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RESUMEN

e |a estabilidad de la masa rocosa en ingenieria depende
principalmente de las propiedades mecanicas del plano
estructural. Es dificil estudiar las propiedades mecanicas del
macizo rocoso sin tener en cuenta la ocultacion del plano
estructural. Para estudiar la influencia de la capa intermedia
débil en el comportamiento mecanico de materiales similares
a rocas con diferentes angulos, espesores y parametros
mecanicos, se realizaron los ensayos de compresion en
materiales de cemento con capa intermedia débil de yeso,
combinados con el analisis de criterios de Mohr-Coulomb y la
prueba de modelado FLAC3D. Los resultados muestran que la
presion de confinamiento y la capa intermedia débil juegan el
papel de control en los modos de resistencia, deformacion y
falla del material similar a la roca. La presion de confinamiento
puede restringir eficazmente la rigidez y el debilitamiento
de la fuerza debido a la débil capa intermedia del material
similar a una roca. La resistencia, el modulo elastico y las
caracteristicas de falla del material similar a una roca muestran
fuertes efectos estructurales. El angulo de inclinacion del
plano estructural es cercano a los 60°, el debilitamiento de
la resistencia y la rigidez es mas evidente. Cuando el angulo
de inclinacion del plano estructural es cercano a 0°y 90°, el
material compuesto se caracteriza principalmente por fallas
de division; cuando el angulo de inclinacion es cercano a 15°,
el material presenta principalmente fallas de cizallamiento.
En otros casos, el material presenta principalmente modos
de fallo por traccion y cizallamiento. Los resultados pueden
proporcionar la base teorica y técnica para una practica de
ingenieria similar.

® Palabras clave: Material rocoso, Capa intermedia débil, Ensayo
de compresion, Simulacién numérica.

ABSTRACT

The stability of engineering rock mass mainly depends on the
mechanical properties of the structural plane. It is difficult to study
the mechanical properties of the rock mass without considering
the concealment of the structural plane. To study the influence of
weak interlayer on mechanical performances of rock-like mate-
rial with different angles, thicknesses and mechanical parameters,
the compression tests were carried out on cement material with
gypsum weak interlayer, combined with Mohr-Coulomb criterion
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analysis and FLAC3D modelling test. Results show that the confin-
ing pressure and the weak interlayer play the control role on the
strength, deformation and failure modes of the rock-like mate-
rial. The confining pressure can effectively restrain the stiffness
and strength weakening due to weak interlayer of the rock-like
material. The strength, elastic modulus and failure characteristics
of the rock-like material show strong structural effects. The incli-
nation angle of the structural plane is close to 60°, the strength
and stiffness weakening are more obvious. When the inclination
angle of the structural plane is close to 0° and 90°, the composite
material is mainly characterized by splitting failure; when the in-
clination angle is close to 15°, the material mainly exhibits shear
failure. In other cases, the material mainly exhibits tensile and
shear failure modes. The results can provide the theoretical and
technical basis for similar engineering practice.

Keywords: Rock-like material, Weak interlayer, Compression
test, Numerical simulation.

1. INTRODUCTION

Rock masses within the engineering scale are usually cut into
discontinuities by one or several sets of structural planes such as
faults, joints, weak interlayers, etc., which enhance the anisot-
ropy of the rock mass in mechanical properties and exhibit com-
plex mechanical characteristics. The stability of rock mass and its
deformation and failure depend mainly on the nature of various
structural planes and the cutting degree of the rock mass. Engi-
neering practice shows that the failure of rock mass in the slope
slide, the foundation slippage, and the collapse of surrounding
rock of the tunnel occur mostly along the weak structural plane
[1-2]. The structure plane usually plays a leading role in the defor-
mation and failure of the rock mass.

It is always a hot topic to research on the mechanical proper-
ties of structural planes over the past years [3-5]. For the me-
chanical properties of the structural plane, theoretical analysis
usually assumes that rock mass is a superposition of the rock and
the structural plane. Based on classical strength criterion, such as
Mohr-Coulomb criterion, the calculation result is often different
from the actual rock mass. The test methods can reflect the prop-
erties of small-scale rock mass, but can not reflect the behaviors
of the large-scale engineering [6]. While the numerical method
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can strictly follow the mechanics rules and establish complex en-
gineering models, which is widely used in geotechnical engineer-
ing based on the indoor and outdoor tests [7].

Since the stability of rock mass in the slope engineering, foun-
dation engineering, and underground engineering mainly depends
on the mechanical properties of the structural planes, while the
structural planes are often hidden in the rock mass, and the relat-
ed research has not been clear, so it is very important to study the
strength and deformation characteristics of rock mass to ensure
the safety of the engineering practice by using rock-like material
with different structural planes.

2. STATE OF THE ART

Theoretical analysis, laboratory and field test and numerical
simulation are usually used to investigate the mechanical proper-
ties of rock mass with structural planes. For the field test, Xu and
Yan performed a series of large-scale direct shear tests to evaluate
the mechanical properties of a weak intercalated layer in the rock
mass of a slope, and they derived the constitutive function for nor-
mal deformation from the test results [8]. Due to the intermediate
principal stress does indeed have an influence on rock strength,
Al-Ajmi and Zimmerman established Mogi-Coulomb failure cri-
terion by considering the parameters' relationship between Cou-
lomb criterion and Mogi criterion [9]. Moreover, based on the total
differential rule of multivariate functions, other researchers also
established the strength criterion of jointed rock mass taking into
the effect of joint dip angle. Although the field test data is of some
representative, it is difficult to obtain widespread application due
to the time-consuming, costly and inefficient of the field test.

Since natural rock mass has heterogeneity, anisotropy, and
complicated structural characteristics, many researchers studied
mechanical properties of rock mass by carrying out indoor experi-
ments with similar materials. For examples, using the advanced
three-dimensional reconstruction technology, Tien et al. analyzed
the failure process and characteristics of layered similar materi-
als, they summarized the failure modes under different inclina-
tion angles and confining pressures, and proposed Tien-Kuo failure
criterion [10-11]. Based on equivalent deformation assumption,
Zhang analyzed microscopic deformation of fractured rock mass
and theorized the expression of the deformation parameters [12].
Xu et al. adopted a self-made device to test the mechanical prop-
erties of weak interlayer in rock mass [13-15]. Kumar and Verma
investigated an anisotropic shear behavior of joint replicas under
constant normal loading and they proposed an anisotropic peak
shear strength model [16]. For the single continuous jointed rock
mass with different dip angles, Wang et al. established a damage
constitutive model by considering the coupling of structural effect
and loading conditions [17-18]. To understand the influence of
the combination characteristics of the two intersected structural
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planes on mechanics parameters, Yang et al. investigated the ef-
fect of fracture morphology on mechanical properties and failure
modes of samples [19-20]. The above experiments focused on the
static load test without considering the loading rate effect.

Field tests tend to be costly and time-consuming and labo-
ratory tests cannot fully reproduce the properties of macro en-
gineering rock mass, most researchers often adopt numerical
simulations that strictly follows the mechanical rules to estab-
lish complex geotechnical engineering models. By using FLAC®
to construct a stratified rock mass model, Zhou et al. found that
the compressive strength of rock sample initially decreased and
then increased with inclination of structure plane increasing [21].
Through numerical simulation of uniaxial and triaxial compres-
sion, Zuo et al. found that the inclination angle and the confin-
ing pressure substantially influenced the mechanical behaviors of
layered rock mass [22]. Xu et al. found that the influence of weak
interlayer on fracture of rock mass was mainly determined by the
number, thickness and spacing of interlayers by combining numer-
ical simulation with fracture theory of rock mechanics [23-24]. By
synthesizing a rock mass model that couple discrete fracture net-
works with a discrete element grain-based model, Farahmandet
al. characterized the mechanical properties of moderately jointed
rock mass under confined and unconfined conditions and investi-
gated the scale dependency of the rock mass properties using the
concept of representative element volume [25]. However, numeri-
cal simulations of weak interlayers focus on the number and spac-
ing of weak interlayer. It remains unclear how the physical and
mechanical parameters of weak interlayers and their interactions
affect the strength and deformation of rock mass. Moreover, it is
important to combine laboratory and/or field tests to improve the
accuracy of numerical simulation while studying the deformation
and failure characteristics of real rock mass.

In this study, combined laboratory compression tests with
FLAC® numerical simulation, the strength, deformation, and fail-
ure characteristics of rock-like materials under different loading
conditions were investigated, and the inclination angles of weak
structural planes along with physical and mechanical parameters
were studied. The remainder of this study is organized as follows.
In Section 3, the rock-like materials (cement and plaster) are pre-
pared and the research methods are introduced. In Section 4, the
mechanical performances of the rock-like materials with different
weak planes are analyzed and discussed. Section 5 summarizes
the conclusions.

3. METHODOLOGY

3.1. SPECIMEN PREPARATION
As shown in Fig. 1, there were nine types of specimens includ-
ed cement sample, gypsum sample, and seven groups of rock-like
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Fig. 1 Rock-like material specimens.(a)Cement, (b)Gypsum, (c)B=0°, (d)c=15°, (€)B=30", (f)B=45", (3)B=60", (h)B=75°, (i)B=90°
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0 424 318
15 314 236
30 287 215
Cement 45 131 98 2500 7.68 45 5.33 10
60 83 62
75 176 132
90 367 275
0 184 85
15 136 63
30 124 57
Gypsum 45 57 26 1900 1.24 30 1.16 5
60 36 17
75 76 35
90 159 73
Table I. The calculation parameters of cement and gypsum materials
100 100 0.002 0 0

Table Il. Mechanical parameters of interface

materials with weak interlayer. The average diameter D of the cy-
lindrical sample was 41.6 mm, and the average height H of the ce-
ment sample, gypsum sample, and the composite cylindrical sam-
ple was 98.0 mm, 98.0 mm, and 96.3 mm, respectively. A modified
Portland cement grout was used to cast samples and the cement
named Stratabinder HS was produced by the Minova Company,
Australia. The Hydrostone TB gypsum (>95 % CaSO4~1/2H20, <5%
Portland cement, Australia) was used to cast weak interlayer. The
water/cement ratio of cement sample was 0.35 and that of gyp-
sum sample was 0.42 [26]. The weak interlayer of each rock-like
material was at an average thickness of 2.5 mm and different dip
angles, such as 0°, 15°, 30°, 45°, 60°, 70°, and 90°, respectively.
The binder was mixed Epoxy 14210 resin with the adhesive tensile
of 1.9 kPa (A rapid-curing, general purpose adhesive/encapsulant
was from Danvers, North America, Fig. 2, See section: supplemen-
tary material).

3.2. COMPRESSIVE TEST

The compression tests of the specimens were conducted by
using MTS815 electro-hydraulic servo-controlled rock mechanics
testing system.

Six groups of samples have been tested (each group at least
three specimens under each condition):

Group 1 (cement samples, the loading rate was 0.003 mm/s for
each sample) was conducted the compressive strength experiment
under different confining stresses of 0.0, 2.0, 4.0 and 6.0 MPa,
respectively.

Group 2 (gypsum samples, the loading rate was 0.003 mm/s
for each sample) was conducted the compressive strength experi-
ment under different confining stresses of 0.0, 1.0, 2.0, and 3.0
MPa, respectively.

Group 3 (cement samples) and Group 4 (gypsum samples) were
conducted the unconfined compressive strength (UCS) experi-
ments under different loading rates of 0.003, 0.3, and 3.0 mm/s.
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Group 5 (rock-like materials with weak interlayer at seven dip
angles, the loading rate was 0.003 mm/s for each sample) was
conducted the compressive strength experiment under different
confining stresses of 0.0, 1.5 and 3.0 MPa, respectively.

Group 6 (rock-like materials with weak interlayer at seven dip
angles) was conducted the unconfined compressive strength ex-
periment under different loading rates of 0.003, 0.3, and 3.0 mm/s,
respectively.

There were at least 3 samples under static loading and 5 sam-
ples under dynamic loading condition for each group, respectively.
The measure of axial load and axial displacement values could be
performed in real time by data acquisition system automatically.

3.3. NUMERICAL SIMULATION

According to the rock-like material specimens, the computa-
tion models were established by using FLAC®®. The calculation pa-
rameters of cement and gypsum materials were listed in Table I.
The mechanical parameters of the weak interlayer regarded as an
interface element in the model were listed in Table Il. Mohr-Cou-
lomb criteria was used in the numerical calculation. As seen from

v=0.003mmny's

Fig. 3 Loading mode
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Fig. 3, the speed acting on both ends of the model was adopted as
the loading mode, which was 3x10°¢ m/s.

The numerical method was as follows: firstly, the test curve
was fitted to verify the rationality of the calculation parameters.
Then, the failure modes of the weak interlayer with different dip
angles were analyzed, and the sensitivity analysis of the influence
of parameters of the weak layer on the compressive strength of
the specimen was analyzed.

4. RESULT ANALYSIS AND DISCUSSION
4.1. EXPERIMENTAL RESULTS

4.1.1. Dip angle effect of weak interlayer on elastic modulus

Fig. 4 (See section: supplementary material) showed the rela-
tionship between the elastic modulus Eof rock-like specimens and
the dip angle of the weak interlayer 3.

As seen from Fig. 4 (See section: supplementary material), un-
der the same confining pressure, the elastic modulus E decreased
first and then increased with increasing of 3. The E values were
almost identical (9 GPa) when B= 0° and B= 90°. When B= 60°,
the Evalue was minimal and the deformation resistance was the
worst, which indicated that the specimen showed the weakest
stiffness. With increasing of confining pressure, the elastic modu-
lus E showed higher gradually.
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When = 45° and = 60°, the E values at the confining pres-
sure of 1.5 MPa increased 30% and 60% than that in none confin-
ing pressure conditions, respectively. Similarly, the £ values at the
confining pressure of 3.0 MPa increased 17% and 36% than that
at the confining pressure of 1.5 MPa, respectively.

Therefore, the confining pressure could effectively restrain the
stiffness weakening of rock-like specimens, especially when the
dip angle of weak interlayer was 45° < $=60°.

4.1.2. Confining pressure effect on compressive strength

Fig. 5 showed the strength curves of all specimens under differ-
ent confining pressures. As seen from Fig. 6(a), with increasing of
the confining pressure, the compressive strength of each specimen
increased greatly. As seen from Fig. 6(b), for rock-like specimen
with weak interlayer, the compressive strength of the specimen
decreased when 8 changed from 0° to 60°, then increased when
[ changed from 60° to 90°, gradually. The compressive strength is
minimal when 8 = 60°, so, the weak interlayer exerted dominant
control of the deterioration of mechanical properties of rock-like
materials when (3 approached about 60°.

Fig. 5 also indicated some interesting results that differed from
previous theoretic predictions according to the Mohr-Coulomb
failure criterion. Fig. 6 shows that the strength of rock mass lies
between the strength of the structural plane and that of the in-
tact rock. Specifically, the strength of rock-like materials largely
depends on rock strength when B<f, or $>8,, whereas it is deter-
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Fig. 5 Compressive strength curves of specimens. (a) Relationship between compressive strength and confining pressure, (b) Relationship between compressive

strength and 8
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Fig. 6 Mechanical characteristics of rock mass with structural plane. (a) Stress mode of specimen, (b) Mohr-Coulomb failure criterion of rock mass
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(@) ®)

Fig. 8 Failure modes of specimens under uniaxial compression. (a)B=0°, (b)B=15°, (c)B=30", (d)B=45°, (e)B=60", ()B=75°, (g)B=90°

© @

mined by the strength of structural plane when 3, < B=< .. As seen
from Fig. 5, the compressive strength of rock-like materials with
[3 between 45° and 60° was lower than that of gypsum specimen
under the same confining pressure. Moreover, the compressive
strength of rock-like materials with § = 0° and § = 90° was also
lower than that of cement specimen.

The discrepancy between the experimental results and theo-
retical prediction could be derived from the fact that the Mohr-
Coulomb failure criterion only considered the shear failure caused
by shear strength and ignored splitting failure caused by tensile
strength of rock mass. Moreover, the weak interlayer, especially
that with a certain thickness, complicated the mechanical prop-
erties of rock mass and could not be regarded as a simple weak
structural plane. In fact, Tien et al. also found that the theoreti-
cal compressive strength differed from that of the laboratory test
when B= ¢, or = 90° [27].

o,-the maximum principal stress,o,-the minimum princi-
pal stress, c-cohesion of rock, ¢, -cohesion of structural plane,
¢ ~friction angle of rock, @ -friction angle of structural plane,
[-angle between the structural plane and plane of the maximum
principal stress.

4.1.3. Loading rate effect on UCS

Fig. 7 (See section: supplementary material) showed the UCS
curves of different specimens under the loading rates of 0.003,
0.3, and 3 mm/s. The biomodal inverted bell curves indicated that
the UCS reached the minimum values when 3 = 60° under differ-
ent loading rates (Fig. 7a, See section: supplementary material).
Moreover, with increasing of the loading rate, the UCS increased
gradually. Interestingly, the UCS of the specimens were lower than
that of the gypsum specimen (Plaster) when 30° < B<75°.

4.1.4. Failure modes of rock-like specimens with weak
interlayer

As shown in Fig. 8, when 3 = 0°, the cracks on the specimen
were nearly parallel to the axis direction of the loading and there
was no obvious shear fracture, indicating that the main failure
mode was the splitting failure related to tension. When 8 = 15°,
the upper part of the specimen slipped along the weak interlayer,
the main crack was normal to the weak interlayer and penetrated
that from the upper to the lower part of the specimen, which
showed the shear-tension failure mode. When 3 = 30°, there was
shear slip cracks along the interface with two splitting cracks al-
most parallel to the loading direction on the surface of the speci-
men, which indicated an overall tension-shear failure mode. When
B =45°and B = 60°, the staggered two cracks were normal to the
weak interlayer and shear cracks occur along the interface, which
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indicated the tension-shear failure mode also. In the case of 8
= 75° and B = 90°, the tension cracks mainly slipped along the
interface of the specimens, which indicated the splitting failure
related to tension.

When 30°< 3 < 60°, except shear failure, there showed the ob-
vious tension cracks in the samples, the composite failure caused
the lower compressive strength values, especially when 3 = 60°.
Which was consistent with the results in Figs. 5(b), 6, and 7(a).

4.1.5. Confining pressure effect on post-peak characteristics
of o-€ curve

Fig. 9 showed the stress-strain curves of specimens with weak
interlayer at different dip angles. As seen from Fig. 9, Under the
same confining pressure, the shape of the compression curve with
different dip angles of the weak interlayer was different, which
showed that the slope, peak strength and post-peak characteris-
tics of the curve were different. As analyzed in Figs. 4 and 5, the
slope and peak strength of the curve were the smallest when 8 =
60°. For specimens with the same inclination angle of the weak
interlayer, with the confining pressure increasing, the slope and
peak strength increased, and that slowed down the decline after
the peak, but showed better ductility of the specimen. In addition,
in the initial elastic stage, the smaller the confining pressure, the
longer the closure time of the original fracture, the more obvious
the concave phenomenon of the curve.

The value of (3 affected the brittleness-ductility transition and
the critical confining pressure. For example, under the confining
pressure of 3.0 MPa, the specimen showed brittleness-ductility
transition when 0°<f<60°. However, the specimen still showed
brittleness when 3 = 75° or § = 90°. With the confining pressure
increasing, the strain hardening occurred in specimens when 30°<
B = 60°. This effect was obvious for specimens when 3 = 45° or
60° [28].

It could be seen that the confining pressure, as an external
factor, played an auxiliary role in the stability of the structural
plane, especially in strengthening the weakened zone of the struc-
tural plane with an inclination of 45° and 60°. The peak strength
of the specimens with 3 = 0° or § = 90° was lower than that of
the cement specimens, to some extent, the peak strength of the
specimens was always lower than that of the rock specimens as
long as there was a soft interlayer in the specimen, regardless of
its dip angle. Generally, with the confining pressure increasing, the
pre-peak deformation of specimens increased. But for the speci-
men with 8 = 60°, when the confining pressure was 0 MPa, the
pre-peak deformation was the largest, while the confining pres-
sure were 1.5 MPa and 3.0 MPa, the pre-peak deformations were
basically the same.
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4.2. NUMERICAL TEST RESULTS

140 ;
—=— 0 MPa—#— 2.0 MPa—A— 4.0 MPa—v— 6.0 MPa 20

—&—(0 MPa—#— 1.0 MPa—4&— 2.0 MPa—v»— 3.0 MPa

1204 4.2.1. Elastic modulus and tensile

strength effects of weak interlayer on UCS

As shown in Fig. 10 (See section: supple-
mentary material), for the uniaxial compres-
sive strength values of the rock-like materials,
the numerical simulation results fitted well to
the laboratory tests, which showed that the
computational parameters were reasonable

0000 0.005 0010 0015 0.020 0000 0002 0004 0006 0008 0010 0012 in the numerical simulation. Then a series of

(; (f)) numerical tests were conducted on the sen-
907 e gMPa e 1.5 MPa—4—3.0MPa 00 MPae 15MPa A 30MPa sitive analysis of the parameters of the weak
interlayer.

As seen from Fig. 11(a) (See section: sup-
plementary material), with increasing of the
elastic modulus of the weak interlayer, the
UCS of rock-like specimens increased gradu-
ally when $<60°. However, for a given {3 in Fig.
11(b) (See section: supplementary material),
the tensile strength of the weak interlayer had
nearly no effect on the UCS of specimens.
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© @ 4.2.2. Shearing parameter effect of
weak interlayer on UCS

—a—0MPa—e— 1.5 MPa—a—3.0 MPa ni]  —s—0hiEs——i B iR As shown in Fig. 12 (See section: supple-
mentary material), with increasing of the co-
hesion and friction angle, the two key shearing
20 parameters of the weak interlayer, the UCS of
rock-like specimens linearly increased when
6 =<15°. When 3= 0° and 15°, comparison the
o cohesion of the weak interlayer 2.5 MPa and 0O
5 5] MPa, he UCS values of rock-like materials in-
creased 25.3% and 25.1%, respectively. Other
: : : . . . . . . . ; . cases were small increments. The effect of the
wm MR oda e e e w000 osiegon0me 0o tensile strength of the weak layer on UCS was
. © .. e e (ﬂsoMP also the same. It can be seen that the influ-
—#—OMPa—e— 1.5 MPa—4—3.0 MPa B AT RoN ence of the shearing parameters of the weak
layer on UCS were related to . When the 8

s 1 was smaller, the influence was the greater.

= 20 =
6 M % _ 4.2.3. Parameters synchronous effects of

iE weak interlayer on UCS

N/ In the actual reinforcement project, such
as grouting and bolt support, it is impossible
to affect only the single mechanical param-
0000 0003 0010 oos 0.000 0.005 000 0.015 eters of the weak interlayer. To evaluate the

o (MPa)
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(;) (h) synchronous variation of the mechanical pa-
—=—0MPa—®— 1.5 MPa—A— 3.0 MPa rameters of the weak layer influencing on UCS
of the specimens, the special parameter n was
defined as follows:
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n

where Kand K were the respective bulk
. i i . modulus of weak interlayer and cement, Gand
0.000 o008 oo oo G, were the respective shear modulus of weak
@) interlayer and cement, Cand C, were the re-

Fig. 9 Curves of axial stress vs axial strain. (a)Cement, (b)Gypsum, (cJp=0", (d)B=15", (e)8=30", (=45, (g) SPective cohesion of weak interlayer and ce-
B=60°, (h)B=75", (i)B=90° ment, ® and @ were the respective friction
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angle of weak interlayer and cement, and c,and o, were respec-
tive tensile strength of weak interlayer and cement. These values
of K, G, C, ®, and o, were listed in Table I.

As shown in Fig. 13 (See section: supplementary material),
when n=<0.8, B = 0° and 15°, with increasing of n, the UCS val-
ues increased obviously firstly, and then increased slowly linearly.
When B =30°, 45°, 60°, and 75°, the parameter n has minimal
effect on UCS (4% UCS increase between n= 2 and n = 1, when
B = 75° and less than 0.5% UCS in other cases). When 8 = 90°,
the UCS values increased linearly with the increase of n, resulting
a largest increase of 13% UCS comparing the cases of n = 2 and
n=1.

4.2.4. Thickness effect of weak interlayer on UCS

As seen from Fig. 14 (See section: supplementary material),
when the weak interlayer was the thicker, the UCS values were
lower. But the decrease was related to . When $=75°, the UCS
values were reduced by 35% and the decrease was the largest,
followed by 27% when B=15°, 26% when B=0°, and 12% when
[3=90°. The smallest decrease was less than 1.5% when (=45
But for f=60°, the thicker the weak layer was, the more the UCS
values increased. When the thickness of the weak layer was 5 mm,
the UCS values increased about 6% compared to the thickness of
1T mm.

4.2.5. Mechanical parameter effect of interface on UCS

In FLAC®®, the shear and normal stiffness values of the inter-
face element was set ten times the equivalent stiffness of the
neighboring zones using Eq. (2).

K+iG
k, =k =10 —3— @
Az

min

where Kand G are the bulk and shear modulus of the neigh-
boring zone, respectively, and Az  is the smallest width of the
adjacent zone in the normal direction.

To reveal the relationship between the interface stiffness and
the rock-like materials, we introduced Eq. (2). As seen from Fig. 15
(See section: supplementary material), when B = 0°, 15°, and 90°,
the higher interface stiffness was associated with the stronger
rock mass. However, the effects of interface stiffness were very
small when 30°< B <75° (Fig. 15(a), See section: supplementary
material). The tensile strength of the interface had no effect on
UCS of rock-like materials at all B values (Fig. 15(b), See sec-
tion: supplementary material). The cohesion of interface greatly
increased the UCS only when the cohesion was greater than 200
kPa and B<90° (Fig. 15(c), See section: supplementary material).
The internal friction angle of interface had a great influence on
UCS when (3 was small than 60°. When 8 was smaller, the more
effect on UCS by the internal friction angle (Fig. 15(d), See section:
supplementary material).

4.2.6. Failure simulation of rock-like material with weak
interlayer

As seen from Fig. 16 (See section: supplementary material),
when 3 = 0°, the shear and tensile failure occurred in the weak
interlayer and tensile failure occurred in the cement. When 8
= 15°, the shear failure occurred mainly in the weak interlayer
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and cement. When 30°<$<60°, the tensile-shear failure zone ap-
peared in the cement. When 8 = 75°, the shear failure zone ap-
peared in the weak interlayer and its lower left part, while tensile
failure zone appeared in the lower right part of the weak inter-
layer. When 3 = 90°, the shear failure zone occurred in the weak
interlayer and the tensile failure zone occurred in the outer edge
of the cement orthogonal to the weak interlayer. The results were
highly consistent with those obtained from laboratory compres-
sion tests (Fig. 8), also demonstrating the validity of the simula-
tion approach.

CONCLUSIONS

To study the influence of weak interlayer's dip angles, thickness,
mechanical parameters, and loading conditions on the strength,
deformation, and failure characteristics of rock-like materials, the
laboratory compression tests, numerical simulation, and theoreti-
cal analysis were conducted. The main conclusions are as follows:

(1) Confining pressure can effectively restrain the weakening
effect of structural plane on the stiffness and strength of
rock mass. When weak interlayer's dip angle = 45° and
= 60°, the elastic modulus values at the confining pres-

sure of 1.5 MPa increased 30% and 60% than that in none
confining pressure conditions, respectively. Similarly, the
elastic modulus E values at the confining pressure of 3.0
MPa increased 17% and 36% than that at the confining
pressure of 1.5 MPa, respectively. Therefore, the confining
pressure could effectively restrain the stiffness weakening
of rock-like specimens, especially when the dip angle of
weak interlayer was 45° < <60°.

(2) The elastic modulus, compressive strength and failure
characteristics of the rock mass show obvious structural
effects. With the increase of the dip angle of the structural
plane, the elastic modulus and compressive strength of the
rock mass first decrease and then increase. When the weak
structural plane is thicker, the compressive strength of the
rock mass is smaller. When the inclination angle of the
structural plane is close to 60°, the elastic modulus and
the compressive strength are the smallest, but at this time,
the weak structural plane become thicker, the compressive
strength slightly increases.

(3) The mechanical parameters of interlayer or interface also
influence the compressive strength of rock mass in a man-
ner that depends on the dip angle of the interlayer. The
stiffness and shear parameters of the interface are posi-
tively correlated with rock strength only when the dip
angle is smaller than 45°. When the inclination angle of
the structural plane is close to 0° and 90°, the composite
material is mainly characterized by splitting failure; when
the inclination angle is close to 15°, the material mainly
exhibits shear failure. In other cases, the material mainly
exhibits tensile and shear failure modes.

In engineering practice, the composition and structure of weak
structural plane of rock mass are complex. Rock mass generally
contains multiple layers and even cross weak structural planes and
reside in diverse surroundings of various temperature and pres-
sure. This study mainly analyzed the mechanical properties of rock
mass with a single weak interlayer. Future studies on rock mass
with multiple weak structural planes and under high pressure
conditions will provide additional insights to further improve rock
mass engineering practices.
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