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Te mechanical property of deep complex jointed rock mass is a hot topic in rock mechanics. In order to grasp the deformation
and damage rules of through-going variable dip joint rock masses, the triaxial compression test and joint surface morphology scan
test were conducted on cylindrical specimens in dry and wet conditions under 0, 5, 10, and 20MPa water pressure. Trough these
tests, the deterioration law of rock samples under diferent pore water pressure in dry and wet conditions was studied.Te efect of
pore water pressure on the strength of saturated jointed rock sample is nonlinear. Te imposed pore water pressure can sig-
nifcantly increase the axial deformation of rock samples, and higher pore water pressure can facilitate the deformation de-
terioration of samples. When the pore pressure is high, the rock samples show the characteristics of sliding shear failure. Under
diferent pore pressure, the compressive strength of dry jointed rock is signifcantly higher than that of saturated jointed rock, and
the saturated rock is more susceptible to sliding in the joint plane than dry rock. Dry jointed rock samples have stronger
deformation ability than saturated jointed rock samples. Te change rate of the morphologic parameters and the distribution of
the failure cracks indicate that the stress concentration is evident in the middle of the joint plane.

1. Introduction

Reservoir earthquakes are one of the problems encountered
during water resource development and utilization. Tens of
thousands of earthquakes, large and small, have occurred
since the Tree Gorges Reservoir was impounded, and
nearly one-third of them [1, 2] are inextricably linked to the
local Gaoqiao Fault (Figure 1) [3–6]. Under the efect of
vertical load loading and unloading brought by the periodic
change of reservoir water, which triggers the increase of
elastic stress of the reservoir base rock, the rise in pore water
pressure is caused by the compaction of the rock pore, the
change of groundwater level, and the difusion of reservoir

water outside the reservoir area, and the deterioration of
mechanical rock properties leads to fault rupture and in-
duces reservoir earthquake.

Many scholars have studied the mechanical properties of
jointed rock mass, focusing on single jointed rock samples.
Nonhole connected jointed rock masses with diferent
connectivity rates exhibit anisotropic mechanical properties
under loading and unloading conditions [7], and the joint
direction has a greater efect on the strength and defor-
mation of the rock mass than joint connectivity [8]. Renani
established linear and nonlinear failure criteria using an
analytical model of rock masses with nonpenetrating joints
and predicted that increasing the joint strength and
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decreasing the joint shear strength would reduce the bond
and friction of rock mass strength [9]. In terms of the failure
mechanism of the jointed rock mass, Liu investigated the
fatigue mechanism of the jointed rock mass under cyclic
loading conditions from an energy perspective through
routine tests [10]. Te ductility of the joint with the mag-
nitude of the positive stress has a signifcant infuence on the
fracture roughness and residual shear modulus of the rock
bridge, which can be of great help in assessing the resistance
of the rock bridge to evaluate the stability of the rock ex-
cavation [11]. However, there are fewer studies on rock
masses with variable dip joints.

In terms of dry and wet states, current studies have
demonstrated that the mechanical properties of rock sam-
ples in water-saturated states deteriorate signifcantly [12].
Te deterioration of rock samples is exacerbated by the
water-mechanical-chemical coupling state of mechanical
loading and chemical interaction [13, 14]. Acoustic emission
signals indicated that various shear-tensile damage modes or
rock bridge modes occur in dry and saturated samples
during rock failures [15], and rock moisture properties afect
the peak strength, plastic deformation, and strength of rock
failure [16].

Nicolas et al. [17] suggest that water mainly afects the
difusion aspect of rock samples in the brittle phase and has a
more negligible efect on the peak strength. Tang [18] found
that the peak shear strength decreases in dry and saturated
fractures, where the shear parameter has a negative expo-
nential trend, but the mechanical properties evolve difer-
ently. Te difusion of pore water pressure causes the
activation of rock faults and the release of elastic energy [19],
mainly manifest as the decrease of strength and the dete-
rioration of deformation properties of rock masses. Li
[20, 21] found that the permeability of dolomite is positively
correlated with pore water pressure by the NMR technique,
and the strength and the deformation properties of sandy
slate decreased with increasing water pressure. Water
pressure afects cohesion, deformation modulus, and in-
ternal friction angle diferently. Te cohesive force decreases
sharply with the increased water pressure until the coherent
power is lost. In rock mechanics indoor tests, most studies

generalize natural joints as linear or planar, and the fugacity
form is either through joints or nonthrough joints
[11, 22, 23], which cannot realistically describe the actual
joints morphology and in fact, diferent strata and fractures
are primarily curved. Tis study simulates the rapid change
of pore water pressure in the rock layer triggered by the
short-time rise and fall of the water level in the reservoir area
under diferent dry and wet conditions of the original
stratum. Successive variable dip joints were set in the tuf
rock samples to simulate the real fracture orientation to
investigate the deterioration of mechanical properties under
pore water pressure. Te results can help understand the
mechanical properties and damage modes of faults when
rupture occurs, providing some reference to analyze the
cause of earthquakes in the Tree Gorges reservoir area.

2. Materials and Tests

2.1.Material andRock SpecimenPreparation. In this test, the
tufs of the Triassic Badong Formation near the Gaoqiao
Fault in the Tree Gorges Reservoir area were frst drilled
and core sampled into cylindrical rock samples with a di-
ameter of 50mm and a height of 100mm (Figure 2(a)). Te
waterjet was used to cut out a joint surface with a gradual
change in dip angle from 40° to 20° in the sample, which was
used to simulate the production of the Gaoqiao fracture. A
hole was punched in the center of the lower half of the rock
sample to facilitate the application of water pressure
(Figure 2(b)).

In this study, rock samples in both dry and saturated
states were used, and a total of 8 working conditions with 4
levels of water pressure were applied, 2–3 rock samples for
each condition. Te saturation method was performed by
vacuum saturation.

2.2. Test Procedure

2.2.1. Rock Mechanics Test Procedure. Te rock samples
were loaded with axial pressure (rate: 2MPa/min) and
circumferential pressure (rate: 1MPa/min) simultaneously,
reaching 100MPa (axial pressure) and 50MPa
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Figure 1: Profle of Gaoqiao fracture formation mechanism.
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(circumferential pressure), respectively; keeping the cir-
cumferential pressure axial pressure unchanged, the water
pressure was loaded to 0MPa, 5MPa, 10MPa, and 20MPa
(2–3 rock samples were used for each level of water pressure
test), and the water pressure loading rate was 1MPa/min.
After the water pressure was loaded to a predetermined
value, anisotropic stress of rock samples was maintained for
30 minutes, and then the axial pressure continued to in-
crease (at a rate of 2 MPa/min) until the failure occurred.

2.2.2. Analysis of the Fine Morphological Characteristics of
the Joint Surface. A three-dimensional morphological
scanner was used to scan the microscopic morphological
characteristics of the joint surface of the rock sample before
and after the test.

2.3. Test Equipment. Te main equipment are TOP
INDUSTRIE rock triaxial tester (Figure 2(c)), ST500 3D
noncontact surface profler (Figure 2(d)), and so on.

2.4. Stress-StrainRelation. Te stress-strain curves of jointed
rock specimen during the test are shown in Figure 3.

3. Mechanical Test Results of Variable Dip
Nodular Rock Samples under Different
Water Pressure

3.1. Stress-Strain Curve. Te stress-strain curves of the
jointed rock samples during the test are shown in Figure 3.

Te pore water pressure was applied to the dry jointed
rock sample, and the water pressure acted directly on the
joint surface through the small holes in the lower part of the
rock sample. From Figures 3(a)–3(d), it can be seen that with
the increase of pore water pressure, the transverse strain of
the rock sample has a tendency to gradually decrease, and
the proportion of the plastic deformation stage in the test
process further decreases. It should be noted that the
transverse strains of the dry samples all tend to decrease in
the front part when the pore water pressure is 5MPa but
start to increase gradually near the time of damage, which is
caused by the rupture of the sheath that wraps the rock
samples.

Te triaxial compression tests were carried out on sat-
urated jointed rock samples with diferent pore water
pressures, and the stress-strain curves are shown in
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Figure 2: (a, b) Limestone rock specimens and (c, d) test equipment.
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Figure 3: Continued.
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Figures 3(e)–3(h). Te saturated rock samples showed ob-
vious plastic deformation during the test, and the proportion
of plastic deformation before damage tended to rise with the
increase of pore water pressure. During the loading process,
the rate of change of transverse strain is much smaller than
that of axial strain, but it suddenly rises when the rock
sample approaches the peak strength of the frst section until
the rock sample is destroyed. For the axial strain, strain
hardening occurs to varying degrees as the rock sample
approaches the peak strength, i.e., the material must increase
the stress to continue the strain after yield slip, and the
ability of the material to resist deformation is improved at
this stage. Observing the stress-strain curves, it can be seen
that the rock samples under water pressure of 20MPa have
more sampling points in the strain-hardening stage than
other water pressure conditions, while the strain in the
elastic stage is smaller, indicating that the rock samples
under higher water pressure enter the strain-hardening stage
earlier while becoming less brittle.

Te strain-hardening phenomenon of the saturated
samples was most obvious at the pore water pressure of
20MPa, the rock samples reached the frst peak strength at
the end of the elastic stage, and the second peak strength
appeared after further loading was signifcantly higher than
the frst peak strength. However, the total peak strength is
signifcantly smaller than that of the rock samples under
pore water pressure of 0, 5, and 10MPa.

3.2. Strength Characteristics. When the surrounding pres-
sure is constant, the peak strength of the dry nodular rock
samples shows a decreasing trend at diferent pore water
pressures (Figure 4(a)).

Trough data ftting, the relationship between water
pressure of saturated sample and triaxial compressive
strength can be obtained:

σ1 �
P0

18.758 − 0.965P0
+ 339.400. (1)

Te correlation coefcient R2 was 0.9992. According to
Figure 4(a) and the ftting (1), it can be seen that at low pore
water pressure (0, 5, and 10MPa), the triaxial compressive
strength of dry jointed rock samples did not show large
changes; when the pore water pressure increased to 20MPa,
the triaxial compressive strength showed a signifcant de-
crease; the minimum value of rock sample strength de-
creased about 11% compared with the maximum value.

Te pore water pressure reaches the threshold value of
10MPa before the strength of the rock sample is greatly
deteriorated and has a signifcant impact on the rock
properties. Considering that there are a large number of
micropores in the rock sample, the lower pore water
pressure is not enough to make the pores inside the rock
sample rupture and connect, and the pores still have the
pressure-bearing capacity at this time; when the pore water
pressure increases, the micropores gradually connect with
each other and produce obvious damage to the rock sample,
which leads to the strength decrease.

Under the infuence of diferent pore water pressure, the
triaxial compressive strength of saturated nodular rock
samples shows a phase change (Figure 4(c)).

Trough data ftting, the relationship between water
pressure of saturated sample and triaxial compressive
strength can be obtained:

σ1 �
P0

0.897 − 0.128P0
+ 284.517. (2)

Te correlation coefcient R2 was 0.97025. According
to Figure 4(c) and the ftting (2), the maximum value of
triaxial compressive strength occurs at 5MPa pore water
pressure and the minimum value occurs at 10MPa pore
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Figure 3: Stress-strain curves of jointed rock specimens under diferent pore pressures in wet and dry conditions.
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water pressure. Te triaxial compressive strength of the
rock samples is closer at 0 and 5MPa of pore water
pressure; the triaxial compressive strength of the rock
samples is closer at 10 and 20MPa of pore water pressure.
Terefore, it can be divided into two stages: the frst stage
with pore water pressure of 0–10MPa and the second
stage with pore water pressure of 10–20MPa, and the
compressive strength of the second stage decreased by
about 13%. Te pore water pressure is 5MPa, and the
measured value at this time has a large deviation from the
ftted value, which is mainly due to the discrete nature of
the specimen. For saturated nodular rock samples, the
phase change of strength indicates that the efect of pore
water pressure on strength is nonlinear, and the strength
of rock samples changes signifcantly only when the pore
water pressure changes by an order of magnitude.

3.3. Rock Deformation Characteristics. Te elastic modulus
and deformation modulus of dry nodular rock samples
under diferent pore water pressure are shown in
Figure 4(b), the diference between elastic modulus and
deformation modulus is closer when the pore water
pressure is 0, 5, and 10MPa, indicating that the defor-
mation of rock samples before reaching the peak strength
under the application of lower pore water pressure is
dominated by elastic deformation, and the proportion of
plastic deformation is very small. In the process of in-
creasing the pore water pressure from 0MPa to 10MPa,
the deformation parameter values showed an increasing
trend, while the peak strength did not change signif-
cantly, and the axial deformation of the specimen when
the damage occurred under the lower pore water pressure
showed a decrease. When the pore water pressure
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Figure 4: Strength and deformation curves of rock specimens in diferent states in wet and dry conditions.
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increased to 20MPa, the axial deformation showed a large
increase. At lower pore water pressure, the stress con-
centration of internal microfractures is partially elimi-
nated due to the adsorption of dissolved pores or
microporosity near the surface of the rock sample, which
makes the axial deformation rate of the specimen de-
crease. When the pore water pressure increased to
20MPa, a larger deformation appeared in the axial di-
rection, at which time the pore water pressure promoted
the mutual penetration between micropores, which
showed that the time from the initial loading to the fnal
damage was shortened, indicating that the higher pore
water pressure had an obvious efect on the deterioration
of the specimen.

Te deformation parameters of the saturated nodular
rock samples under diferent pore water pressures are shown
in Figure 4(d). Te maximum value of the elastic modulus
appears at the pore water pressure of 0MPa and the min-
imum value appears at the pore water pressure of 20MPa;
the maximum value of the deformation modulus also ap-
pears at the pore water pressure of 0MPa, but the minimum
value appears at the pore water pressure of 10MPa.
According to the trend of deformation parameters with pore
water pressure, the elastic modulus and deformation
modulus both show a decreasing trend with the increase of
pore water pressure, and the variation between the maxi-
mum and minimum values is about 25%. Te axial strain of
the rock samples showed an overall increasing trend with the
increase of pore water pressure, and the maximum value of
axial strain increased by about 50%, compared with the
minimum value. It can be concluded that the application of
pore water pressure can signifcantly increase the axial de-
formation of the rock samples but weaken the elastic de-
formation and enhance the plastic deformation capacity of
the rock samples.

3.4. Damage Characteristics. Te coarse solid line is the
primary crack, and the fne solid line is the secondary crack.

As shown in Figures 5(a)–5(d), the common charac-
teristics of the damage of dry nodular rock samples under
diferent pore water pressure are obvious primary cracks and
more secondary cracks concentrated in the lower part, and
this phenomenon indicates that the softening efect of the
rock samples is more obvious the closer to the pore water
pressure source during the loading damage. Under the ac-
tion of diferent pore water pressure, the damage charac-
teristics show diferent characteristics. From the damage
characteristics of rock samples before and after the appli-
cation of pore water pressure (Figures 5(a) and 5(b)), it can
be found that the cracks in the lower part of the rock samples
increase signifcantly after the application of pore water
pressure, and the distribution also shows a certain pattern
with the change of pore water pressure. When the pore water
pressure is 5MPa, the primary and secondary cracks are
partially parallel to the rock sample axis at the initial stage
and then defected, showing signs of cleavage and shear
damage. When the pore water pressure rises to 10MPa and
20MPa, the main feature of crack orientation is a deviation

from the axis at a certain angle, showing the characteristics
of shear damage. At the pore water pressure of 20MPa, a
large number of secondary cracks were produced in the
lower part of the rock sample.

Te damage characteristics of the saturated sample
under diferent pore water pressure are shown in
Figures 5(e)–5(h). When the pore water pressure is 0MPa,
i.e., no pore water pressure is applied, the cracking trend of
the rock sample is from horizontal and inclined to fat main
cracks through the lower part of the rock sample, accom-
panied by secondary cracks. When the pore water pressure is
5MPa, the main crack penetrates the whole rock sample
through the middle of the joint surface, and the rock sample
shows obvious shear damage characteristics. When the pore
water pressure is 10MPa, the main crack appears in the
lower part of the sample, and the horizontal and inclined
cracks extend to the bottom edge of the sample, mainly
caused by the sliding and pulling of the upper and lower
parts along the joint surface.When the pore water pressure is
20MPa, the main crack penetrates through the center of the
joint surface in the upper and lower parts of the sample,
there are more cracks in the upper part than in the lower
part, and secondary cracks are produced between the parallel
main cracks.

Te above phenomenon indicates that the elevated pore
water pressure greatly weakens the shear strength of the rock
sample. Since the joint surface has a certain roughness,
during the sliding process of the rock sample along the joint
surface, multiple stress concentrations occur on the joint
surface and cause the generation and expansion of cracks. At
the same time, diferent pore water pressures lead to dif-
ferent damage patterns of the jointed rock mass.

4. Analysis of the Effect of Pore Water
Pressure on the Degradation of Variable Dip
Nodular Rock Samples

4.1. Efect of Pore Water Pressure on Strength Properties of
Saturated and Dry Nodular Rock Samples. For the nodular
rock samples, the diferent states (dry or saturated) had
signifcant efects on the strength of the rock samples, as
shown in Figure 6. Under the infuence of diferent pore
water pressures, the compressive strength of the nodular dry
rock samples was higher than that of the nodular saturated
rock samples with the same water pressure. Te compressive
strengths of dry rock samples were 17.0%, 12.2%, 30.6%, and
13.4% higher than those of saturated rock samples under the
pore water pressure of 0MPa, 5MPa, 10MPa, and 20MPa,
respectively. During the loading damage, the friction coef-
fcient of the joint surface of the dry rock samples was larger,
and the friction coefcient of the joint surface of the satu-
rated rock samples was smaller due to the infuence of pore
water. Terefore, the dry joint surface can provide a larger
friction force during the loading damage, which makes the
rock samples have a higher bearing capacity. Te saturated
rock samples are more prone to slip of the joint surface than
the dry rock samples, so the load-bearing capacity of the
saturated rock samples is lower.

Advances in Materials Science and Engineering 7



4.2. Infuence of Pore Water Pressure on Deformation Pa-
rameters of Saturated and Dry Nodular Rock Samples.
Dry nodular rock samples at lower pore water pressure
partially eliminate the stress concentration of internal
microfractures due to the adsorption of the dissolved pores
or microporosity near the surface of the rock samples, which
decreases the axial deformation rate of the specimens. When
the pore water pressure continues to increase, the micro-
pores penetrate each other, which shows that the time from
the initial loading to the fnal damage is shortened and the
deformation appears to be larger growth, indicating that the
efect of higher pore water pressure on the deterioration
efect of the specimen is more obvious.

Te elastic modulus and deformation modulus of sat-
urated nodular rock samples both show a decreasing trend
with the increase of pore water pressure, and the variation

between the maximum and minimum values is about 20%–
30%. Te axial strain of the rock samples showed an overall
increasing trend with the increase of pore water pressure,
and the maximum value of axial strain increased about 50%
compared with the minimum value. It can be concluded that
the applied pore water pressure can signifcantly increase the
axial deformation of the rock samples but weaken the elastic
deformation and enhance the plastic deformation.

Te comparison of deformation parameters of rock
samples in dry and saturated states is shown in Figure 7. At
0–5MPa, the diference between the elastic modulus of rock
samples in the dry state and that in the saturated state is
small, and at 5–20MPa, the elastic modulus of rock samples
in the saturated state gradually decreases, while that in the
dry state slightly increases, resulting in a larger diference
between the two.

From Figure 7(a), it can be seen that the elastic modulus
of rock samples in diferent states is similar in dry and
saturated states when the pore water pressure is 0–5MPa.
Te modulus of elasticity of dry nodular rock samples is
greater than that of saturated nodular rock samples only
when the pore water pressure is 10–20MPa. Under diferent
pore water pressure, the elastic modulus of saturated rock
samples fuctuates more and the elastic modulus of dry rock
samples fuctuates less, which indicates that saturated rock
samples are more sensitive to the change of pore water
pressure. By the water pressure setting in accordance with
the isometric series, the efect on the strength and defor-
mation of the rock sample is more obvious under the larger
water pressure. After exceeding 5MPa, the larger the water
pressure is, the larger the diference of elastic modulus
between diferent states.

Te deformation modulus of dry rock samples was
27.3%, 83.6%, 164.5%, and 4.1% higher than that of saturated
rock samples at a pore water pressure of 0MPa, 5MPa,
10MPa, and 20MPa, respectively. In the interval from 0 to
10MPa, the diference between the deformation modulus of
the dry sample and the saturated sample gradually increased.

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

(e) (f ) (g) (h)

Figure 5: Failure characteristics of jointed rock specimens under diferent pore pressure in wet and dry conditions (Te coarse solid line is
the primary crack, and the fne solid line is the secondary crack).
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However, at 20MPa, the plastic deformation of the dry
sample increased substantially compared with that of
0–10MPa, and the maximum peak stress became smaller,
resulting in a signifcant decrease in the deformation
modulus at 20MPa; the plastic deformation of the saturated
sample increased slightly compared with that of 0–10MPa,
but the maximum peak stress increased substantially
compared with that of 0–10MPa, resulting in a small in-
crease in the deformation modulus at 20MPa. When the
water pressure is 20MPa, the deformationmodulus values of
dry and saturated rock samples are closer. Te anomaly of
deformation modulus at 20MPa pore water pressure may be
caused by the ratio of pore water pressure to axial pressure of
100MPa reaching a certain threshold value, which reduces
the friction coefcient of the variable dip joint surface and
leads to the reduction of the strength of the joint surface, that
is, the softening efect of water. Tis phenomenon indicates
that the dry jointed rock sample has a stronger deformation
capacity than the saturated jointed rock sample, although the
fuctuation of deformation parameters of the saturated rock
sample is smaller due to the softening efect of water, but the
bearing capacity of the dry rock sample is signifcantly larger,
which eventually afects the deformation capacity of the rock
sample.

4.3. Characterization of Pore Evolution of Chert Specimens.
Observations reveal a variable number and uneven distri-
bution of dissolution pores on the surface and inside the tuf,
hereafter referred to as dissolution pores (Figure 8). Tere
are veins intruded in the rock layer, along with some
laminations.

During the test, the main factors that produce deteri-
oration of mechanical properties of dry nodular rock
samples and saturated nodular rock samples are as follows:
the saturation state and the size of pore water pressure. Due
to the existence of dissolved pores of diferent sizes in the
chert rock samples (Figures 8(a) and 8(b)), the processes of
pore generation, saturation by immersion, interconnection,
and formation of microcracks are afected by the pore water
pressure (Figure 8(c)). First, the presence of pore water
pressure decreases the friction coefcient of the joint surface
for both dry and saturated joint rock samples. Second, the
pore water gradually expands from the outer layer to the
inner layer, which makes the dissolution pore linkage and
leads to the increase of fracture penetration, thus reducing
the mechanical properties of the rock sample. In addition,
when the pore water pressure is less than the tensile strength
of the rock sample, the change of the dissolved pore size is
not enough to make the pore rupture, and it cannot sig-
nifcantly reduce the efective stress in the rock. Tis results
in the deterioration of the mechanical properties of the joint
surface of the rock sample.

5. Morphological Parameters of Nodular
Rock Samples

Te relevant parameters before and after the test were
collected by 3D morphological scanning, and some

parameters were selected to analyze the roughness of the
joint surface. Te rate of change of the following mor-
phological parameters was analyzed by combining the 3D
scanned images of the convex and concave surfaces of the
joints.

Te root mean square height and arithmetic mean height
were selected for height parameters; the inverse loading area
rate was used for functional parameters; the minimum
autocorrelation length was used for spatial parameters to
characterize the roughness of the joint surface.

Te root mean square height Sq represents the root
mean square of the height of each point in the region and
characterizes the standard deviation of the height,
equation (3) is used to characterize the discrete change in
height of each point of the joint surface before and after
the test, and the rate of change increases the surface joint
surface roughness:

Sq1 �

�����������������
1
A
B

A
Z
2
(x, y)dxdy.



(3)

Here, Sq represents the root mean square height, A
represents the scanning area, and Z represents the high
function.

S a represents the average of the absolute value for the
height diference of each point relative to the average surface,
as shown in equation (4). It represents the alteration in the
mean height of each point in the area. A positive change rate
indicates an increase in the average height of each point on
the joint wall and an increase in the roughness of the joint
wall. On the other hand, a negative change rate indicates a
decrease in the average height of each point on the joint wall
and a decrease in the roughness of the joint wall:

Sa �
1
A
B

A
|Z(x, y)|dxdy. (4)

Here, Sa represents the arithmetic mean height, A rep-
resents the scanning area, and Z represents the high
function.

S mc represents the height C satisfying the load area ratio
p%, which characterizes the overall concave-convex degree
of the joint wall before and after the test. When the rate of
change is positive, the curvature of the joint surface in-
creases. A positive change rate indicates an increase in the
wear degree for concave surfaces, while it indicates a par-
tially disturbed connection surface due to failure for convex
surfaces. When the change rate is negative, the curvature of
the joint plane decreases. At this point, the edge part of
concave surfaces has greater wear than the middle part,
while the convex surface has the opposite.

S al indicates the horizon distance, in which the function
of autocorrelation decays rapidly toward the specifed value s
(default: 0.2). It represents the wavelength of the surface. A
larger value indicates a larger wavelength on the surface. A
positive change rate indicates a large wear degree of the joint
surface, while a negative change rate indicates a small wear
degree. Te morphology parameters rate of change depends
on the wear degree of the joint wall and the failure mode of
the rock specimen. Diferent pore pressure may change joint
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Figure 9: Continued.
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Figure 9: Tree-dimensional view of joint plane scanning (the picture on the left is before the test, and the right is after the test).
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plane morphology, afecting the destructional forms of the
rock specimen.

5.1. Morphological Parameters of Jointed Rock Samples in
Diferent States. Before and after the test, the upper and
lower joint surfaces of the dry and saturated jointed rock
samples were scanned in 3D morphology, as shown in
Figure 9.

Under diferent water pressures, the dry sample nodal
surface showed a transition from partial shear damage to
overall shear damage, which was more obvious on the
concave surface of the rock sample. When the pore water
pressure was 0MPa, there was only obvious shearing on the
concave surface near the edge; when the pore water pressure
was 5MPa, the shearing range on the concave surface shifted
toward the middle of the rock sample; when the pore water
pressure was 10MPa, the shearing range was already close to
the middle line of the joint surface, indicating further ex-
pansion of the range; when the pore water pressure was
20MPa, in addition to the shearing cracks extending toward
the middle, there were secondary cracks produced on the
concave surface Tis indicates that multiple damage
occurred.

Te cracks on the joint face of the saturated rock sample
are more toward themiddle, and the edges of the joint face in
the lower half of the rock sample show obvious collapse
cracks. At a pore water pressure of 0MPa, there are obvious
shear cracks on the convex surface, and the main crack in the
middle of the concave surface derives several secondary
cracks and a small part of chipping at the edge; at a pore
water pressure of 5MPa, in addition to a linear crack in the
middle of the concave surface, small pieces of chipping
appear at the junction between the crack and the edge of the
joint surface; at a pore water pressure of 10MPa, several
small craters appear on the convex surface, indicating that
the when the pore water pressure is 20MPa, there are ob-
vious shear cracks on the convex surface, and at the same
time, there are cylindrical bumps in the middle due to the
water pressure applied to the round hole of the concave
surface, which indicates that the pore water pressure has a
signifcant softening efect on the rock sample.

5.2. Analysis of morphological parameters. According to
Table 1, it can be seen that the dry sample parameter Sq
values are mainly decreasing under diferent water pressures,

indicating that the dispersion of the height diference values
at each point on the surface of the joint surface under the
action of extrusion and friction decreases after the test. Te
saturated sample parameter Sq values were mainly de-
creasing in the upper part of the rock sample and increasing
in the lower part of the rock sample, indicating that the test
reduced the roughness of the convex surface and increased
the roughness of the concave surface.

Te dry sample parameter Sa value decreases when the
pore water pressure is 0MPa and 5MPa, indicating that the
average height of each point on the joint surface decreases,
refecting the reduction of the roughness of the joint surface
by friction; it mainly shows an increase when the pore water
pressure is 10MPa and 20MPa, mainly due to the mis-
alignment of the sheared part. Te saturation sample pa-
rameter Sa value also mainly decreases in the upper part of
the rock sample and mainly increases in the lower part of the
rock sample, indicating that the average height of the points
on the convex surface decreases and the average height of the
points on the concave surface increases. It refects the de-
creasing efect of water pressure on the roughness of the rock
sample.

From Table 1, it can be seen that the parameter Sq and
Sa values of the upper half of the dry sample rock sample
(convex surface) under the pore water pressure of 10MPa
have diferent trends from those under other pore water
pressures. By observing the stress-strain curve of the dry
sample at 10MPa, it is found that the strain value in-
creases the most from the stage of reaching the peak
strength to the occurrence of damage, and at the same
time, due to the local contact between the upper and lower
parts of the through-variable dip joint surface, the rock
sample joint surface produces the most relative sliding,
which eventually leads to the increase of the roughness of
the joint surface, and the parameter Sq and Sa values show
a small increase.

Te parameter Smc value of the dry sample is mainly
decreasing, refecting the decrease of the curvature of the
joint surface, which shows more wear in the middle for the
convex surface, and indirectly refects the shearing of the
peak in the lower part of the rock sample for the concave
surface. Te saturated sample parameter Smc values are also
mainly decreasing in the upper half of the sample and in-
creasing in the lower half of the sample, refecting more wear
in the middle than in the ends of the joint surface. Tis

Table 1: Te change rate of joint rock morphology parameters (%).

Sample status Pore water pressure (MPa)
Morphology parameters

0 5 10 20 0 5 10 20
Te lower part of the sample (concave

surface)
Te upper part of the rock specimen

(convex surface)

Dry samples

S q 31.88 −34.02 −0.62 −8.90 −14.80 −35.77 4.19 −13.88
S a −6.22 −30.04 14.83 3.27 −13.00 −31.65 6.22 −11.65
S mc −11.44 −29.05 18.38 −16.60 −16.05 −41.29 −7.45 4.02
S al −4.78 −5.71 −0.03 −9.31 1.66 0.72 1.31 −0.87

Saturated samples

S q 0.21 4.99 75.30 1.29 −24.06 −18.77 −7.87 −2.87
S a 3.78 2.59 67.57 9.20 −20.11 −14.16 −6.37 −0.61
S mc 3.48 −8.35 46.55 18.90 −29.41 −7.54 −5.26 2.79
S al −0.24 −3.62 −9.52 4.35 0.40 −6.44 1.73 −2.86
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indicates that the stress is more concentrated in the middle
of the sample.

Te Sal value of the dry sample decreases in the lower
part of the sample and increases in the upper part, which
indicates that the test process wears the lower part of the
sample more obviously. Te saturated sample parameter Sal
value did not show a monotonic trend under diferent water
pressure, which is due to the interaction of surface wear and
shear part misalignment.

Diferent rock samples have diferent original roughness,
so it is meaningful to compare the morphological scanning
parameters of the same joint surface. Te analysis of the rate
of change of morphological parameters before and after the
rock sample test shows that under diferent water pressure,
the dry sample joint surface roughness decreases, the middle
of the convex surface wears more, and the concave surface
wears more obviously; the saturated sample convex surface
roughness decreases, the concave surface roughness in-
creases, and the middle of the joint surface wear is higher
than the ends. Tere is no monotonic trend, the force in the
middle of the joint surface of the rock sample is concen-
trated, and the joint surface appears partly misshapen.

6. Conclusion

Tis work mainly carries out the experimental research on
the mechanical properties of variable dip angle jointed tuf
rock samples, using the comparative analysis of mechanical
properties of diferent types of rock samples and the analysis
of surface morphological parameters of joints, etc. By
establishing the dissolved pore model of tuf rock samples,
the dry rock samples of variable dip angle jointed tuf were
analyzed for factors such as variable pore water pressure, and
the main conclusions obtained are as follows:

(1) Te pore water pressure reaches the threshold value
of 10MPa before it produces a large deterioration of
the strength of the dry nodular rock samples and has
a signifcant efect on the rock properties. For sat-
urated nodular rock samples, the efect of pore water
pressure on strength is nonlinear, and the strength of
rock samples only changes signifcantly when the
pore water pressure changes by an order of mag-
nitude. Te main efect of pore water pressure is the
deterioration of the rock sample and the change of
frictional properties of the joint surface. Due to the
smaller friction coefcient of the joint surface, the
saturated rock samples are more prone to slip of the
joint surface than the dry rock samples.

(2) In the case of applying lower pore water pressure, the
elastic deformation is dominant in the deformation
of dry jointed rock samples before reaching the peak
strength. For saturated jointed rock samples, the
application of pore water pressure can signifcantly
increase the axial deformation of rock samples but
weaken the elastic deformation and enhance the
plastic deformation capacity of rock samples, and the
higher pore water pressure has a more obvious efect
on the deterioration of specimens. When the pore

water pressure is higher, the rock samples show the
characteristics of slip shear damage, and when the
pore water pressure is lower, the rock samples are
mainly in integral shear damage.

(3) Under diferent pore water pressure, the elastic
modulus of saturated jointed rock samples fuctuates
more, the elastic modulus of dry rock samples
fuctuates less, and saturated rock samples are more
sensitive to the change of pore water pressure. Te
dry nodular rock sample has a stronger deformation
ability than the saturated nodular rock sample.

(4) Under diferent water pressure, the roughness of the
dry sample nodular surface decreases, the middle of
the convex surface is more worn, and the concave
surface is worn more obviously; the roughness of the
convex surface of the saturated sample decreases, the
roughness of the concave surface increases, the
middle of the nodular surface wear is higher than the
two ends; there is no monotonic change trend, the
force in the middle of the nodular surface of the rock
sample is concentrated, and the nodular surface is
partially misshapen.
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Supplementary Materials

Te following contents have been modifed this time: the
four formulas have been re-edited by Microsoft Word’s
formula editor. To represent Figure 9 more systematically,
the numbers 3 and 4 have been moved to the original po-
sitions of the numbers 1 and 2. (Supplementary Materials)
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