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�e air shafts of coal mines contain solid, liquid, and gaseous substances that corrode concrete under conditions of relatively high
temperature and humidity.�e coupling of various factors decreases the concrete strength and thus the bearing capacity of the air
shaft lining. In this study, concrete corrosion tests were carried out by simulating the complex environment of a coal mine air shaft
lining to study the variation in the concrete stress-strain curve. For corroded concrete specimens subjected to very low stress, the
microcracks and holes were closed, generating a large deformation, indicating severe concrete corrosion.�e longer the corrosion
time was, the gentler the initial slope of the curve. Finally, the uniaxial compression constitutive model of corroded concrete was
established based on the Weibull distribution of three parameters, and the model curve was compared with the experimental
curve. �is model can not only predict the change of the stress-strain curve of high-strength concrete in a coal mine air shaft
environment but also provide theoretical reference for the application of high-strength concrete in an air shaft environment.

1. Introduction

In coal mines, shafts are important channels through which
coal is lifted and materials and personnel are transported
during new well construction. Most deep mine shafts pass
through a deep alluvium layer that is 500 to 1000m thick or
more. Air shafts are mainly used for ventilation. �e deep
thick alluvium layer is often rich in water, and the high-
water pressure produces seepage, leaching, and leakage in
most air shafts. Some groundwater contains ions that are
corrosive to concrete (e.g., SO4

2-) and therefore the shaft
lining. During the mining process, coal mines release a large
amount of CO2 and gaseous media, such as HCl, that are
corrosive to concrete. �e mined coal also contains solid
media that corrode concrete. �e ventilation system allows
gaseous, liquid, and solid media to pass through the air shaft.
�e long-term coupling e�ect of the high temperature and

humidity conditions of the air shaft is the severe corrosion of
the air shaft lining [1–4], thereby decreasing the concrete
strength and the lining bearing capacity.

�us far, many researchers have studied the durability of
concrete. Yang et al. [5] studied the stress-strain constitutive
relation and established a constitutive model for concrete in
the saline soil region of western China under uniaxial
compression. �e e�ects of ion di�usion and chemical re-
action were also discussed, and a mechanical analysis was
performed. Zhou and Qiao [6] studied the tensile properties
and elastic modulus of ultrahigh performance concrete
(UHPC) under accelerated freeze-thaw cycles. Six series of
UHPC specimens were tested by a well-designed direct
tensile test (DTT) and the complete tensile stress-strain
response was obtained. Araghi et al. [7] studied the prop-
erties of concrete containing 0%, 5%, 10%, and 15% PET
particles as an alternative aggregate against sulfuric acid
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corrosion. *e study results showed that increasing the
concrete PET particle content only slightly decreased the
compressive strength, weight loss, and ultrasonic wave ve-
locity of concrete. Cefis and Comi [8] investigated the
mechanical properties of a concrete structure subjected to
external sulfate attack under partially or fully saturated
conditions. *e relevant model was verified by simulating a
scaled tunnel lining structure under an external sulfate at-
tack. Chen et al. [9] and Zhou et al. [10] used a three-point
bending test on concrete specimens to analyze the micro-
scopic properties of cementitious materials that deteriorated
under a simulated acid rain solution. *e results of these
studies showed that the deterioration of both cementitious
materials and concrete specimens under acid rain attacks is
mainly caused by the coupled effect of H+ and SO4

2-. Maes
and De [11] studied the resistance performance of concrete
and mortar against a combined attack of chloride and so-
dium sulfate. It can be concluded that chloride penetration
increases when the sulfate content increases at short im-
mersion periods, except for HSR concrete. Concerning the
sulfate attack, the presence of chlorides has a mitigating
effect. Wang et al. [12] examined the influence of acid rain
corrosion on the fracture toughness of concrete and found
that the concrete deterioration increased with time: a var-
iation curve of the fracture toughness with the corrosion
depth was produced. Sun et al. [13] conducted an experi-
ment on the diffusion of sulfate ions in concrete. *e ex-
perimental results were used to propose a novel diffusion
model of sulfate ions considering the evolution of sulfate-
induced conductive damage. Nie et al. [14] studied the strain
produced in concrete under the coupled action of pressure
and immersion in a sodium chloride and sodium sulfate
solution. Dynamic tests were conducted on the specimens,
and the test results were used in conjunction with statistical
damage theory and the Weibull distribution to establish a
stress-strain relation model of corroded concrete under
dynamic statistical damage. Han et al. [15] used the relative
dynamic elastic modulus to define the damage factor, es-
tablish the freeze-thaw damage model of tailings concrete
based on Weibull distribution, and put forward the specific
function form of two parameter Weibull distribution of iron
tailings concrete under freeze-thaw cycle and used themodel
to predict its life. Xin et al. [16] studied the effect of dolomite
powder on the freeze-thaw resistance of C30 and C45
concrete. Based on theWeibull distribution, a damagemodel
of concrete containing dolomite powder is proposed. *e
research study shows that under the same freeze-thaw
conditions, the damage degree of concrete treated with
dolomite powder is lower than that of the reference sample.
Tan et al. [17] compounded a silica fume and polyvinyl
alcohol fiber in concrete and comprehensively analyzed and
evaluated the strength change, mass loss, and relative dy-
namic elastic modulus change of concrete. *e Weibull
distribution probability model and GM (1, 1) model were
established. *e results show that both models can well
reflect the development of concrete damage under a freeze-
thaw environment.

*e aforementioned studies have mostly focused on the
properties of concrete materials or members under the action

of one or two factors, whereas the environment of a coal mine
air shaft lining is complex and subjected to the coupled action
ofmultiple factors. In this study, concrete corrosion tests were
carried out by simulating the complex environment of a coal
mine air shaft lining to determine the mechanical properties
of concrete. *e statistical damage theory was used in con-
junction with the Weibull distribution to establish a stress-
strain curve for corroded concrete.*e validity and feasibility
of the method were verified using test curves. *e model can
not only predict the change of the stress-strain curve of high-
strength concrete in coal mine air shaft environment but also
provide a theoretical reference for the application of high-
strength concrete in an air shaft environment.

2. Experimental Program

*e dimensions of each of the concrete specimens used in this
test were 100mm× 100mm × 300mm. *e concrete
strength grade and a number of the concrete specimens are
listed in Table 1. According to the on-site environmental
sampling and testing results, it is found that the internal
environment of the air shaft includes CO2
(2655.4–6910.5 ppm), HCl (22.6–63.9mg/m3), and SO4

2-

(1554.33–3390.80mg/l), which have a certain impact on the
concrete [1–4, 18]. *e natural environment of the air shaft
was simulated in the test using the similarity theory based on
the environmental characteristics of the air shaft. An artificial
climate chamber was used to simulate the internal envi-
ronment of the shaft lining, including the coupled environ-
ment of gaseous, liquid, and solid media and the temperature
and humidity. A soak environment was used to simulate the
external environment of the shaft lining. Table 2 shows the
environmental conditions of the specimens. Figure 1 shows
the artificial climate simulation and the test system.

Loading protocol: *e complete stress-strain curve test
of prismatic concrete blocks was carried out in the State Key
Laboratory for Geomechanics and Deep Underground
Engineering, China University of Mining and Technology. A
YAS2000 electrohydraulic servo universal testing machine
was used as the loading equipment. *e loading was carried
out according to the relevant protocol in the “Standard Test
Method for Mechanical Properties on Ordinary Concrete”
(GB/T 50081) [19], with a preload of 0.24 times the com-
pressive strength, followed by loading at 0.01–0.02mm/min.

3. Experimental Results and Analysis

3.1. Behavior under Applied Loading. *e results of the
uniaxial compression stress-strain test showed generally
similar failure modes in corroded high-strength concrete
prisms with different corrosion periods during the loading
process, with the following differences. Prisms with a rel-
atively short corrosion period and a relatively small extent of
corrosion exhibited similar failure characteristics to those of
an uncorroded prism member. However, for a prism that
was corroded to a relatively large extent over a long cor-
rosion time, a portion of the bottom edge of the specimen
was crushed during the compression process and there were
many tiny cracks in the crushed area. Before the load
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reached the peak compressive strength, no cracks were
clearly visible on the surface of the high-strength concrete
prism specimens. When the load reached the peak com-
pressive strength, fine and short longitudinal cracks
appeared on the specimen surface parallel to the long side of
the specimen. At this time, several discontinuous longitu-
dinal cracks continuously formed on the specimen surface.
*e prism specimen emitted a crisp sound while failing
under loading, and the residual strength of the prism
member disappeared. During the compressive failure pro-
cess of some prism specimens, a main crack occurred in the
diagonal direction. As the compression on the prism con-
tinued to increase, the first main crack propagated rapidly
and continued to increase in width, while local crushing
occurred at the bottom edge of some members. When the
prism failed, this main crack penetrated through the entire
specimen.*e failure modes of some of the prism specimens
are shown in Figure 2.

3.2. Experimental Stress-Strain Curve. It can be seen from
the stress-strain curves in Figures 3 to 5 that the stress-strain
curve of the uncorroded concrete is approximately linear

before the peak stress [20, 21], whereas two regimes can be
observed in the stress-strain curve of the concrete after
corrosion before the peak stress. *e first stage has a gentle
slope, whereas the second stage is almost linear and re-
sembles the stress-strain curve of the uncorroded concrete.
At the beginning of compression, the concrete prisms with
long corrosion times and relatively severe corrosion un-
derwent large deformations even under relatively small
stresses and the corresponding stress-strain curves had
relatively gentle slopes. *e results for high-strength con-
crete members with different corrosion periods show that
the longer the corrosion time was, the gentler the slope of the
initial curve, and the greater the strain under the same stress.
Beyond a demarcation point, the slope of the curve suddenly
increased approximately linearly, as in the rising section of
the stress-strain curve of the uncorroded high-strength
concrete prism, and the matrix of high-strength concrete
was elastically compressed. When the stress of the high-
strength concrete specimen approached the peak stress, a
cracking sound was heard as the internal crack of the
specimen propagated, but no macroscopic crack was visible
on the specimen surface.

*e gentleness of the curve slope before the demarcation
point is attributed to microcracks and holes in the corroded
concrete specimen. *e longer the corrosion time of the
concrete was, the more severe the corrosion, and the more
microcracks and holes formed. Even under very low stress,
the microcracks and holes in the specimen were closed,
resulting in a large macroscopic deformation. *e first
section of the curve was very flat, and the maximum initial
deformation occurred at a stress of approximately 1 to
2MPa. In the second section of the curve, the slope suddenly
increased and approached a constant value before 0.8 to 0.9
times the peak stress; then, the tangent modulus gradually
decreased as the stress increased. Beyond the peak stress, the
slope of the curve gradually decreased and started to change
from positive to negative values. *e plastic deformation of
concrete began to increase. As the strain continued to in-
crease, the curve became increasingly steep. At this point,

Table 1: Types and number of concrete specimens.

Type Concrete strength grade (standard curing for 28 days) Number of groups Remarks
1 C60 12

*ree specimens in each group2 C80 12
3 C100 12

Table 2: Settings for simulation of the natural environment inside and outside shaft lining.

Simulated
position

Environment settings

Test procedure TimeGaseous
environment

(ppm)

Acid mist
environment
(mg/m3)

Saline rain
environment (%)

Temperature and
humidity

environment

Internal
environment CO2/12,000 HCl/250 Na2SO4/10

Humidity 95%,
temperature 40 °C

Gas injection by spraying
two hours at a time, once

every two days 45 days
per cycleExternal

environment _ _ Na2SO4/15
Humidity 100%,
temperature 25 °C Soak

Na2SO4 concentration in mass percent.

Figure 1: Artificial climate simulation and system.
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Figure 2: Shear failure as the major failure mode of prism specimens.
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Figure 4: Stress-strain curves of C80 concrete. (a) Internal environment. (b) External environment.
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Figure 3: Stress-strain curves of C60 concrete. (a) Internal environment. (b) External environment.
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each microcrack inside the concrete propagated indepen-
dently without crossing or connecting with other cracks, and
no macroscopic crack was found on the prism specimen
surface. *is stage was correspondingly denoted as steady-
state microcrack propagation. As the displacement in-
creased, new microcracks were generated at the interfaces of
the coarse aggregates and cement mortar in the concrete
specimen and developed rapidly. Prism cracking was heard
intermittently. At this point, the internal microcracks
widened and continuously propagated and converged into
macrocracks on the concrete prism specimen surface. *e
first crack in the concrete prism specimen occurred in the
middle portion of the specimen and was approximately
parallel to the stress direction. *e crack developed
downward and diagonally as the displacement increased,
and the residual concrete stress decreased rapidly.

3.3. Establishment of the Damage Model. *e physical and
mechanical properties of concrete are generally highly
discrete. A very small amount of corrosion has a very
small effect on the concrete physical and mechanical
properties. In this case, it is very difficult to determine
variations in the constitutive behavior by testing only a
small number of specimens. When the concrete is cor-
roded to a relatively large extent, the physical and me-
chanical properties of concrete are damaged to a much
larger extent than in minimally corroded concrete, clearly
reflecting the damage characteristics of the constitutive
behavior of corroded concrete. *e uniaxial stress-strain
relations of corroded concrete exhibit both similarities
and differences for different extents of corrosion. Al-
though pure mathematical statistical models can be ob-
tained for the corresponding corrosion periods by fitting
test data, it is very difficult to establish a unified consti-
tutive model [22–24]. In this study, relations for concrete
with different corrosion periods and extents of corrosion

are analyzed in conjunction with a relevant theory of
damage mechanics to establish a uniaxial compression
constitutive model of corroded concrete.

Concrete is a heterogeneous multiphase particle com-
posite material formed by bonding coarse and fine aggre-
gates with cementitious materials. Different mineral
admixtures can also be used to produce high-strength
concrete. *erefore, the composition and distribution of
coarse and fine aggregates and cement paste in concrete is
highly random. Here, concrete is considered to be composed
of many tiny elements that are “macroscopically infinites-
imal” and “microscopically infinite” at the same time. A
“macroscopically infinitesimal” microelement is sufficiently
small to be considered a particle in continuous damage
mechanics, whereas a “microscopically infinite” microele-
ment is sufficiently large to include the many microcracks
and microdefects in the paste and at the interface. As a
composite material, the concrete interior consists of many
weak links of differing strengths, such that the strengths of
microelements are also different. *e fracture process of
microelements in concrete has been reported to follow the
Weibull distribution in many studies [25–28]. Based on
continuous damage mechanics, the damage variable in this
study is assumed to follow a three-parameter Weibull dis-
tribution, that is,

D � 1 − exp −
x − r

α
􏼒 􏼓

β
􏼢 􏼣, (1)

where α is a scale parameter, α> 0; β is a shape parameter,
β> 0; and r is a position parameter, which can be considered
as zero for stresses smaller than the peak stress.

In this study, the horizontal axis x reflects the strain,
such that

D � 1 − exp −
ε − r

α
􏼒 􏼓

β
􏼢 􏼣. (2)
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Figure 5: Stress-strain curves of C100 concrete. (a) Internal environment. (b) External environment.
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From the theory of continuous damage mechanics, we
have the following:

σ � E(1 − D)ε. (3)

Substituting (3) into (2) yields as follows:

σ � Eε exp −
ε − r

α
􏼒 􏼓

β
􏼢 􏼣. (4)

Taking the derivative of the equation above yields as
follows:

� E exp −
ε − r

α
β
[1−m

ε − r

α
􏼒􏼠 􏼡

β
⎡⎣ ⎤⎦. (5)

*e initial conditions and geometrical conditions are as
follows:

(1) ε � 0, σ � 0
(2) ε � εpr, σ � σpr
(3) ε � εpc, dσ/dε � 0.

*en, we can obtain the following:

β �
1

ln Eεpr/σpr􏼐 􏼑
. (6)

Finally, substituting the value of αandβinto (4) yields the
following:

σ � Eε exp −
1
β

ε − r

εpc − r
􏼠 􏼡

β
⎡⎣ ⎤⎦, (7)

where E is the tangent modulus corresponding to ε; εpc is the
peak strain; β is a shape parameter; and Epr is the secant
modulus of the peak point passing through the point εpr.

3.4. Outcome Comparison of Experimental Results and
DamageModel. In this study, Origin software was used to fit
the test data to determine the corrosion parameters. Formula

(7) was used to obtain the uniaxial compressive stress-strain
curve of the corroded concrete prism specimen, as shown in
Figures 6 to 8. For clarity, only test curves and curves from
the formula corresponding to periods 0 are compared in this
study, with the understanding that the following discussion
is also applicable to curves corresponding to the other pe-
riods. *e parameter values of the curve for concrete are
shown in Table 3. Refer to relevant papers [29, 30] and draw
the standard deviation diagram of peak stress as shown in
Figure 9.

It can be seen from Figure 8 that the stress-strain test
curve obtained from the experimental data is in good
agreement with the theoretically derived damage model
curve before the peak stress, but after the peak stress, the
experimental curve of concrete with strength grade C60 can
be close to the damage model curve, and the experimental
curve of concrete with strength grades C80 and C100 is quite
different from the damage model curve. *is indicates that
for low-grade concrete, the damage model curve well fits the
experimental curve before and after the peak stress; for
concrete of high-strength grade, the damage model curve fits
the experimental curve well before the peak stress but fits
poorly after the peak stress.

Generally, the higher the strength grade of concrete is,
the worse its ductility and plasticity will be. *e difference
occurring between the damage model curve and test curve
after the point of inflection in the descending section of the
stress-strain curve is mainly attributable to the switch of
the deformation mechanism of the concrete specimen from
fracture propagation to the slippage of the shear band when
the strain exceeds the point of inflection in the uniaxial
compression test of the concrete. In this case, the pressure
on the specimen is mainly provided by the occlusal force
caused by the friction on the slippage surface and the
residual strength of small concrete cylinders divided by
fractures. *e concrete damage constitutive model in this
study is established based on the theory of the parallel-bar
system and Weibull distribution. It discretizes a volume
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Figure 6: Comparison of test curves and curve from formula of C60 concrete. (a) Internal environment. (b) External environment.
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element into multiple parallel-bar elements and stimulates
microscopic damage based on the fracture of bar elements.
Meanwhile, because of the insufficient rigidity of the
testing machine and that it is unable to apply strain

(displacement) at a constant rate, concrete specimens with
higher strength grades are rapidly destroyed, and the slope
of the test curve increases rapidly. *e experimental curve
agrees poorly with the damage model curve.
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Figure 7: Comparison of test curves and curve from formula of C80 concrete. (a) Internal environment. (b) External environment.
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Figure 8: Comparison of test curves and curve from formula of C100 concrete. (a) Internal environment. (b) External environment.

Table 3: Every parameter value in the stress-strain curve of concrete (test curve).

Concrete strength grade Environment E

(×104MPa)
Epc

(×104MPa) σpc(MPa) εpc

C60 Internal environment 3.59 3.09 57.78 0.00187
C60 External environment 3.44 3.24 56.63 0.00175
C80 Internal environment 3.92 3.03 71.89 0.00237
C80 External environment 4.33 3.34 71.06 0.00213
C100 Internal environment 4.74 3.75 88.84 0.00237
C100 External environment 4.16 3.58 84.86 0.00237
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4. Conclusions

In this study, the corrosion tests on concrete were conducted
by simulating the complex environment in which the coal
mine air shaft lining is located. *e changes in stress-strain
curves of concrete were investigated. A uniaxial compressive
constitutive model of corroded concrete was constructed
based on the three-parameter Weibull distribution, and the
experimental results were compared with those of mathe-
matical equations. *e conclusions are as follows:

(1) A relatively short period and light degree of prism’s
corrosion results in the damage characteristics being
basically the same as those of the uncorroded prism
components; a relatively long period and severe
degree of prism’s corrosion results in partial
crushing at the bottom edge of the components
during the compression of the tested prism, with a
huge amount of tiny cracks emerged at the crushing
part.

(2) *e conditions of the uniaxial compressive test
process of the corroded prism are roughly the same
as those of uncorroded high-strength concrete al-
though some specialties exist. For the corroded
concrete specimen, microcracks, and holes close
under very small stresses and then produce a large
deformation. *e more severely the concrete is
corroded, the more salient this phenomenon be-
comes. *e longer the corrosion period, the flatter
the slope of the initial curve. When passing a certain
cut-off point, the curve grows in an approximately
linear proportion.

(3) *e uniaxial compressive constitutive model of
corroded concrete was constructed based on the
three-parameter Weibull distribution. *e theoret-
ical stress-strain curve of corroded concrete is similar

to the test curve before the peak stress point. *e
deformation mechanism of the concrete specimen
changes after the peak stress point. Under the in-
fluence of the stiffness of the testing machine, the test
ends faster, with a steeper slope in the descending
section.

For the corroded concrete, the corresponding uniaxial
compressive stress-strain curves might be obtained as long
as the parameters of corrosion are determined.
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