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Abstract
The rockburst and spalling problems encountered in the Jinping Underground Laboratory are to be investigated using 3-D
physical model testing. New similarity relationships for the brittleness, brittle–ductile transition and ductility characteristics
of deep hard rock are first established based on the characteristics of the deep rock mass, thereby providing guidance for the
development of analog materials with new characteristics that are appropriate for investigating deep rock engineering disasters via large-scale 3-D physical model tests. Achieving similarity simultaneously among the multiple physical–mechanical
properties of deep hard rock constitutes the major challenge of research on analog materials. Consequently, a new method
for designing analog materials by controlling the aggregate characteristics is proposed. The test results indicate that the
aggregates of the analog materials can be controlled to achieve properties that are similar to those of the original rock. The
newly developed analog material exhibits basic mechanical parameters and properties that are similar to those of Jinping
marble, including high strength, high brittleness, and high unit weight in addition to brittle–ductile transition and ductility
characteristics and deformation and failure modes. The new analog material successfully simulates the major physical–
mechanical properties of Jinping marble and overcomes the limitations of preexisting methods, which develop analog materials via cementing agents, in which the achievement of similarity simultaneously among multiple properties is impossible.
Keywords Large-scale 3-D physical model test · Jinping marble · Analog material · Similarity relationship · High
brittleness · Brittle–ductile transition
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𝜀s	Yield strain
p	Prototype
m	Model
k	Brittleness coefficient
𝜉	Brittle–ductile transition coefficient
𝜎1	Maximum principal stress in conventional triaxial
compression test
𝜎3	Confining pressure in conventional triaxial compression test
𝜎f 	Peak strength
𝜎res	Residual strength
𝜂	Stress reduction coefficient
C𝜎	Similarity constant of stress
C𝜎′ 	Similarity constant of stress in the plastic phase
CE	Similarity constant of elastic modulus
Cc	Similarity constant of cohesion
CL	Similarity constant of geometry
C𝜙	Similarity constant of internal friction angle
C𝜀	Similarity constant of strain
C𝛾	Similarity constant of unit weight
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Ck	Similarity constant of brittleness coefficient
C𝜉	Similarity constant for brittle–ductile transition
C𝜂	Similarity constant of stress reduction coefficient

1 Introduction
Compared with field tests, numerical simulations, laboratory
rock testing, and large-scale 3-D physical model tests can
be used to solve problems in engineering applications more
economically and efficiently (Stimpson 1970). 3-D physical
model tests can more conveniently establish the influencing
factors for surrounding rock structures at depth and they are
highly capable of intuitively revealing the mechanical characteristics, failure patterns and stability of deep rock engineering projects. Moreover, this monitoring approach can
reveal the full deformation evolution process in spatial and
temporal aspects during advancing a tunnel face in a physical model. The approach can overcome some shortcomings
of using small specimens at the centimeter scale. In addition,
physical model tests exhibit numerous other advantages,
including a relatively short research period, low cost and
high assurance of safety for both personnel and equipment.
The gravitational acceleration on a physical model can
usually be increased through centrifugal force provided by
a centrifuge, which, however, cannot be applied to physical models involving excavation tests. Therefore, centrifuge
modeling is not adopted in the current study. Prior to conducting these tests, it is first necessary to develop a material
that is similar to the physical–mechanical characteristics of
the original rock according to similarity relationships. Then,
an engineering prototype consisting of a 3-D physical model
can be prepared using the developed analog material. Therefore, the development of an analog material constitutes the
foundation of large-scale 3-D physical model testing.
Research on analog materials began in the 1960s. Hobbs
(1966) reduced the strength and elastic modulus of the
studied material while curing at 90 °C using hemihydrate
gypsum as a substitute for dihydrate gypsum. Vallarino and
Alvarez (1971) produced an analog material for limestone
via cement pumice mortar, simulated marlite and lignite
using an asbestos sheet soaked in liquid paraffin and applied
these materials during a landslide model experiment simulating the gravity dam in Mequinenza, Spain. Subsequently,
at the Experimental Model and Structure Institute of Italy,
Fumagalli (1973) produced an analog material for rock
composed of gypsum, lead monoxide and bentonite. More
recently, Panien et al. (2006) investigated the mechanical
behavior of an analog material consisting of quartz sand
grains via ring-shear tests, grain characterization and other
similar experiments analyzed by X-ray computed tomography, while Lo et al. (2008) investigated the carbonation
characteristics of both lightweight and normal-weight
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concrete materials with three levels of strength grades
based on different curing temperatures and curing times.
Furthermore, Nguyen et al. (2011) produced a rock analog
material using T
 iO2 powder processed with polyacrylic
acid, and they investigated the effects of various loading
conditions on the mechanical material properties. Zhu et al.
(2011) produced a low-strength analog material with iron
powder, barite, quartz powder and a solution consisting of
alcohol and rosin, and these researchers performed quasithree-dimensional physical model tests on a cavern complex
under high in situ stress. In addition, Wang et al. (2017)
investigated the acoustic emission response and crack expansion patterns of a sand–paraffin analog material, and they
obtained a coupled formula involving the acoustic emission
and mechanical parameters of the analog material. Mendis
et al. (2017) produced a rubber fragment-based concrete
material with similar strength by exploring various mixture
ratios. Consequently, their findings can be used to predict
the characteristics of ordinary concrete material. Similarly,
a large number of researchers, including Yang (1993), Xu
et al. (2000, 2002), Chen and Bai (2006), Li et al. (2011,
2016), Imre et al. (2011) and Fan et al. (2017), have investigated analog materials for brittle rock. The investigated
analog materials primarily consisted of quartz sand, cement,
lime, gypsum, barite powder, and borax in addition to a solution of alcohol and rosin. The physical–mechanical parameters of these analog materials are listed in Table 1.
Previous researchers regulated the brittleness and strength
of analog materials via cementitious materials. For example,
cement and gypsum can increase the strength and brittleness
of the analog materials, respectively. However, as shown
in Table 1, the brittle analog materials developed to date
do not exhibit high strength, high brittleness and high unit
weight simultaneously. However, cementitious materials
are susceptible to fracturing, causing the analog material to
exhibit low brittleness and low strength. In addition, adjusting the unit weight of an analog material affects its strength
and brittleness, consequently, existing analog materials are
unlikely to achieve high strength, high brittleness and high
unit weight at the same time. Investigating the complex
nonlinear relations between the post-peak stress and rock
mechanical parameters is difficult, as a result, previous studies have not conducted sufficient research on the post-peak
characteristics of analog materials.
Rockburst and spalling phenomena, such as those that have
occurred frequently during the excavation of the China Jinping Underground Laboratory Phase II, can result in numerous
casualties and extensive economic losses (Feng et al. 2013).
To investigate the characteristics, mechanisms and patterns
of deep engineering disasters and to ascertain the feasibility
of providing timely forecast and warning systems to prevent
spalling via physical model tests, an analog material has been
developed with characteristics similar to those of Jinping
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Table 1  The physical–
mechanical parameters of
analog material for brittle rock

No.

Producer

Unit weight
(γ) (kN/m3)

Uniaxial compressive
strength (𝜎c) (MPa)

Brittleness
High
coefficient (k) brittleness

High
unit
weight

1
2
3
4
5
6
7
8

Fan et al. (2017)
Li et al. (2016)
Li et al. (2011)
Imre et al. (2011)
Chen and Bai (2006)
Xu et al. (2002)
Xu et al. (2000)
Yang (1993)

25.2
27.7
18.6
16.9
–
17.1
18.0
–

0.79
1.10
3.39
3.50
10.23
3.69
5.73
3.80

19.36
15.71
–
14.00
11.14
10.00
15.90
10.56

Yes
Yes
No
No
–
No
No
–

marble, i.e., it should demonstrate high strength, high brittleness and high unit weight (Feng et al. 2015a, b). Similarly,
the different mechanical properties of rock are associated with
different failure modes of the surrounding rock that directly
affect the safety of deep excavations. Therefore, the similarities
among the characteristics of analog materials, such as their
post-peak brittle–ductile transition and ductility, have been
investigated. However, a similarity relationship considering
post-peak characteristics is currently lacking; such a similar
material should therefore be developed so that large-scale 3-D
physical model tests are similar to the actual conditions in deep
rock engineering endeavors.
To resemble the major properties of deep hard rock, such
as the brittleness, brittle–ductile transition and ductility, a new
similarity relationship for analog materials has been proposed.
However, it is quite difficult to achieve simultaneous similarity
of multiple properties between an analog material and Jinping marble merely by conventional methods, in which the
characteristics of analog materials are regulated via cementing
agents. Therefore, a new method based on aggregates is proposed to control the characteristics of analog materials, and a
new analog material similar to Jinping marble has been developed by regulating the aggregate type, grain size and structural
characteristics.
The new analog material will be used for large-scale 3-D
physical model tests for deep rock investigations in the testing
rig illustrated in Fig. 1. The physical model (2 m × 2 m × 1.5 m)
will be excavated under true triaxial loading conditions. Distributed optical fibers, acoustic emission and endoscope techniques will be used to monitor the deformation and failure
characteristics of the tunnel, to reveal the formation process
and mechanisms of deep rock engineering disasters (e.g.,
spalling and rockburst).

No
No
–
No
No
No
No
No

Fig. 1  The isometric 3-D drawing of the physical model test rig

2 Similarity Relationships for Principal
Physical–Mechanical Properties of Deep
Hard Rock
2.1 Similarity Relationship for High Strength
and Unit Weight
The ratio of the prototype (p) to the model (m) for the
same physical quantity is called the similarity constant C,
which is expressed as follows.

Ci =

ip
,
im

(1)

In Eq. (1), i denotes various physical–mechanical properties, including the stress (σ), elastic modulus (E), cohesion (c), length (L), internal friction angle ( 𝜙 ), strain ( 𝜀 ),
and unit weight (γ).
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According to the similarity relationship (Liu et al. 2013),
the similarity constant Ci must satisfy Eqs. (2) and (3).

i.e., when 𝜎 > 𝜎f , d𝜎 = 0. In this case, the stress reduction
𝜎
coefficient is 𝜂 = 𝜎 f → 1, where 𝜎res is the residual strength.

(2)

The similarity relationship for the ductility of deep hard rock
is thus expressed as follows.

C𝜎 = CE = Cc ,

(3)
As the model tests are not conducted in a centrifuge, the
relationship between the in situ stress and geometry is shown
in Eq. (4).

C𝜙 = C𝜀 = C𝜐 = 1.

C𝜎
= 1.
C𝛾 ⋅ CL

(4)

If C𝛾 = 1, the geometrical similarity constant CL satisfies
Eq. (5).
(5)
Equation (5) demonstrates that an analog material is
required in the absence of centrifuge testing.

CL = C𝜎 .

2.2 Similarity Relationship for the Post‑Peak
Characteristics
Globally, more than 20 brittleness indexes have been proposed; however, a universal criterion does not exist. Among
these indexes, the compression-tensile strength ratio is a
common index for the brittleness (Cheon et al. 2011). The
brittleness of rock and its analog material are represented
𝜎
via the brittleness index k = 𝜎c . The critical brittle–ductile

res

lim C𝜂 = 1.

𝜎→𝜎f

(8)

2.3 Similarity Relationship for the Failure Mode
The failure mode of deep hard rock is related to the loading
method and the applied load. Under uniaxial compression,
a rock sample will exhibit tensile failure, and cracks will
expand in the axial loading direction. Under three-dimensional stresses, a rock specimen will develop shear failure.
When the confining pressure increases to the critical brittle–ductile transition state, the specimen will experience
dilation, and large cracks will not appear.
Accordingly, if an analog material specimen exhibits
tensile, shear and dilation failure modes under uniaxial and
triaxial loading conditions, then the similarity among the
failure modes between the analog material and deep hard
rock is satisfied. Thus, the similarity relationship of the failure mode is qualitative.

3 Characteristics of Jinping Marble
and the Preparation of an Analog Material

t

transition states of rock and its analog material are repre𝜎
sented via the brittle–ductile transition coefficients 𝜉 = 𝜎3 ,

3.1 Analysis of the Characteristics of Jinping Marble

f

where 𝜎3 and 𝜎f are the confining pressure and the peak
strength at the brittle–ductile transition, respectively. It is
feasible to derive that the similarity constants of the dimensionless variables are equal to 1 (Fang et al. 2016). The brittleness and brittle–ductile transition similarity constant Ck
and C𝜉 can be formulated as shown in Eq. (6). Spaun and
Thuro (1994) used the compression-tensile strength ratio k
because of its simplicity and the availability of data and
proposed a quantitative brittleness evaluation method, as
shown in Eq. (7).
(6)

Ck = C𝜉 = 1,
{

10 < k < 20,
k > 20

brittle
.
very brittle

(7)

If an analog material satisfies the similarity relationship
in Eq. (6) and the high brittleness condition in Eq. (7), then
it satisfies the very brittle and brittle–ductile transition similarity constraints.
When deep hard rock is in a perfectly plastic state, the
post-peak curve exhibits the plateau pattern of a perfectly
yielding body, and thus, the deep hard rock exhibits ductility,
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3.1.1 Analysis of the Macroscopic Physical–Mechanical
Properties of Jinping Marble
The characteristics of a rock mass are related to the grain
size and textural properties rather than compositional differences (Kelly et al. 1994). Jinping marble has distinctive
physical–mechanical properties, including high strength,
high brittleness and high unit weight. A total of five specimens was tested, revealing an average uniaxial compressive
strength of 180 MPa, an average brittleness coefficient of
23.69 and an average unit weight of 28.20 kN/m3.
Jinping marble is characterized by a brittle–ductile transition and ductility that occur under relatively high confining
pressures. A conventional triaxial test was conducted on
Jinping marble with the MTS815.03 rock triaxial test system. The test results are shown in Fig. 2, which illustrates
that Jinping marble is brittle at low confining pressures. As
the confining pressure increases, Jinping marble exhibits
ductility. When 𝜎3 = 80 MPa , Jinping marble displays perfect plasticity and enters a critical brittle–ductile transition
state. At this moment, the peak strength in the critical state
i s 𝜎f = 513.33 MPa , t h e r e s i d u a l s t r e n g t h i s
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These calculations indicate that the brittle–ductile transition
confining pressure is 81.1 MPa, which is similar to the test
result of 80 MPa.
Furthermore, Jinping marble demonstrates tensile failure
under uniaxial compression. The major crack pattern (red
dashed line) is consistent with the axial loading direction,
as shown in Fig. 4a. Under conventional triaxial loading, the
specimen exhibits shear failure, as shown in Fig. 4b. As the
confining pressure increases and the confining pressure associated with brittle–ductile transition is reached, the specimen
does not exhibit any large cracks, and dilation failure occurs,
as shown in Fig. 4c.
3.1.2 Analysis of the Microscopic Characteristics of Jinping
Marble
Fig. 2  Stress–strain curve of Jinping marble based on a conventional
triaxial test

𝜎res = 511.35 MPa , the brittle–ductile transition coefficient
𝜎
is 𝜉 = 𝜎3 = 0.156 and the stress reduction coefficient is
f

𝜂=

𝜎f
𝜎res

= 1.004. Figure 2 conclusively demonstrates that the

elastic modulus of Jinping marble is unrelated to the confining pressure. As shown in Fig. 3, the relationship between
𝜎1 and 𝜎3 satisfies 𝜎1 = 4.0166 × 𝜎3 + 219.0149. According
𝜑
𝜑
⋅ 𝜎3 + 2c⋅cos
to the Coulomb criterion 𝜎1 = 1+sin
, we can
1−sin 𝜑
1−sin 𝜑
calculate the cohesion value c = 54.64 MPa and internal friction angle 𝜙 = 36.96◦.
The fitting curves of the peak and residual strengths of
Jinping marble under various confining pressures are shown
in Fig. 3. The intersection of the two fitting curves is the brittle–ductile transition confining pressure of Jinping marble.

Fig. 3  Peak strength and residual strength fitting curves for Jinping
marble

The characteristics (including mineral components) of Jinping marble were analyzed to increase the chance of meeting
the similarity targets for the development of analog materials. The microscopic characteristics of samples numbers 5,
7 and 8 were analyzed via scanning electron microscopy
(SEM) in the laboratory, as shown in Fig. 5. Marble sample
numbers 5, 7 and 8 were taken from laboratory numbers
5, 7 and 8 of the China Jinping Underground Laboratory
Phase II. Additionally, the mineral composition, chemical
compounds and micrograin sizes of the marble samples were
analyzed via X-ray diffraction, X-ray fluorescence and nanomeasurements, as listed in Table 2.
According to Fig. 5, Jinping marble consists of crystal
grains that exhibit fine granularity, a uniform shape and
a compact distribution with no preferential directionality.
Calcite and dolomite exhibit tightly embedded cementation
and primarily form a grain support structure with a minor
cement content. The rocks in Fig. 5a, c contain microcracks
(the former contains crack 1, and the latter contains cracks 2,
3 and 4). The additional cracks in Fig. 5c reduce the strength

Fig. 4  Failure mode of Jinping marble under various confining pressures: a 0 MPa, b 40 MPa, and c 80 MPa
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Fig. 5  The SEM results of Jinping marble: a for lab no. 5, b for lab no. 7, and c for lab no. 8
Table 2  Analysis of the
microscopic characteristics of
Jinping marble

Lab no.

5
7
8

Mineral composition

Chemical compounds

Dolomite (%)

Calcite (%)

MgO (%)

CaO (%)

80.43
88.66
87.25

19.57
11.34
12.75

18.96
18.83
18.80

33.83
34.30
34.04

of the rock. As shown in Table 2, the percentage composition of the primary chemical compounds (MgO, CaO and
SiO2) in Jinping marble is similar. However, the mineral
compositions (primarily dolomite and calcite) and rock grain
sizes of the Jinping marble in laboratory numbers 5, 7 and
8 all significantly differ.
In Table 2, the percentage composition of the primary
chemical compounds is shown.
Based on the above analysis of the microscopic characteristics (i.e., microstructure, grain size, and mineral composition) of Jinping marble, an analog material for Jinping
marble has been developed by controlling the characteristics
of the analog material via aggregates to achieve similarity
between the analog material and original rock.

3.2 Preparation of the Analog Material for Jinping
Marble
3.2.1 Required Characteristics of the Analog Materials
This study is based on the China Jinping Underground Laboratory Phase II, in which laboratories have cross-sectional
dimensions of 14 m × 14 m and 5 m × 5 m. The maximum
excavation size of the loading apparatus for the large-scale
3-D physical model experimental system will be 0.4 m.
Therefore, the geometrical similarity constants for the labo14
5
ratories are CL ≥ 0.4
= 35 and CL ≥ 0.4
= 12.5, respectively.
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𝜎c (MPa)

SiO2 (%)

Average
grain size
(µm)

0.31
0.23
0.31

71.9
42.85
53.41

191.92
174.78
149.53

For the smaller tunnel (5 m × 5 m), when the excavation size
of the physical model is reduced to 0.23 m, the similarity
constant is 22, aiming at investigating the size effect of the
tunnel. According to Eq. (5), the corresponding stress similarity constants are C𝜎 ≥ 35 and C𝜎 ≥ 12.5, and the other
similarity constants can be further determined according to
the similarity relationships of the unit weight, brittleness,
brittle–ductile transition and ductility. Ideally, the analog
materials should have characteristics that comply with the
similarity ratios.
3.2.2 The Mixture Ratio Scheme
The mixture ratio scheme for the analog material is determined via the uniform design method (Fang et al. 2000).
The mathematical principle of uniform design is the uniform
distribution in number theory. The uniform design only considers the uniform distribution of the test points within the
test range, which can ensure that the test points exhibit the
statistical characteristics of uniform distribution, and allows
each level of each factor to be tested only once. The uniform design greatly reduces the quantity of tests and is thus
suitable for multi-factor and multi-level tests. Each uniform
design table has a guide table that aids in the selection of
the appropriate columns from the uniform design table to
arrange factor levels.
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If the number of tests is at least three times the number of
influential factors, the deviation is small, and the test is considered reliable. Since there are five influencing factors in
the mixture ratio test, the number of tests should be at least
15 to achieve reliable tests. Therefore, the uniform design
table U16(1612) with a test number of 16 is most suitable, as
shown in Table 3. According to the guide table of U16(1612)
(as shown in Table 4) and the number of influential factors, the appropriate columns (columns 1, 4, 5, 6, and 9) are
selected to determine the factor levels. The scheme of the
mixture ratio for the analog material is shown in Table 5. In
these tests, the calcite powder composes 11% of the cementing agent weight, and water accounts for 17.8% of the solid
material weight.

composition of the aggregate and the addition of cementing
agents.
The major components of the original rock include calcite
sand and dolomite sand, which are employed as the coarse
aggregate, and calcite powder is employed as the fine aggregate. The grain sizes of the calcite sand, dolomite sand and
calcite powder are 380 µm, 150 µm and 45 µm, respectively.
The combination of different grain sizes helps fill the space
between the grains, thereby increasing the contact surface
area among the grains, and enhancing the interlocking effect
and the strength of the analog material. The poorly graded
nature of the aggregate helps to avoid segregation, improves
the compactness, and achieves an identical unit weight with
a consistent mechanical performance between materials
(Imre et al. 2011).
The material is compacted to form a densely embedded
structure consisting of aggregate grains. As a consequence,
the calcite sand and dolomite sand particles are prone to
the development of transgranular fractures when subjected
to loading, and thus, they exhibit the intrinsic mechanical
properties (e.g., their brittleness, ductility and strength) of
mineral grains.

3.2.3 Preparation Method of the Analog Material
and Selection of Major Component Materials
Based on the analysis of the characteristics of Jinping marble, a new method is developed to control the properties of
the analog material via the structure, grain size and mineral
Table 3  The U16(1612) table

Table 4  The guide table of
U16(1612)

No.

1

2

3

4

5

6

7

8

9

10

11

12

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

2
4
6
8
10
12
14
16
1
3
5
7
9
11
13
15

4
8
12
16
3
7
11
15
2
6
10
14
1
5
9
13

5
10
15
3
8
13
1
6
11
16
4
9
14
2
7
12

6
12
1
7
13
2
8
14
3
9
15
4
10
16
5
11

8
16
7
15
6
14
5
13
4
12
3
11
2
10
1
9

9
1
10
2
11
3
12
4
13
5
14
6
15
7
16
8

10
3
13
6
16
9
2
12
5
15
8
1
11
4
14
7

13
9
5
1
14
10
6
2
15
11
7
3
16
12
8
4

14
11
8
5
2
16
13
10
7
4
1
15
12
9
6
3

15
13
11
9
7
5
3
1
16
14
12
10
8
6
4
2

16
15
14
13
12
11
10
9
8
7
6
5
4
3
2
1

Number of influential factors

Column number

2
3
4
5
6
7

1
1
1
1
1
1

8
4
4
4
3
2

Discrepancy

6
5
5
5
3

6
6
8
6

9
10
9

11
11

12

0.0908
0.1262
0.1705
0.2070
0.2518
0.2769
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Table 5  The scheme of the
mixture ratio test for the analog
material

No.

Ratio of calcite sand
versus dolomite sand

Sand–
cement
ratio

Gypsum–
cement
ratio

Compaction pressure
(MPa)

Mass ratio of PbO versus (coarse
aggregate + cement + gypsum) (%)

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

0.250
0.316
0.389
0.471
0.563
0.667
0.786
0.923
1.083
1.273
1.500
1.778
2.125
2.571
3.167
4.000

1.94
2.49
3.04
1.72
2.27
2.82
1.50
2.05
2.60
3.15
1.83
2.38
2.93
1.61
2.16
2.71

2.226
1.262
4.000
2.012
1.155
3.505
1.825
1.058
3.098
1.660
0.969
2.759
1.513
0.887
2.472
1.381

3.7
6.1
3.4
5.8
3.1
5.5
2.8
5.2
2.4
4.9
2.1
4.6
1.8
4.3
1.5
4.0

87.0
83.0
79.0
75.0
88.0
84.0
80.0
76.0
89.0
85.0
81.0
77.0
90.0
86.0
82.0
78.0

Semi-hydrated gypsum and ordinary Portland cement are
selected as the cementing agents, which are only auxiliary
materials, and their collective content is much lower than the
aggregate content. PbO powder with a density of 9.5 g/cm3
is used to increase the unit weight of the analog material.
When the analog material is prepared using neutral freshwater, the water content should be strictly controlled. When
the water–gypsum ratio is large, severe bleeding occurs during the molding processes, causing non-uniform properties
after material hardening and a difference of greater than 20%
in the elastic modulus between the upper and lower layers
(Indraratna 1991). The water consumption during gypsum
hydration can reach 18.6%, whereas that during Portland
cement hydration is approximately 20%. Considering the
fluidity and plastic formation of the mixed material and loss
during preparation, the actual water content is determined
by the gross weight of the solid material.
3.2.4 Preparation Process of the Analog Material
The preparation procedure consists of three main steps—
pouring, compaction and curing.
1. A predefined amount of solid material, including calcite
sand, calcite powder, dolomite sand, gypsum, cement
and PbO powder, is weighed and evenly mixed.
2. A predefined amount of water is weighed and mixed
with the solid material. After thorough mixing, the
material is placed in a mold, and the interior wall of the
mold is coated with the demolding agent.
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3. The specimen is compressed with a loading machine to
obtain a proper compactness, and then removed from the
mold.
4. The specimen is cured at 24 °C and 40% relative humidity (RH) in a humidity chamber until the material hardens and the mass stabilizes. Inadequate drying significantly reduces the strength and elastic modulus of the
analog material.

4 Experimental Study of the Physical–
Mechanical Properties of the Analog
Material
4.1 Tests for Determining the Principal Physical–
Mechanical Properties of the Analog Material
Tests were performed to measure the major physical–mechanical parameters, including the uniaxial compressive strength, elastic modulus, uniaxial tensile strength,
and unit weight, of the analog material. Based on the testing method suggested by the International Society for Rock
Mechanics (ISRM) (Brown 1981), the dimensions of the
uniaxial compression test specimen are Ø50 × 100 mm high.
The test was based on the displacement control method, and
the loading rate was 10−3 mm/s. The elastic modulus E is
calculated from the uniaxial compression test results. The
tensile strength measurement is based on the splitting tensile method. The dimensions of the cylindrical specimen
after cutting are Ø50 × 25 mm high. The specimen develops
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Table 6  The physical–
mechanical parameters of the
analog material and Jinping
marble

Samples

Table 7  Range analysis of the
brittleness coefficient

Variance Ratio of calcite
sand to dolomite
sand

Sand–
cement
ratio

Gypsum–
cement
ratio

Compaction pressure
(MPa)

Mass ratio of PbO versus (coarse
aggregate + cement + gypsum) (%)

Level 1
Level 2
Level 3
Level 4
Range

15.29
20.08
15.07
16.56
5.01

14.98
16.02
16.65
19.35
4.37

8.5
8.3
7.9
9.4
1.5

18.79
15.97
15.25
16.99
3.54

γ (kN/m3) E (GPa) 𝜎c (MPa) 𝜎t (MPa) c (MPa) 𝜙 (°)

Jinping marble
28.20
No. 5 analog material 28.43
No. 8 analog material 27.10

16.51
18.28
14.42
17.79
3.86

56.05
2.05
3.14

175.07
5.00
8.09

7.39
0.22
0.32

54.64
1.33
1.86

𝜀 (%) k

36.96 0.44
37.27 0.31
39.53 0.33

𝜉

23.69 0.156
22.73 0.161
25.28 0.144

tensile failure in the radial direction, and the failure mode is
similar to that of deep hard rock.
During the conventional triaxial test, a confining pressure
was first applied at a predefined value, after which an axial
loading 𝜎1 was then applied. The specimen dimensions are
Ø50 × 100 mm high. The axial displacement control method
was adopted, and the loading rate was 10−3 mm/s. A linear
variable differential transformer (LVDT) axial displacement
sensor measurement range was 5 mm, and the circumferential extensometer measurement range was also 5 mm.

4.2 Test Results
Five specimens were tested for all of the mixture ratios
listed in Table 5. The physical–mechanical parameters of
the analog material with respect to the number 5 and number
8 mixture ratios and Jinping marble are listed in Table 6.
The geometrical similarity constants for the number 5 and
number 8 types of analog material are CL = 35 and CL = 22,
respectively.
4.2.1 Sensitivity Analysis of the Influential Factors
The brittleness coefficients of various mixture ratios in
Table 5 were determined through experiments, then the
variance of brittleness coefficients in each level (taking the
four similar levels of each influencing factor as one level,
leading to four levels.) and the corresponding range were
calculated, as shown in Table 7. Although the sand–cement
ratio has a smaller test range, it has a greater variance than
the gypsum–cement ratio. Therefore, the variations in the
sand–cement ratio have a more significant impact on the
brittleness than variations in the cementitious material, i.e.,
the aggregate type is the dominant factor responsible for
variations in the characteristics of the analog material.

Fig. 6  Analysis of the sensitivity of influencing factors on the level of
brittleness

The relations between the brittleness coefficient k and the
sand–cement and gypsum–cement ratios are shown in Fig. 6.
The brittleness decreases with an increase in the gypsum
content, which normally increases the brittleness. Thus, the
brittleness of the analog material is not increased using a
cementitious material. This result proves a modification of
the previous methods, in which the brittleness of the analog
materials was increased by adding more gypsum.
4.2.2 Microscopic Characteristic Analysis of the Failure
Plane of the Analog Material
The failure plane of the specimen under uniaxial compression was investigated based on SEM and energy spectrum
analysis. The section observation position is encircled by
a red line in Fig. 7a, and the analysis results are shown in
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4.3 Similarities Among the Major Physical–
Mechanical Properties of the Analog Material
4.3.1 Similarity of the High Strength and High Unit Weight
Characteristics
The analog material whose prototype is Jinping marble sample number 7 and stress similarity constant C𝜎 = 22 is used
here. The uniaxial compressive strength similarity constant
C𝜎c , uniaxial tensile strength similarity constant C𝜎t and unit
weight similarity constant C𝛾 of the analog material can be
expressed as follows.

Fig. 7  SEM analysis of the specimen failure plane. a Observation
position of the failure plane and b internal structure of the failure
plane

Fig. 7b. The figure indicates that calcite grains develop
transgranular fractures under stress; the fracture surface is
uneven, and there is no trace on the surface, which represent
a typical brittle fracturing mode. When calcite sand grains
begin to break, they exhibit an intrinsically high brittleness,
which increases the brittleness of the analog material.

C𝜎c =

175.07
= 21.6,
8.09

C𝜎t =

7.39
= 23.1,
0.32

(10)

C𝛾 =

28.20
= 1.0.
27.10

(11)

(9)

Equations (9), (10) and (11) indicate that the analog material and Jinping marble are similarly characterized by high
strength and high unit weight.
4.3.2 Similarity of the High Brittleness Characteristics
As shown in Fig. 8a, the uniaxial compression curve of the
No. 8 analog material specimen can be divided into four
typical phases.

Fig. 8  Stress–strain curve for the number 8 analog material: a under uniaxial compression and b under conventional triaxial compression
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1. Pore compaction phase (OA section): the internal pore
of the specimen closes, the specimen is compacted, the
stress–strain curve exhibits an upward concave pattern,
and the elastic modulus continuously increases.
2. Elastic deformation phase (AB section): the stress–strain
curve is linear, the elastic modulus is stable, and internal
pores constantly deform within the material.
3. Unstable fracture development phase (BC section): the
stress–strain curve is nonlinear, the specimen transitions
from an elastic phase to a plastic phase, the specimen
gradually yields, and the specimen volume changes
from compression to dilation until the peak strength is
reached.
4. Failure phase (CD section): after the peak strength is
reached, cracks within the analog material rapidly propagate and coalesce, leading to macroscopic fractures; in
addition, the stress rapidly decreases, and the post-peak
curve exhibits high brittleness.
The brittleness coefficient k and similarity constant Ck of
the analog material can be calculated as follows.

k=

8.09
= 25.28,
0.32

(12)

23.69
= 0.9.
25.28

(13)

Ck =

and deformation continuously increase. No peak strength is
observed, and the analog material demonstrates characteristics
of strain hardening.
The brittle–ductile transition coefficient 𝜉 and similarity
constant C𝜉 can be calculated as follows.

𝜉=

3.50
= 0.144,
24.37

(14)

0.156
= 1.1.
0.144

(15)

C𝜉 =

According to Eq. (15), the analog material and Jinping marble have similar brittle–ductile transition characteristics.
As shown in Fig. 9, the peak strength 𝜎f and residual
strength 𝜎res increase with the confining pressure 𝜎3. The correlation coefficients of the two fitting lines are both greater
than 0.98. The slope of the fitting curve for the peak strength
is less than that for the residual strength. These calculations
show that the confining pressure at the brittle–ductile transition
is 𝜎3 = 2.91 MPa, which is close to the test measurement of
3.50 MPa. The similarity constant of the confining pressure at
= 28.1 based on the
the brittle–ductile transition is C𝜎3 = 81.8
2.91
fitting curve, and this value satisfies Eqs. (2) and (5).
The relationships between 𝜎f and 𝜎res versus 𝜎3 for the
analog material can be formulated as follows.

𝜎f = 4.5026 × 𝜎3 + 7.8821,

(16)

Equations (12) and (13) indicate that the analog material
and Jinping marble have a similarly high brittleness.

𝜎res = 6.3715 × 𝜎3 + 2.4376.

(17)

4.3.3 Similarity of the Brittle–Ductile Transition
Characteristics

𝜎1 =

The stress–strain curves of the analog material under various confining pressures are shown in Fig. 8b, in which the
curves exhibit similar patterns. As shown in Fig. 8b, when the
confining pressure is 0 MPa, the specimen post-peak curve
rapidly decreases, which reflects high brittleness. When the
confining pressure is between 0.5 and 1.5 MPa, the post-peak
curve gradually decreases, and the specimen gradually displays ductile characteristics. When the confining pressure
is 2.3 MPa, the stress–strain curve exhibits a yield plateau;
beyond this plateau, the curve gently decreases, and the analog
material demonstrates obvious ductile characteristics. As the
confining pressure increases up to 3.5 MPa, the specimen
demonstrates characteristics of plastic flow. After the specimen reaches its peak strength, the bearing capability does not
decline, and the yield plateau of the stress–strain curve continues to grow. At this moment, the specimen is in a perfectly
plastic state without a residual strength phase; this pressure
is called the critical confining pressure for the brittle–ductile
transition. When this critical confining pressure is exceeded
and the confining pressure increases to 4.0 MPa, the strength

Based on the Coulomb criterion in Eq. (18).

1 + sin 𝜙
2c ⋅ cos 𝜙
⋅ 𝜎3 +
1 − sin 𝜙
1 − sin 𝜙

(18)

Fig. 9  Fitting curves of peak strength and residual strength for the
No. 8 analog material
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In Eq. (18), c is the cohesion, and 𝜙 is the internal friction angle.
Equations (16) and (18) can be combined to calculate the
analog material cohesion c = 1.86 MPa and internal friction
angle 𝜙 = 39.53◦. Therefore, the cohesion similarity constant Cc and internal friction angle similarity constant C𝜙 are
expressed as follows.

Cc =

54.64
= 29.37,
1.86

(19)

C𝜙 =

36.96
= 0.9.
39.53

(20)

According to Eqs. (19) and (20), the analog material and
Jinping marble have similar cohesion values and internal
friction angles.
4.3.4 Similarity of the Ductility Characteristics
As shown in Fig. 8b, the peak strength in the plastic state is
𝜎f = 24.37 MPa , the residual strength is 𝜎res = 24.32 MPa ,
therefore the stress reduction coefficient of the analog mate𝜎
rial is 𝜂 = 𝜎 f = 1.002. The similarity constant limit of the
res

stress reduction coefficient lim𝜎→𝜎f C𝜂 can be expressed as
follows.

lim C𝜂 =

𝜎→𝜎f

1.004
= 1.0.
1.002

(21)

As indicated by Eqs. (21), the analog material and Jinping
marble have similar ductility characteristics.
4.3.5 Similarity of the Deformation Characteristics

4.3.6 Similarity of the Failure Mode
Under various confining pressures, the specimen failure
modes significantly differ. The effect of the confining pressure on the failure mode of the analog material is shown
in Fig. 10. Under uniaxial compression, the analog material specimen develops tensile failure, and a major crack
expands in the vertical direction parallel to the loading
direction (Fig. 10a). As the confining pressure continuously
increases, the specimen develops shear failure (Fig. 10b).
When the confining pressure exceeds the critical pressure for
the brittle–ductile transition, the specimen does not exhibit
large cracks, instead, the specimen diameter increases, the
height decreases, and dilation occurs (Fig. 10c).
This analysis reveals that the analog material specimen
exhibits three failure modes—tensile, shear and dilation—in
sequence as the confining pressure continuously increases.
Therefore, the analog material and Jinping marble have similar failure modes.

5 Discussion
The challenge in the development of an analog material for
Jinping marble is in achieving similarity among the various physical–mechanical properties, i.e., ensuring that the
analog material has high strength, high brittleness, and
high unit weight in addition to similar brittle–ductile transition and ductility characteristics. In previous research,
cementitious materials were used to improve the strength
of the analog material; however, the level of brittleness was
correspondingly reduced. Increasing the gypsum content
resulted in high brittleness in the analog material; however, the strength was reduced. Evidently, finding a balance
between high strength and high brittleness is difficult. In

Under uniaxial compression, the strain similarity constant of
the analog material C𝜀 and elastic modulus similarity constant CE can be expressed as follows.

C𝜀 =

0.44%
= 1.3,
0.33%

(22)

CE =

56.05
= 17.9.
3.14

(23)

According to Eqs. (22) and (23), under uniaxial compression, the analog material and Jinping marble have similar
strain characteristics and elastic moduli.
As shown in Fig. 8b, under conventional triaxial compression, the variation in the elastic modulus of the analog
material is unrelated to the confining pressure; this relation
is similar to the elastic modulus characteristics of Jinping
marble.
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Fig. 10  The No. 8 analog material failure modes under various confining pressures: a 0 MPa tensile splitting, b 1.5 MPa shear failure,
and c 4 MPa ductile failure
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Table 8  Relative difference in similarity constants between the analog material and Jinping marble
Samples

𝛾 (kN/m3)

E (GPa)

𝜎c (MPa)

𝜎t (MPa)

c (MPa)

𝜙 (°)

𝜀 (%)

k

𝜉

𝜂

Jinping marble
Analog material
Similarity constant
Target similarity constant
Relative difference

28.20
27.10
1.0
1
0

56.05
3.14
17.9
22
18.6%

175.07
8.09
21.6
22
1.8%

7.39
0.32
23.1
22
5.0%

54.64
1.86
29.4
22
33.6%

36.96
39.53
0.9
1
10.0%

0.44
0.33
1.3
1
30.0%

23.69
25.28
0.9
1
10.0%

0.156
0.144
1.1
1
10.0%

1.004
1.002
1
1
0

addition, high brittleness makes it difficult to achieve similar brittle–ductile transition characteristics. Similarly, unit
weight adjustments also affect other properties. Since the
similarity conditions for various properties constrain and
contradict each other, simultaneously achieving similarity
among multiple properties is quite difficult. Therefore, it is
extremely difficult to prepare analog materials for deep hard
rocks using conventional methods that regulate the characteristics of rocks via cementing agents.
This paper deviates from previous methods, in which
analog material properties were controlled via cementitious materials. Based on a detailed analysis of the macroscopic and microscopic properties of Jinping marble, a
new development method is proposed. The new method
mainly regulates the characteristics of the analog material
through the type, grain size and structural characteristics of
the aggregate components. The major components of the
original rock include calcite sand and dolomite sand, which
are employed as aggregates. The mixing of these aggregates
with different grain sizes can improve the compactness and
increase the unit weight of the analog material. Compaction
is required during the preparation of the analog material to
form a densely embedded structure among the aggregate
grains. As a consequence, the calcite sand and dolomite sand
particles are prone to the development of transgranular fractures when subjected to loading, and thus, they exhibit the
intrinsic mechanical properties (e.g., their brittleness, ductility and strength) of mineral grains. Moreover, compaction
increases the strength and unit weight of the analog material.
The proposed method improves the similarities among
the physical–mechanical properties between the analog
material and the original rock. Multiple properties of the
analog material are controlled as whole, and this approach
overcomes the difficulty associated with multi-factor mutual
constraints when each property is separately controlled.
Multiple similar properties indicate that the analog material
is closer to the original rock and that each influential factor
accurately reflects the actual situation in the deep rock mass.
Therefore, investigating deep rock engineering via largescale 3-D physical model tests is more practical.
However, it is almost impossible to achieve the ideal
similarity ratios simultaneously among multiple properties
between analog materials and rocks. The relative difference

of similarity constants between the analog material (experiment) and Jinping marble (target) is shown in Table 8. For
deep hard rock, the failure of a rock mass is mainly affected
by the strength, brittleness, brittle–ductile transition and
ductility characteristics, while the deviation in the similarity of the strength, brittleness, brittle–ductile transition and
ductility characteristics between the analog materials and
rocks is less than 10%. In addition, the similarity constants
of other parameters (cohesion and strain) are relatively close
to the target (relative difference at roughly 30%). Therefore,
the similarity of the analog material meets the requirements.

6 Conclusions
1. Similarity relationships involving the brittleness, brittle–ductile transition and ductility characteristics of deep
hard rock are proposed. These similarity relationships all
provide support for the development of an analog material to address issues related to the mechanical response
characteristics of the surrounding rock, the time-dependent fracturing and failure mechanisms of deep hard rock,
and the implementation of protective measures for tunnel excavations under high in situ stresses.
2. Based on analyses of the macroscopic and microscopic
characteristics and mineral components of Jinping marble, a new method is proposed in which the physical–
mechanical properties of the analog material are controlled using aggregates. This method improves upon
conventional methods that control the analog material
characteristics via cementitious material, and it overcomes the difficulty associated with multi-factor mutual
constraints when multiple properties are individually
controlled. Moreover, the proposed method provides a
potential approach for selecting the material type, the
aggregate grain size and the preparation methods for
research on the development of analog materials.
3. A new analog material is developed with basic mechanical parameters and characteristics (e.g., high strength,
high brittleness and high unit weight in addition to brittle–ductile transition and ductility characteristics and
deformation and failure modes) similar to those of Jinping marble. This research overcomes previous limita-
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tions regarding the development of an analog material
with multiple properties similar to those of the original
rock. Additionally, this study provides an analog material that is similar to the original rock for large-scale
3-D physical model tests. The findings presented herein
indicate that the new similarity relationships and the
new method for developing analog materials are valid
and feasible.
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