The
pH values of the four solutions showed an increasing trend until they gradually became
neutral. The decrease of pH in the early stage of the deionized water group may be caused
by the hydrolysis of strong acid and weak alkali salts in minerals. In the two solutions with
high H+ concentration, the acidification of lamprophyre was observed. At the beginning
of the test, there was a period of rapid pH growth which then entered a stable and slow
period towards the end. As the reaction continued, the pH change curve fluctuated and
increased, and the slope of the curve did not decrease significantly. It can also be seen that
in the reaction process of the samples, the dominant position of diffusion and chemical
action was continuously switching. The structural damage caused by chemical reaction and
the water–rock interaction caused by diffusion promoted each other and jointly affected the
acid corrosion process of lamprophyre. The pH value of the solution of pH = 0 and pH = 2
did not reach 7, which indicated that the acidification reaction was still slow. The deionized
solution and pH = 4 solution eventually tend to neutral, which can be considered as an
indicator of the end of acidification.
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4.3. Microstructure Characteristics of Scanning Electron Microscopy

The microstructure characteristics of lamprophyre samples under different concen-
trations of acid solution corrosion were obtained by EVO MA 10 Zeiss scanning electron
microscope. The results were shown in Figure 8. The lamprophyre samples were relatively
dense under natural conditions. When the magnification is 40 times, the surface of the
samples was flat and dense, and basically no voids can be seen. When the magnification is
500 and 3000 times, it is found that there are small pores in the local area of the samples
due to the difference of mineral composition.
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Observed corrosion cavity appeared on the surface of the sample after the lamprophyre
samples were eroded by the solution of pH = 0.5. It was more obvious that the corrosion
effect had been carried out to a certain depth inside the sample when the magnification
was 500 times. When pH = 0, compared with the solution erosion effect of pH = 0.5, the
corrosion degree of the sample was more serious. Almost all the surface of the sample was
corroded with holes. The uncorroded part was quartz mineral with a content of 9.32%.
The corrosion depth and range of internal minerals were significantly expanded, and the
damage degree of the sample was serious when the magnification was 3000 times. It
indicated that the dissolution effect was directly related to the concentration of H+ in the
solution. The higher the concentration was, the greater the degree of dissolution on the
lamprophyre samples would be. The dissolution effect on the samples was from the surface
to the inside. The dissolution pores became larger and continue to expand. Finally, the
skeleton structure, most of which was quartz minerals, was formed.

4.4. Variation Analysis of K+, Ca2+ and Mg2+ Concentrations

The mineral composition analysis of lamprophyre shows that the minerals involved in
acid solution reaction are orthoclase and dolomite. The chemical reaction equations are [39]:

KAlSi3O8+4H++H2O = K++Al3++3H2SiO3(colloid) (2)

CaMg(CO 3
)

2+4H+= Ca2++Mg2++2CO2 ↑ +2H2O (3)

Therefore, the acidification process of lamprophyre can be monitored by measuring
the concentration variation of K+, Ca2+ and Mg2+ in solution at different time periods. In
this regard, four kinds of solutions were sampled at 70 h, 140 h, and 210 h, respectively.
The concentrations of three ions in the solution were determined by inductively coupled
plasma emission spectrometer. The results are shown in Table 3 and Figure 9.

Table 3. Concentrations of K+, Na+, Ca2+, and Mg2+ in different solutions.

Soaking Solution
K+ Ion

Concentration
(mg/L)

Ca2+ Ion
Concentration

(mg/L)

Mg2+ Ion
Concentration

(mg/L)

Deionized water (70 h) 12.2 ± 0.6 19.4 ± 0.7 7.4 ± 0.4
Deionized water (140 h) 14.0 ± 0.4 23.4 ± 0.5 8.6 ± 0.3
Deionized water (210 h) 14.8 ± 0.3 26.1 ± 1.2 9.3 ± 0.2

pH = 0 (70 h) 9.2 ± 1.6 5594.4 ± 81.7 2778.2 ± 34.2
pH = 0 (140 h) 25.8 ± 2.2 8290.3 ± 96.3 4209.1 ± 56.1
pH = 0 (210 h) 16.2 ± 1.2 12,700.2 ± 245.3 6451.9 ± 275.3

pH = 2 (70 h) 3.5 ± 0.4 148.8 ± 2.1 74.4 ± 0.8
pH = 2 (140 h) 4.4 ± 0.2 156.4 ± 3.6 75.6 ± 0.3
pH = 2 (210 h) 10.5 ± 1.3 216.3 ± 7.3 93.4 ± 4.6

pH = 4 (70 h) 2.3 ± 0.4 5.4 ± 0.5 1.1 ± 0.6
pH = 4 (140 h) 3.7 ± 0.6 16.4 ± 0.4 1.9 ± 0.1
pH = 4 (210 h) 7.6 ± 0.4 15.2 ± 0.5 4.2 ± 0.2

It was found that the concentrations of K+, Ca2+, and Mg2+ in each solution increased
with the increase of reaction time. At the end of the experiment, the ion concentration
decreased with the increase of pH of the solution. The ion concentration in the solution
at pH = 0 was significantly higher than that in the rest groups. The concentrations of
Ca2+ and Mg2+ were 2~3 orders of magnitude higher than those in the rest groups. It
indicated that the acidizing dissolution of lamprophyre was positively correlated with H+

concentration. Dolomite played a leading role in the acidizing reaction of lamprophyre
under strong acid conditions. Mineral acid etching directly leads to structural damage and
further promotes water–rock interaction, which is the fundamental cause of weakening in
mechanical properties of lamprophyre.
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In the experiment, it was found that flocculent colloid attached to the surface of the
sample. Based on the chemical reaction equation of orthoclase and dolomite with acid
solution, it can be told that the colloid, generated by the reaction of orthoclase with H+,
was H2SiO3. The H2SiO3 colloid was directly adsorbed on the surface of the reactant,
blocking the continuous contact reaction between KAlSi3O8 and H+. The concentration of
K+ was two orders of magnitude lower than that of Ca2+ and Mg2+ in the ion concentration
measured at 210 h. It further confirmed the effect of H2SiO3 colloid on rock acid etching.
This was also the reason why dolomite with 19.63% content in lamprophyre was the main
mineral involved in acidification rather than the orthoclase with higher content. This
conclusion enlightens us that the way to prevent the formation of H2SiO3 colloid in the
acidification reaction of syenite is important to further improve the acidification effect when
using acidification to reduce the fracturing pressure of hard rock strata of lamprophyre.

In addition, the determination results at 210 h showed that the concentration of
Ca2+ in the acid solution at pH = 0 reached 1300 mg/L, and the concentration of Mg2+

was 6500 mg/L. The difference in the concentration of Ca2+ and Mg2+ indicated that in
the samples of lamprophyre, other minerals containing Ca2+ might be involved in the
acidification reaction.

4.5. Strength Weakening Mechanism

Dolomite and orthoclase are the main minerals of lamprophyre. They are also the
main minerals directly involved in the acidification reaction. As shown in Figure 10, strong
acidification occurs when dolomite encounters H+ and rapidly dissolves into Ca2+ and
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Mg2+. At the same time, CO2 bubbles are generated. The generation of bubbles accelerates
the dissolution of ions, further promoting the acidification reaction and the dissolution of
minerals. Meanwhile, orthoclase dissolves into K+ and Al3+ under the action of H+, which
thus leads to the dissolution of lamprophyre. Mineral dissolution caused by acidification
increases the contact area between mineral aggregates and solution and is beneficial to the
weakening of mechanical properties of lamprophyre samples caused by acidification and
water–rock interaction. However, with the progress of acidification, colloidal H2SiO3 is
gradually formed on the mineral surface and attached to the lamprophyre surface. With
the increase of the adhesive area of H2SiO3 colloid, the samples are gradually isolated from
the solution to inhibit the acidification reaction. It can be seen that the acid etching process
of lamprophyre can be divided into three stages. The first stage is the strong acidification
reaction stage accompanied by bubbles, which is the main stage of corrosion damage.
Secondly, there is the relatively stable stage of the interaction between acid etching and
water–rock. Finally, there is the stage of corrosion weakening, which is caused by the
adhesion of H2SiO3 colloid.
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This paper only concludes that the production of H2SiO3 colloid in the acidification
reaction hinders the further development of acid etching. How the influence of H2SiO3
colloid can be reduced on the acidification effect is still worth studying.

5. Conclusions

(1) Lamprophyre and acid solution easily generate a strong acid salt reaction. When
the concentration of H+ is higher, there would be an increase in the intensity of the reaction,
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the degree of acid etching, the dissolution rate, and the weight loss rate of minerals caused
by acid etching.

(2) With the decrease of solution pH, the acid etching effect significantly weakens the
brittle characteristics of lamprophyre, making it gradually argillization. The accumulation
ability of pre-peak elastic strain energy decreases significantly, and the severity of damage
decreases significantly during the loading process.

(3) The peak stress decreases linearly with the decrease of pH value, and the maximum
strength damage can reach 70% after acid etching of lamprophyre. The dissolution of
dolomite under acidic condition directly leads to structural damage. It further promotes
water–rock interaction, which is the fundamental reason for the weakening of mechanical
properties of lamprophyre.

(4) The acid etching process of lamprophyre can be divided into three stages: the
strong acidification reaction stage, the relatively stable stage of acid etching and water–
rock interaction, and the corrosion weakening stage caused by the adhesion of H2SiO3
colloid. When using acidification to reduce the fracturing pressure of hard rock strata of
lamprophyre, how to prevent orthoclase from producing H2SiO3 colloid in acidification is
important for the further improvement of acidification effect.
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