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Due to its unique technological characteristics, coal mining and production often encounter an acid corrosion environment
caused by acid gases. Acid erosion and a series of chemical reactions caused by it often led to the deterioration of coal, rock,
support structure, etc. and induced serious safety accidents. To further explore the macro-mesoscopic damage evolution law and
failure mechanisms of rock masses under corrosion conditions through numerical simulation, a zonal refined numerical model
that can reflect the acid corrosion characteristics of sandstone is established based on CTand digital image processing (DIP). +e
uniaxial compression test of corroded sandstone is simulated by ABAQUS software. Comparing the numerical simulation results
with the physical experiment results, we found that the three-dimensional finite element model based on CTscanning technology
can genuinely reflect sandstone’s corrosion characteristic. +e numerical simulation results of the stress-strain curve and
macroscopic failure mode of the acid-corroded sandstone are in good agreement with the experimental results, which provides a
useful method for further studying the damage evolution mechanism of the acid-corroded rock mass. Furthermore, the de-
formation and damage evolution law of the corroded sandstone under uniaxial compression is qualitatively analyzed based on the
numerical simulation. +e results show that the rock sample’s axial displacement decreases gradually from top to bottom under
the axial load, and the vertical variation is relatively uniform. In contrast, the rock sample’s removal gradually increases with the
increase of axial pressure, and the growth presents a certain degree of nonuniformity in the vertical.+e acid-etched rock sample’s
damage starts from both the end and the middle; it first appears in the corroded area. Moreover, with the displacement load
increase, it gradually develops and is merged in the middle of the rock sample and forms macroscopic damage.

1. Introduction

With the development of the economy, the scale of engi-
neering construction such as deep earth resource exploi-
tation, railway tunnel infrastructure construction, and urban
underground space development continues to increase
worldwide. +e safety problems caused by the corre-
sponding complex engineering-geological environment
have become increasingly prominent [1–5]. Due to their
unique technological characteristics, coal mining and pro-
duction often encounter an acid corrosion environment
caused by acid gases. Acid erosion and a series of chemical
reactions caused by it often led to the deterioration of coal,

rock, support structure, etc. and induced serious safety
accidents [6–11]. +erefore, the research on the mechanical
properties and failure mechanism of coal, rock, and struc-
ture under acid corrosion conditions has been widely
concerned by scholars [7–24].

In studying the influence of acidic environment on rock
materials’ mechanical properties, scholars at home and
abroad have made many explorations and achieved many
results. In the early days, Feucht and Logan [15] studied the
influence of different chemical solutions such as CaCl2,
NaCl, and HCl on sandstone’s mechanical properties
through triaxial compression tests and analyzed the mi-
croscopic characteristics of sandstone surface under
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chemical corrosion based on SEM. Hutchinson et al. [16]
combined chemical experiments and SEM to study degra-
dation laws of different forms of acidic substances on rock
masses and discussed and established a corrosion theory
based on chemical formulas and dissolution principles.
Based on laboratory and field tests, Jiang et al. [7] and Sracek
et al. [17] studied the macromechanical damage effects of the
slope rock mass corroded by acid mine drainage (AMD).
Taking calcareous sandstone and limestone as the objects,
Han et al. [18] and Wang et al. [19] discussed the chemical
corrosion mechanism from hydrochemistry through the
erosion tests of different hydrochemical solutions. +ey il-
lustrated the relationship between microstructure change
and macromechanical properties of rock mass based on the
porosity change and energy conversion. Feng et al. [20]
applied the CT real-time scanning technology to study the
mesomechanism of the sandstone’s failure under triaxial
compression and chemical erosion and established the
corresponding damage variable model. Huo et al. [21, 22]
and Li et al. [23, 24] analyzed the effects of different acidic
environments (acid solution composition, pH, temperature,
and pressure) on the physical and mechanical properties of
sandstone through laboratory acid corrosion tests. +ey
deduced the damage variables of acid-corroded sandstone
based on CT numbers and established the acid-corroded
sandstone’s statistical damage constitutive model.

+e current research on the mechanical properties of
rock under acid corrosion is mainly concentrated on lab-
oratory macro-mesoscopic tests and theoretical model
derivation. However, there has been little discussion about
numerical simulation. +e experimental instruments and
technical means mostly limit the overall research. +erefore,
it is necessary to explore a refined numerical model that can
accurately reflect rockmass internal structure changes under
acidic corrosion and further reveal the macro-mesoscopic
damage evolution laws and failure mechanisms of rock
masses under corrosive conditions through the corre-
sponding numerical experiments.

As a nondestructive scanning technology, CTcan perform
high-resolution imaging of the sample without destroying the
sample structure, providing a powerful means for recon-
structing the three-dimensional numerical model that can
truly reflect the internal structure of the sample. Wang et al.
[25], Yang et al. [26], Wang et al. [27], Du et al. [28], Chen
et al. [29], Sun et al. [30], and Obara et al. [31] used CT
scanning technology to reconstruct the three-dimensional
microstructure of coal, coal-rock, rock mass, concrete, and
othermaterials.+ey conducted the corresponding numerical
simulation studies to verify the CT three-dimensional re-
construction numerical simulation technology’s effectiveness
in describing structural damage evolution and fracture
characteristics.

+erefore, in this paper, a partitioned finite element
model that can reflect the acid corrosion characteristics of
sandstone is established based on CT and DIP. +e uniaxial
compression test of corroded sandstone is simulated by
ABAQUS software. Moreover, the accuracy of numerical
simulation is verified by comparing it with the experimental
data. Finally, the deformation and damage evolution law of

the corroded sandstone during uniaxial compression were
studied based on the numerical simulation.

2. Experiment

2.1. Rock Sample Preparation. +e rock samples were taken
from hydraulic engineering in Shaanxi Province and iden-
tified by X-ray diffraction experiment as cinereous fine-
grained calcareous lithic arkose. +e samples are mainly
greyish white in appearance with few nodules, there are
fewer yellow-brown and grey-brown interlayers in some
rock samples, and 0.3∼1mm pores exist in some rock layers.
To ensure the unity of mineral composition and structure of
rock samples, the strata of rock samples are distributed
horizontally. All samples are taken from the same rock mass.
According to the requirements of Standard for Test Methods
of Engineering RockMass, the rock sample is processed into a
standard cylinder with a diameter of 50mm and a height of
100mm, as shown in Figure 1.+e allowable deviation of the
height-diameter ratio, the nonparallelism of the two ends,
and the verticality of the rock specimen’s axis to the end face
are less than 0.3mm, 0.05mm, and 0.25°, respectively [32].
Before the test, the initial mass and wave velocity of rock
samples were tested (Figure 2), and rock samples with large
deviations in mass and wave velocity were removed. +e
range of rock mass for the test was 522.32～528.2 g, and the
wave velocity range was 2933～2965m/s.

2.2. Laboratory Acid Corrosion Experiment. Considering the
acidic environment’s complexity, hydrochloric acid (HCl),
which has a noticeable corrosion effect [22], was selected to
simulate the acidic environment. +e same container was
used to prepare the same volume of pH� 1 HCl solution
under room temperature and airtight conditions. +e pre-
pared standard rock samples were immersed in the above
acidic solution for corrosion test. +e experiment was di-
vided into six stages (180 d), every 30 days for one step. To
obtain a good corrosion effect in a relatively short time, the
saturated solution was renewed every 30 days during the test
(the type and pH of the replacement solution were un-
changed). +e soaking container is made of a ground glass
beaker and sealed tightly to prevent dust, carbon dioxide,
and other impurities from entering.

2.3. Uniaxial Compression and CT Scanning Experiment.
When the soaking time reached 30, 90, and 180 days, the
samples were taken out for the uniaxial compression test,
and the CTscanning test was carried out on the marked rock
samples.

+e uniaxial compression test was completed in theMTS
laboratory of Xi’an University of Science and Technology.
+e static loading rate of 0.05mm/s was used to carry out the
uniaxial compressive strength test. +e uniaxial compressive
strength of sandstone corroded by acid solution in different
periods was measured. +e phenomena in the test process
were recorded in detail, and the test data were analyzed. +e
uniaxial compressive stress-strain curve of rock samples was
obtained.

2 Shock and Vibration



Philips Brilliance 16 spiral CT machine from Cold and
Arid Regions Environmental and Engineering Research
Institute, Chinese Academy of Sciences (CAS), was used for
CT scanning test, which is composed of the detector, X-ray
source, rock sample placement platform, data acquisition,
image processing system, etc. +e corresponding working
principle is shown in Figure 3. Before the CT scanning test,
the rock sample is placed on the sample placement platform.
+e X-ray source rotates 360° around the rock sample at a
specific set speed, and the rock sample placement platform
can also move along a specific track at a certain set speed.
+e X-ray detector receives the X-ray emitted X-ray source
after penetrating the rock sample and images the rock
sample after computer calculation and transformation. t, the
axial scanning layer thickness of the rock samples, is 3mm.
Each rock sample can obtain 40 scan slices in DICOM
format with a reconstruction matrix of 1024×1024, of which
33 CT images are valid. +e final effective CT image voxel is
0.068× 0.068× 3mm3, and the number of pixels after clip-
ping is 735× 735� 540,225. For example, the CT image of
the middle layer (the 16th layer) of the rock sample after the
action of the HCl solution for different periods is shown in
Figure 4.

3. Reconstruction of Three-Dimensional
Mesomodel of the Acid-Corroded Sandstone
Based on CT Image

3.1. CT Image Processing. It is necessary to process the
original CT images effectively. +erefore, Image J software is
applied to cut the cross-sectional CT images of the rock
sample.+e information that has nothing to do with the rock
sample is removed to reduce the image memory and im-
prove the calculation efficiency. Based on C++ program-
ming, the artifact information in the CT image is corrected
to eliminate the abnormal appearance unrelated to the rock

sample and ensure that it can genuinely reflect the meso-
structure and composition of the cross-section of the acid-
etched rock sample. Finally, through Image J software, the
preprocessing operations such as contrast enhancement,
filtering, and denoising are carried out to achieve the image’s
best visualization effect for the following analysis and ob-
servation. +e corresponding processing processes and
outcomes are shown in Figure 5.

3.2. 3ree-Dimensional Mesoscopic Model Construction.
+e digital image is composed of a series of square pixels, and
the square grid is used to characterize the two-dimensional
structure of the material. +e cube grid can establish the
three-dimensional structure of the material [29–31]. Het-
erogeneous materials such as rock are all continuous solid
materials. In the reconstruction process, it is assumed that the
slice image can represent themicrostructure of amaterial with
a minimum thickness of t. If t is extremely small, the error of
the microstructure characterization can be ignored. Several
slice images are arranged and superimposed in the depth
direction according to the scanning order. +en, they can be
converted into a three-dimensional cuboid grid that can
represent the three-dimensional microstructure of the entire
specimen. +e image’s information can be converted into the
data required for modeling to establish the three-dimensional
microstructure model of the material through the above
vectorization method. In this study, the CT scanning layer
thickness t is 3mm, the pixel size is 0.068× 0.068mm2, and
correspondingly, the voxel size is 0.068× 0.068× 3mm3. +e
three-dimensional vectorization principle is shown in
Figure 6.

+is paper uses MIMICS to construct the three-dimen-
sional mesoscopic model of the acid-corroded sandstone.+e
specific process is as follows. First, the CT image after pre-
processing is imported into MIMICS. +e boundary
threshold is selected, and the sandstone tissues in the

Figure 1: Standard rock samples for test.

Figure 2: Weighing and acoustic testing of rock samples.
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Figure 3: CT scanning schematic diagram of the rock sample. (a) +e scanning principle of Philips Brilliance 16 spiral CT. (b) Layered
scanning schematic diagram of the rock sample.

(a) (b) (c) (d)

Figure 4: CTscanning image of the middle layer of rock sample after different corrosion times. (a) pH� 1 HCl (0 d). (b) pH� 1 HCl (30 d).
(c) pH� 1 HCl (90 d). (d) pH� 1 HCl (180 d).

(a) (b)

Figure 5: Continued.
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corroded area and uncorroded areas are extracted. Subse-
quently, the extracted tissues are stored in different Masks. It
is improved by image repair methods such as Region growing,
Cavity fill, and Edit mask to remove redundant data, obtain
high-quality segmented images, and enhance the subsequent
model’s discrimination and accuracy. Finally, the three-di-
mensional reconstruction model can be obtained by vecto-
rizing and superimposing the segmented two-dimensional
CT image, as shown in Figures 7 and 8.

4. Verification and Analysis of
Numerical Simulation

4.1. Establishment of Finite Element Model. Meshing the
geometric model of materials to establish the finite element
model is essential before the finite element calculation. +e
paper uses Hypermesh to divide, inspect, and optimize the
model mesh. +e corresponding steps are as follows. First,
the sandstone model reconstructed in MIMICS is exported

(c) (d)

Figure 5: Two-dimensional CT image processing of acid-corroded sandstone. (a) Initial CT image in DICOM format. (b) Image cropping.
(c) Image artifact reduction. (d) Image preprocessing.
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Figure 6: Schematic diagram of three-dimensional vectorization of microscopic images of rock samples. (a) +e voxel unit. (b) +e
aggregate of single-layer voxel unit. (c) +e whole rock sample.
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in the form of an STL file. +en, the STL file is imported into
Hypermesh. +e warpage, aspect ratio, ratio of the maxi-
mum angle to the minimum angle, and broken elements of
the mesh elements are inspected and repaired in 2D. Sub-
sequently, the volume mesh model is generated. +e
warpage, squareness, and tetrahedral element collapse index
of the model elements are inspected and repaired in 3D.
After the mesh element inspection and repair are completed,
save the model in the required format.

+is paper selects the data of the sandstone corroded by
pH� 1 HCl for 90 days for simulation analysis. +e model
element adopts the modified quadratic triangle and tetra-
hedron element C3D10M. +e three-dimensional mesh
model of the acid-corroded sandstone repaired by Hyper-
mesh for finite element calculation and analysis is shown in
Figures 9 and 10. +e entire model is divided into 185,211
parts, including 88,801 corroded areas and 96,410 uncor-
roded areas.

(a) (b) (c)

Figure 7: Two-dimensional CT image of the acid-corroded sandstone after segmentation. (a) Corroded area selection. (b) Uncorroded area
selection. (c) Rock sample slice as a whole.

(a) (b) (c)

Figure 8:+ree-dimensional mesoscopicmodel of the acid-corroded sandstone. (a) Corroded area. (b) Uncorroded area. (c) Rock sample as
a whole.
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4.2. Selection of Constitutive Model and Parameters. +e
damage plasticity model of concrete in ABAQUS adopts
isotropic elastic damage combined with isotropic tensile and
compressive plasticity theory to characterize the inelastic
behavior of quasibrittle materials. It can accurately simulate
the mechanical behavior of quasibrittle materials such as
rock, concrete, gypsum, ceramics, and glass under mono-
tonic and cyclic loading [33–37]. +erefore, this paper
chooses it as the constitutive model of acid-corroded
sandstone.

+e flow potential in the model is calculated according to
the parabolic function model proposed by Drucker Prager.
+e flow potential function in the damage plastic model used
in this paper is shown in equation (1). In the equation, ψ is
the dilation angle in the p-q plane of the rock sample. It can
be obtained from the high confining pressure biaxial
compression test; ε is the plastic potential equation’s flow
eccentricity parameter; usually take 0.1.

G(σ) �

��������������

εσto tan ψ( 
2

+ q
2



− ptanψ. (1)

According to the research results of Lee and Fenves [37],
the modified yield surface function of the model is for-
mulated by equations (2)∼(5):

F �
1

1 − α
���
2J2


+ αI1 + βσmax + cσmax(  − σc0 (2)

α �
σb0/σc0 − 1
2σb0/σc0 − 1

, (3)

β �
σc0

σt0
(1 − α) − (1 + α), (4)

c �
3(1 − K)

2K− 1
. (5)

In the formula, σb0/σc0 is biaxial compressive strength to
uniaxial compressive strength of the material, which can be
measured by test; and K is the ratio of tensile meridian to
compressive meridian constant stress, which is used to
define the projection shape of the yield surface in the
deviatoric plane, as shown in Figure 11, Kc � 1 under
Drucker–Prager yield criterion, Kc � 2/3 under Rankine
formula, this simulation adopts 2/3 suggested by Lubliner
et.al. [38].

+e viscosity coefficient (μ) has little influence on the
calculation result, but it can improve the numerical calcu-
lation’s stability and convergence. By comparison of nu-
merical simulation, 0.005 is chosen.

In conclusion, based on the uniaxial compression test
data [22] and the suggestions of related literature [34–40],
and through numerical simulation optimization, the model
parameters of sandstone in the corroded area and uncor-
roded area are determined as shown in Table 1.

4.3. Boundary Conditions and Loading Process. To truly
simulate the uniaxial compression test conditions, steel
plates (discrete rigid bodies) are set at both ends of the rock
sample, and a reference point is created.+e displacement of
the steel plate at one end is constrained in X, Y, and Z

(a) (b) (c)

Figure 9: Finite element mesh model of acid-corroded sandstone. (a) Corrosion zone. (b) Uncorroded zone. (c) Rock sample as a whole.
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(a) (b) (c)

Figure 10: Profile of finite element mesh model of acid-corroded sandstone. (a) Corrosion zone. (b) Uncorroded zone. (c) Rock sample as a
whole.

Kc = 2/3Kc = 1

σ3 σ1

σ2

Figure 11: Projection of yield surface on the deviatoric plane.

Table 1: Numerical model parameters.

Division of
sandstone

Density
(g/cm3)

Young’s modulus
(MPa)

Poisson’s
ratio

Dilation angle
(°) Eccentricity σb0/σc0 K Viscosity

parameters
Corrosion zone 2.7 1983 0.200 25 0.1 0.9 0.667 0.005
Uncorroded zone 3.0 27812 0.305 15 0.1 0.7 0.667 0.005
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Figure 12: Uniaxial compression stress-strain curves of rock samples subjected to acid corrosion for 90 days.
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Figure 13: Continued.
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directions, while the steel plate at the other end can move
freely along the axial path of the rock sample. +e loading
rate is 0.002mm/step according to the displacement control
method.

+e TIE command is adopted to simulate the contact
relationship between the discrete rigid body and the model
to conform to the constraint effect of the laboratory loading
test on the rock sample. After the loading and the boundary

PE, max, principal
(Avg: 75%)
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(d)

Figure 13: Equivalent plastic strain nephogram. (a)+e initial stage of compression. (b)+emiddle stage of compression. (c)+e later stage
of compression. (d) Failure stage.

(a) (b) (c)

Figure 14: Macroscopic failure morphology of rock samples subjected to pH� 1 HCl for 90 days.
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constraint are set, the steel plate also is meshed, and then the
analysis and corresponding solution calculation are carried
out.

4.4. Simulation Results and Analysis

4.4.1. Simulation Effect Verification. To verify the simulation
effect of the reconstructed model, the results of the nu-
merical experiment and physical experiment were compared
and analyzed from two aspects: stress-strain relationship and
failure mode. +e stress-strain curve obtained by physical
experiment and numerical simulation is shown in Figure 12.
It can be seen that, under acid corrosion conditions, the peak
strength and elastic modulus of sandstone deteriorated and
decreased, the peak strain increased, and the line shape of the
compaction stage appeared concave. +e rock sample
showed specific softening characteristics [22]. +e coinci-
dence degree of the simulated curve and the experimental
curve is high, and the peak strength error between the
simulation and experiment is 0.7%. +e numerical simu-
lation method based on a three-dimensional reconstruction
model can better reflect the stress-strain relationship of acid-
corroded sandstone.

+e damage plasticity model in ABAQUS can reflect the
occurrence and development direction of material cracks
through the maximum principal plastic strain nephogram
(equivalent plastic strain nephogram). +at is to say, the
normal vector of the crack surface is parallel to the direction
of the maximum principal plastic strain and judges the crack
development of the material. Figure 13 shows the equivalent
plastic strain nephogram of the rock sample corroded by
pH� 1 HCl solution for 90 days. It can be seen that, under
the action of vertical load, the cracks mainly appear in the
end and the middle of the rock sample. With the dis-
placement load increase, the plastic zone gradually expands
from the center and forms the main crack 45° from the axial
direction. +e colour of the middle part of the rock sample
and the significant damage in the nephogram gradually
deepens, indicating that the crack gradually expands and
coalesces.

Figure 14 shows the failure modes of the rock sample in
the laboratory uniaxial compression experiment. Compared
with Figure 13, it can be found that the simulation results are
consistent with the results of the physical laboratory test.+e
macroscopic failure modes of the rock sample all start from
its middle position, extend obliquely downward, gradually
merge, and form visible failure. During the failure process,
the cracks expanded, developed irregularly from the inside
of the rock sample to the surroundings, and then formed
multiple failure cracks on the surface of the rock sample,
accompanied by different degrees of block dropping in the
ends of the rock sample.

+e simulation results of the acid-corroded sandstone
model established in this paper are in good agreement
with the physical experiment results from the above
analysis. It is feasible to establish the corresponding
numerical model based on CT images and study the
mechanical behavior and fracture mechanism of acid-
corroded rocks.

4.4.2. Deformation and Damage Evolution Analysis Based on
Numerical Simulation. +e feasibility of the model was
verified by the comparison between the numerical simula-
tion and physical experiment. +erefore, based on the
established numerical model, the displacement and damage
evolution law of acid corroded sandstone under uniaxial
compression load are further analyzed. +e corresponding
results are shown in Figures 15 and 16.+e figure shows that
the rock sample’s axial displacement decreases gradually
from top to bottom under the axial load, and the vertical
variation is relatively uniform. +e maximum displacement
appears at the top of the rock sample. With the increase of
the load, the displacement of the rock sample rises gradually.
Still, the increase presents a certain degree of nonuniformity
in the vertical, and this nonuniformity becomes more evi-
dent with the rise of the load. +e damage of the acid-etched
rock sample mainly starts from the end and the middle.
Moreover, with the displacement load increase, it gradually
develops and coalesces in the middle of the rock sample and
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Figure 15: Vertical displacement nephogram of rock sample subjected to pH� 1 HCl for 90 days. (a) +e initial stage of compression. (b)
+e middle stage of compression. (c) +e later stage of compression.
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forms macroscopic damage. By comparison, the rock
sample’s first damage areas are all in the outer corrosion
area, mainly because there are many pores and microcracks
in the corrosion area of the rock sample, which are relatively
weak, so the damage occurs first. When the load is applied,
due to the different elastic modulus and Poisson’s ratio of the
materials in the corroded and uncorroded areas of the rock
sample, the transverse strains produced are also different.
With the generation of tensile stress, when the tensile stress
is greater than the bonding strength, the microcracks form
and expand along the transition zone of adjacent interfaces
and finally merge.

5. Conclusion

+is paper uses CT scanning technology and digital image
processing technology to identify and characterize the
corrosion area of acid-corroded sandstone and the non-
corrosion area. With the help of MIMICS and Hypermesh
software, the three-dimensional digital model of the
material is reconstructed. +en, the corroded sandstone’s
uniaxial compression experiment is simulated and ana-
lyzed based on the reconstructed model combined with
ABAQUS software. +e results were compared with the
experimental laboratory results. +e following conclu-
sions can be made:

(1) Based on CT scanning technology and digital image
processing technology, the acid-corroded sandstone’s
three-dimensional mesomodel can be reconstructed.
Combined with the damage plastic constitutive model
in ABAQUS, the reconstructed model can well realize
the uniaxial compression experimental simulation
and accurately reflect sandstone’s corrosion charac-
teristics. It provides a feasible method for further
studying the mechanical behavior and damage evo-
lution mechanism of rock corroded by acid.

(2) +e numerical simulation results show that the rock
sample’s axial displacement decreases gradually from

top to bottom under the axial load, and the vertical
variation is relatively uniform. +e maximum dis-
placement appears at the top of the rock sample.
With the increase of the load, the displacement of the
rock sample rises gradually. Still, the increase
presents a certain degree of nonuniformity in the
vertical, and this nonuniformity becomes more ev-
ident with the rise of the load. +e acid-etched rock
sample’s damage starts from both the end and the
middle and first appears in the corroded area.
Moreover, with the displacement load increase, it
gradually develops and coalesces in the middle of the
rock sample and forms macroscopic damage.

(3) Being limited to the length and experimental con-
ditions, this paper mainly proposes and verifies CT
scanning technology feasibility in three-dimensional
reconstruction and numerical simulation of acid-
eroded sandstone. We discussed the deformation
and damage evolution laws of the corroded sand-
stone under uniaxial compression based on the
numerical simulation. However, this study lacks an
in-depth discussion of the acid-eroded rock masses’
damage evolution characteristics under triaxial
compression and during the corrosion process. In
the follow-up study, the scanning system can be
integrated with the corrosion process and loading
process to simulate the damage evolution of rock
mass under uniaxial and triaxial loads dynamically
and in real-time.
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Figure 16: Compression damage nephogram of rock sample subjected to pH� 1 HCl for 90 days. (a) +e initial stage of compression. (b)
+e middle stage of compression. (c) +e later stage of compression.
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