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Rock joints are important factors affecting natural disasters such as
landslides, and weak interlayer is the decisive factor for rock joint
stability. Therefore, it is necessary to carry out shear test research on
rock joints with weak interlayer. In this paper, the red sandstone was used
as rock joint material, and consistent saw-tooth rock joints were produced
by the 3D carving technology. According to the on-site composition
analysis, the weak interlayer used in the test was obtained through
remodeling. Weak interlayer with different moisture contents and filling
degrees were produced by the Constant Dry Mass Method (CDMM). Shear
strength test of rock joint with weak interlayer of different filling degree
and moisture content under multi-level normal stress was carried out by
the self-developed direct shear apparatus. The test results show that peak
shear strength of rock joint with weak interlayer increases firstly and then
decreases with the raise of moisture content. Peak shear strength of rock
joint with weak interlayer decreases firstly and then tends to a stable value
with the raise of filling degree. As the filling degree of weak interlayer
changes from small (less than 1.0) to large (more than 1.0), dilatancy mode
of saw-tooth rock joint changes from dilatation to contraction during
shearing. Peak shear strength of rock joint with weak interlayer increases
with the raise of normal stress.
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Introduction

Rock joint such as fault, bedding and weak interlayer is a
common geological phenomenon in rock mass, and the
existence of this joint is a significant source of disasters.
A large number of research and achievements on rock joint
are carried out by scholars (Du, et al., 2020; Luo et al., 2021).
However, the study on coupling effect of moisture content
and filling degree of weak interlayer is not enough.
Therefore, it is of great significance to study the shear
performance of rock joint with weak interlayer.

In terms of moisture content, Sun, 1981 considered
moisture content was significant factors in mechanical
effect of rock joint by shearing tests. Li et al. (2008)
believed that shear strength of sandstone joint with weak
interlayer decreased with the increase of moisture content
by the shear creep test. Liu et al. (2017) considered that the
cohesion and friction angle increased firstly and then
decreased with the raise of moisture content by direct shear
test for strongly weathered mudstone, and the optimum
moisture content was 12.7%.

In terms of filling degree, Goodman, (1976) found that
shear strength of rock joint was affected by the coupling effect
of rock joint morphology and weak interlayer as the filling
degree was smaller than 1.0. However, shear strength was
controlled by weak interlayer itself as the filling degree was
larger than 2.0. Ladanyi and Archambault (1977) defined the
ratio of the thickness of weak interlayer (#) to the fluctuation
degree of rock joint surface morphology (a) as a new
variable, which is generally called filling degree. Many
that of
rock joint decreased with the increase of clay content of

scholars supposed shear strength parameters
weak interlayer (Skempton 1985; Mesri and Cepeda-Diaz,
1986; Gibo et al., 1987; Xiang, 1989). Indraratna considered
that there was a critical thickness of the weak interlayer
through experiments and theoretical studies (Indraratna
et al., 1999; Indraratna et al., 2008; Indraratna et al., 2010;
Indraratna et al., 2013; Indraratna et al., 2014). Papaliangas
et al., 1993 gained that the critical filling degree of rock
joint with fly ash interlayer is about 1.5 by direct shear test.
Yang, 2002 used the interlayer method and the continuum
method to deal with thin and thick interlayer problems
respectively.

In summary, scholars have done a lot of research on the
influence of moisture content and thickness on shear
of

corresponding research results. However, there are few

performance rock joint, and have also made

studies on saw-tooth rock joint with weak interlayer
under coupling effect of different moisture contents,
filling degrees and normal stresses. In this paper, the

red sandstone is used as the wupper and lower
specimens, and consistent saw-tooth rock joints are
produced by the 3D carving technology. Samples
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(38 items in total) of saw-tooth rock joint with different
interlayer moisture contents and filling degrees
produced by CDMM and confining device. Shear test of
saw-tooth

are

rock joint is carried out by developed
direct shear apparatus, and variation laws of shear
performance (shear stress-displacement curve, peak shear
etc.) with

moisture contents, filling degrees and normal stressed are

strength, normal displacement, interlayer

analyzed.

Test preparation
Test equipment

Conventional direct shear apparatus can only carry out
test of the rock joint without filling. According to the
experimental characteristics of rock joint with weak
interlayer, a direct shear apparatus is developed in this
paper. The apparatus was mainly composed of loading
platform, loading system, measuring system, controller,
shear box and supporting computer software (Figure 1).
The sensor measured normal and tangential load were
applied by mechanical lever and stepping motor. Normal

and tangential displacement were obtained by measurement

Loading system Shear box

Controller Measuring system

Computer Loading platform

FIGURE 1
Direct shear apparatus for rock joint with weak interlayer.

TABLE 1 Technical indicators of the apparatus.

Technical indicators Parameter

Sample specification (length x width x height) 100mm X 100mm X 100mm

Normal loading leverage ratio 1:20
Normal loading force range 0 ~ 9.6kN
Tangential loading force range 0 ~ 10kN

Loading rate range 0.02 ~ 2.4mm/min

Normal displacement range 0 ~ 30mm

Shear displacement range 0 ~ 30mm
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TABLE 2 Mix proportion of weak interlayer.

Mineral nutrient species Quartzite Quartzite Calcite Calcite Calcite Montmorillonite Illite
mesh number 300 800 120 325 600 325 325
Proportion(%) 7.5 15 1.25 2.50 3.75 35 35
sensor. Specific technical indicators of the apparatus are interlayer with different thickness was determined by CDMM, as
shown in Table 1. shown in formula 1. Under different filling degrees, the mass of weak

interlayer corresponding to moisture contents is shown in Table 3:

n = 1 1
Rock joint and weak interlayer m, =a(n+1)t 1)

Where n is the moisture content of weak interlayers; m,, is the

The sample of rock joint was mainly composed by upper quality of weak interlayers with n moisture content, g; a is the test
specimen, lower specimen and weak interlayer. The red coefficient, g/mm, with a value of 15.22; t is the thickness of weak
sandstone used in the specimens had the same uniaxial interlayer, mm.
compressive strength as the rock in the field. The weak
interlayer was a mixture of montmorillonite, illite and other Sample making
minerals. Moreover, the weak interlayer used in the test was The lower specimen was fixed by self-developed confining
obtained through remodeling according to the on-site device, and weak interlayer that corresponds to the thickness was
composition analysis. The specific mix proportion is shown in weighed according to formula 1. Before the upper specimen was
Table 2. placed, weak interlayer was evenly spread on the joint of lower

specimen and layered compaction. Finally, two-halves of the
specimens were tied and placed on shaking table for compaction

Sample preparation (Figure 4). Repeated these steps and prepared saw-tooth rock
joint with weak interlayer samples with filling degrees of 0, 0.5,
Morphology of rock joint 1.0 and 2.0 respectively (Figure 5).

Morphology of rock joint is one of the main factors affecting
shear strength of weak interlayer (Du et al., 2022). In order to
study the influence of moisture content and filling degree on Test plan
shear strength, the regular saw-tooth rock joint is adopted with
specific tooth height of 3mm and width of 12mm. Red The main influencing factors of the shear performance of
sandstones were carved by MD-6060 numerical engraving saw-tooth rock joint with weak interlayer are moisture
machine. The specific steps were as follows. Firstly, the
corresponding saw-tooth morphology model was established

in modeling software, and the generated path file was
imported into control software of the numerical engraving
machine. Secondly, red sandstone was put into the engraving
machine and fixed by bolts. Thirdly, the engraving program was
started by the control software, and cutter head was controlled to
carve the red sandstone according to specified path. Finally, the
morphology of the saw-tooth was carved completely (Figure 2).

Weak interlayer

The mineral mixture was prepared by the mix proportion
shown in Table 2 and placed in oven at 105°C for 12 h. The
mineral mixture after drying was shown in Figure 3A. The large
grains were removed through the geotechnical sieve with a diameter

of 1.0 mm after static cooling in room. Appropriate amount of water
was added to mineral mixture after screening, and the weak

FIGURE 2
interlayer with moisture contents of 10%, 15%, 20% and 25% Engraving of saw-tooth morphology.

was prepared respectively (Figures 3B-E). The mass of weak
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E
il
FIGURE 3
Weak interlayer with different moisture content: (A) O; (B) 10%; (C) 15%; (D) 20%; (E) 25%.
TABLE 3 The mass of weak interlayer corresponding to moisture Effect of moisture content on shear
content.
performance
Filling degree 0 0.5 1.0 2.0
Relationship between shear stress-
Mass/g displacement curve and moisture
content
myg 0 2513 50.25 100.5
mis 0 2627 52.53 105.06 Shear stress-displacement curve of saw-tooth rock
Mao 0 2741 54.81 109.62 joint under the same filling degree and different moisture
Mys 0 28.55 57.09 114.18 contents is shown in Figure 6. The test results (Figure 6)
indicate that variation law of shear stress-displacement of
saw-tooth rock joint with weak interlayer is approximately
contents, filling degrees and normal stresses. The moisture consistent under the same filling degree, normal
contents of the weak interlayer are 10%, 15%, 20%, 25%. The stress and different moisture contents. When filling
filling degrees are 0, 0.5, 1.0, 2.0, and the normal stresses are degree is 0.5, shear stress of the saw-tooth rock joint
200 kPa, 400 kPa, 600 kPa. The specific test scheme is shown with weak interlayer firstly reaches maximum and
in Table 4. decreases sharply with the increase of shear displacement.
A , B c
v -
Lower specimen
‘Weak interlayer
- s osf €
S e
Confining device T = e g
Confining device
FIGURE 4
Process of sample preparation: (A) Installation of confining device; (B) Add weak interlayer; (C) Sample preparation.

FIGURE 5
Sample of rock joint with different filling degrees: (A) k = 0; (B) k = 0.5; (C) k = 1.0; (D) k = 2.0.
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TABLE 4 Test Scheme for saw-tooth rock joint with weak interlayer.

Numbering Moisture Filling Normal Numbering Moisture Filling Normal
content/% degree stress/kPa content/% degree stress/kPa
C0-1 - 0 200 C2-9 15 2.0 600
C0-2 - 0 400 C3-1 20 0.5 200
Cl1-1 10 0.5 200 C3-2 20 0.5 400
C1-2 10 0.5 400 C3-3 20 0.5 600
C1-3 10 0.5 600 C3-4 20 1.0 200
Cl-4 10 1.0 200 C3-5 20 1.0 400
Cl1-5 10 1.0 400 C3-6 20 1.0 600
Cl-6 10 1.0 600 C3-7 20 2.0 200
Cl1-7 10 2.0 200 C3-8 20 2.0 400
C1-8 10 2.0 400 C3-9 20 2.0 600
C1-9 10 2.0 600 C4-1 25 0.5 200
C2-1 15 0.5 200 C4-2 25 0.5 400
C2-2 15 0.5 400 C4-3 25 0.5 600
C2-3 15 0.5 600 C4-4 25 1.0 200
C2-4 15 1.0 200 C4-5 25 1.0 400
C2-5 15 1.0 400 C4-6 25 1.0 600
C2-6 15 1.0 600 C4-7 25 2.0 200
C2-7 15 2.0 200 C4-8 25 2.0 400
C2-8 15 2.0 400 C4-9 25 2.0 600
A B
200 | 200 |
= = AR AE itttk b g
% 150 % 150 -
2 2
£100t £100f
w 17}
S S
< <
= —=— W10k0SF200 5 —=— WI0k2F200
@« 50 —e— WI15k05F200 ZE —e— W15k2F200
—a— W20k05F200 —4— W20k2F200
—— W25k05F200 —— W25k2F200
0 1 1 1 ] 0 1 1 1 Il
2 4 6 8 0 2 4 6 8
Shear displacement (mm) Shear displacement (mm)
FIGURE 6

Shear stress—displacement curve under different moisture contents: (A) k = 0.5, F = 200 kPa; (B) k = 2.0, F = 200 kPa.

Relationship between peak shear strength
and moisture content

The main reason is that the upper specimen drops
sharply after it climbs to the highest point of saw-
tooth during the shear process. Moreover, shear stress
of saw-tooth rock joint with weak interlayer increases
firstly and then tends to a stable value with the

Figure 7 displays the relationship between peak shear strength
of saw-tooth rock joint with weak interlayer and moisture content
growth of shear displacement when filling degree is larger
than 2.0.

under the same filling degree. The test results (Figure 7) reveal that
peak shear strength of saw-tooth rock joint with weak interlayer

Frontiers in Earth Science 05 frontiersin.org
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increases firstly and then declines with the increase of moisture
content under the same filling degree and normal stress. Moreover,
peak shear strength reaches the maximum as moisture content
between 15% and 20% because the cohesion and friction angle
increase with the raise of moisture content which is lower than 15%
during the shear process of soil-rock interface. However, the
cohesion and friction angle decrease with the raise of moisture
content which is higher than 20% during the shear process.

Relationship between normal
displacement and moisture content

Normal-shear displacement curve of saw-tooth rock joint with
weak interlayer under the same filling degree and different moisture
contents is shown in Figure 8. Where, shear contraction corresponds
to the positive value on the graph which is located on the upper side
of the X coordinate axis. Conversely, shear dilatation corresponds
negative value which is located below the X axis. It can be recognized
from Figure 8 that variation of the normal-shear displacement curve
of the saw-tooth rock joint with weak interlayer under different

Frontiers in Earth Science
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moisture content is approximately the same when filling degree is
0.5, and the upper specimen with different moisture contents reach
the maximum displacement of shear dilatancy as shear displacement
is 6 mm. This is due to the joint climbs to the highest point of saw-
tooth after the shear displacement reaches half tooth width, which
also indicates that the normal displacement is less affected by
moisture content. Moreover, the normal displacement decreases
with the increase of moisture content when filling degree is
than 1.0. As content
increases further, the normal displacement almost does not change.

larger moisture

Effect of filling degree on shear
performance

Relationship between shear stress-
displacement curve and filling degree

Shear stress-displacement curve of saw-tooth rock joint with

weak interlayer under the same moisture content and different filling
degrees is shown in Figure 9. The test results (Figure 9) reveal that the
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shear stress increases firstly and tends to a stable value, and finally
decreases with the increase of shear displacement when there is no
filling. This is due to a decline section appearing after the upper
specimen climbing to the highest point of saw-tooth. Besides, shear
stress boosts or drops sharply during the process of direct shear
because the failure of upper and lower specimen joint surface during
shearing. Shear strength of saw-tooth rock joint with weak interlayer
decreases with increase of filling degree under the same moisture
content, and the decreasing range also declines gradually. Peak shear
strength tends to a stable value when filling degree is larger than
2.0 because failure location of the sample changes from the mutual
failure inside rock masses to the location between rock masses and
interlayers, and finally to the location inside interlayers with increase
of filling degree. Moreover, peak shear strength does not change
significantly after the filling degree reaching the critical value. When
filling degree is smaller than 0.5, the shear stress of saw-tooth rock
joint with weak interlayer decreases sharply after shear displacement
reaches about 6 mm. While it does not appear as filling degree is larger
than 1.0 because shear strength of the sample is mainly affected by
rock joint as filling degree is small. It also shows that climbing process
of the specimens appears under these conditions. In addition, shear
strength of the specimen is affected by rock joint and weak interlayer
as filling degree is large, and there will be no climbing process and
sudden decrease of shear stress.

Relationship between peak shear strength
and filling degree

Figure 10 displays the relationship curve between peak
shear strength and filling degree of saw-tooth rock joint with
weak interlayer under the same moisture content. The test
results (Figure 10) indicate that under the same moisture
content, peak shear strength of saw-tooth rock joint with
weak interlayer decreases firstly and then tends to a stable

Frontiers in Earth Science
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value with increase of filling degree, and peak shear strength
does not change significantly after the filling degree exceeds
1.0. This is because shear strength of saw-tooth rock joint
under small filling degrees is mostly borne by the rock-rock
interface, which causes the shear strength be higher. Shear
strength is gradually borne by soil-rock interface and soil-soil
interface with the increase of filling degree which causes great
reduction of the shear strength. Finally, the shear strength is
completely borne by weak interlayer as the filling degree
increase to critical value.

Relationship between normal
displacement and filling degree

Figure 11 shows the normal-shear displacement curve of saw-
tooth rock joint with weak interlayer under the same moisture
content and different filling degrees. Where, shear contraction
corresponds to the positive value on the graph which is located
on the upper side of the X coordinate axis. Conversely, shear
dilatation corresponds negative which is located below the X axis.
The results (Figure 11) show that rock joint without interlayer has
upward displacement (shear dilatation) under different normal
stresses, and the normal displacement reaches maximum as the
shear displacement reaches 6 mm. This is because the rock joint
climbs to the highest point of the saw-tooth as there is no filling, and
the value of 6 mm is shear displacement corresponding to the
highest point of saw-tooth. It is also corresponding to stress
mutation of shear stress-displacement curve in Figure 9A, which
reflects that the sudden increase or decrease of shear stress is due to
failure of two-halves of the specimens during shearing. Moreover,
most upper specimens appear downward displacement during shear
process with the increase of filling degree. The main reason is that
weak interlayer is compressed through shearing, and the decrease of
volume expands normal displacement.
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FIGURE 10
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Effect of normal stress on shear

performance

Figure 12 shows the relationship between peak shear strength
and normal stress. The test results (Figure 12) indicate that peak shear
strength of rock joint with weak interlayer under different moisture
contents increases nonlinearly with the increase of normal stress,
showing the characteristics of stress effect. Moreover, peak shear

Frontiers in Earth Science

strength of weak interlayer with 15% moisture content is the highest
under different normal stresses. It also shows that moisture content of
15% is closer to the optimal value.

Figure 13 shows the normal-shear displacement curve of
saw-tooth rock joint with weak interlayer under different
normal stresses. The test results (Figure 13) indicate that
upward displacement of upper specimen rock joint occurs
as normal stress is low, and slope rate of shear dilatation curve
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slows down rapidly as rock joint reaches peak shear strength.
The main reason is that weak interlayer shows dilatancy
characteristics under low normal stress which causes the
soil grains to move and slip. Shear dilatation characteristics
of rock joint disappears with the increase of normal stress. In
addition, shear dilatation turns to contraction with the further
increase of normal stress, and the downward displacement of
upper specimen leads to the contact wear of two-halves of
specimens.
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Conclusion

Weak interlayer is a common weak surface in rock mass,
which is a key factor to control the stability of rock joint and
affects safety of rock engineering. In this paper, shear strength of
rock joint is studied by direct shear apparatus for joint with weak
interlayer under different moisture contents, filling degrees and
normal stresses. The main conclusions of shear performance of
saw-tooth rock joint with weak interlayer are as follows:

(1) Peak shear strength of rock joint with weak interlayer increases
firstly and then decreases with the increase of moisture content.
Peak shear strength reaches the maximum as weak interlayer
achieves the optimal moisture content.

(2) Peak shear strength of rock joint with weak interlayer decreases

firstly and then tends to a constant value with the increase of

filling degree. Peak shear strength reaches a stable value as weak
interlayer exceeds the critical filling degree.

(3) Normal stress also has a significant influence on peak

shear strength of saw-tooth rock joint with weak

interlayer, and peak shear strength increases with the
raise of normal stress.

(4) Saw-tooth rock joint with weak interlayer appears climbing

phenomenon in the direct shear process under the

condition of small filling degrees, and failure location is
mainly between the joint surface of upper and lower
specimen. However, shear contraction phenomenon
appears in the direct shear process, and failure location
turn to internal failure of weak interlayer under the

condition of large filling degrees.
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