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The inﬂuence of size eﬀect on the hydromechanical behavior of rock mass has long been recognized. As a result, analysis of the rock
mass size eﬀect has been developed. However, when conducting size eﬀect studies, the representativeness of the sample is less
considered. Therefore, combining the existing statistical methods and sampling methods, a comprehensive representative
sampling method for rock mass is present. In this method, a large number of sample statistics of diﬀerent sizes are provided in
the progressive coverage method; then, the plane density of the track length is deﬁned as the value of stratiﬁcation to perform
stratiﬁed sampling for representative samples. Furthermore, it is applied to a joint network model generated in accordance with
the actual situation and compared with those of other methods. The sampling results show that the proposed method can
provide a certain reference value for studying the scale-dependent behavior of rock mass mechanical parameters.

1. Introduction
The mechanical properties of rock mass have many applications
in engineering practices, such as tunnels, dams, and slopes; the
inﬂuence of size eﬀect on it is investigated [1, 2]. That is, the
mechanical parameters are primarily attributed to the variation
in geometric dimensions of the specimen [3–7]. In engineering
practice, the mechanical parameters of large-scale specimens
are often obtained by reducing the test results of small-scale
mechanical parameters, but the reliability of the results is still
diﬃcult to clarify. Therefore, an in-depth study of the scaledependent behavior of mechanical properties of rock mass
enables the mechanical parameters to be determined accurately,
thereby oﬀering certain guiding signiﬁcance for the application
of parameters in engineering practice.
The study on the size eﬀect of rock mass mechanical
properties has been conducted through laboratory tests,
numerical simulation, in situ tests, etc. [8–10]. The mechan-

ical test mainly includes compression, shear, and tension, by
performing laboratory tests that can only obtain the strength
of the intact rock being restricted to indoor conditions. However, the strength should be decreased for application in
practical engineering [11–13]. Subsequently, various numerical simulation software, including ﬁnite element and discrete
element software, has been adopted by more authors. These
software can simulate the mechanical test of real rock mass,
customize the strength level of rock mass, and set diﬀerent
types of mechanical tests [14–17]. In addition, the anisotropic properties of the rock mass were further studied [18,
19]. Few researchers conducted ﬁeld investigations through
in situ tests, because these methods are expensive and
impractical [20–24]. Therefore, among the above methods,
the numerical simulation can approximately meet test
requirements under various conditions and also repeatedly
perform numerical calculations to reduce the error of the test
results, thus serving as a feasible research method.
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Figure 1: Processive magnifying sampling method: (a) middle ampliﬁcation; (b) side ampliﬁcation.
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Figure 2: Equal-partition sampling method.

(negative size eﬀect), and remains constant (no size eﬀect),
among other results, as a function of the sampling size. However, the representativeness of the samples obtained by this
method has not yet been determined; therefore, the reliability
of the results is questionable. Representative sampling
methods have been advanced to address the above problems.
Such methods include stratiﬁed sampling, which was well
applied in rock joints. However, the feasibility of jointed rock
mass needs to be further explored and analyzed. Therefore, a
method based on the joint network model and combined
with the progressive coverage method for sample statistics
and stratiﬁed sampling is needed for representative sampling.
In this study, a comprehensive rock sample sampling
method is suggested and applied to the acquisition of
series-sized rock samples. Furthermore, the rationality of
the sampling results obtained by the proposed method is
tested with the joint network model, and its advantages and
roles are compared with those of the other sampling
methods. This step veriﬁes if the scale-dependent behavior
of mechanical properties is eﬀective.

2. Compare and Analyze Different
Sampling Methods
2.1. Single-Sample Sampling Method
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Figure 3: Progressive coverage statistical method.

The reasonable selection of samples on the basis of statistical samples is essential prior to numerical simulation.
Regarding the study on the size eﬀect law, it is required that
large-size samples include small-size samples to acquire the
correct size eﬀect law. However, current research has been
mainly based on a single sample and a random sample [18,
25–27]. The obtained size eﬀect laws diﬀer and show that
the sample value increases (positive size eﬀect), decreases

2.1.1. Simple Random Sampling Method. As a result of the
complexity and variability of rock mass structure in the ﬁeld,
diﬀerent-size samples are generally arbitrarily taken from the
original rock mass, and the choice of sample positions primarily depends on individual subjective judgments [18, 27].
2.1.2. Processive Magnifying Sampling Method. The processive magnifying sampling method refers to the selection of
the starting point for sampling within the scope of the size;
this point is used as the sampling reference every time and
is gradually expanded to obtain rock samples of various sizes
in turn [25, 26]. For example, the left bottom or the center is
utilized as the starting point to gradually expand (Figure 1).
This method can overcome the irregularity of the random
sampling method, but the representativeness of the obtained
sample is still unclear.
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2.2. Multisample Sampling Method
2.2.1. Equal-Partition Sampling Method. This method can be
applied to divide an entire large rock mass at equal intervals,
as shown in Figure 2, to obtain original samples at diﬀerent
locations. A large sampling size corresponds to a small sample
capacity. Therefore, the method may not provide a suitable
sample capacity or guarantee that a complete set of continuously sized samples will be provided when full coverage is
achieved.
2.2.2. Progressive Coverage Statistical Method. To provide a
comprehensive sampling basis for the series-size sample
statistics, Huang et al. proposed the progressive coverage
statistical method, which is an eﬀective tool for seriessize sample statistics [28]. The key is to determine the
sampling size li and the propulsion space Δdi (i is the corresponding number of diﬀerent sizes). The sampling unit
gradually advances along the x and y directions of the
rock mass, and then, the samples achieve coverage; a schematic diagram is given to reﬂect in Figure 3. This method
obtains more complete samples, which can cover some
missing areas, increase the sample capacity, improve the
accuracy of the overall samples, and provide a certain
sampling basis.
2.3. Representative Sampling Method. The stratiﬁed sampling
method was raised to improve the situation of an excessive
number of small samples [29]. This method was originally
applied to rock joints. At present, in using this method to the
sampling of rock mass, the basic parameter of stratiﬁcation is
deﬁned ﬁrst. Then, the parameter is arranged from small to
large, and the stratiﬁcation ratio is determined by using the
quartile method of this parameter. All the statistical values are
divided into three intervals, namely, 0–25%, 25–75%, and 75–
100%, where the distribution proportion of samples in each
layer is 1/4, 1/2, and 1/4, respectively. The sample capacity is
counted within the allowable error range. Then, representative
samples in the corresponding layers are selected, and the sampling capacity is minimized, thus enabling them to be reasonably distributed. Subsequently, the stratiﬁed sampling method
is further improved, and a new situation is added to the sample
layer. When the relative range of the basic parameters is less
than 10%, an interval of 0%–100% is deﬁned for the statistical
values, and the distribution ratio is 1.
In summary, a comprehensive rock mass sampling method
that combines statistical and sampling methods has not yet
been proposed. Therefore, a new sampling method needs to
be established to ensure an equal sample capacity of diﬀerent
sampling sizes, and the representative samples are chosen from
them, which provide a theoretical basis for studying the scale
dependency of mechanical properties of rock mass on size.

3. Representative Sampling Method Based on a
Joint Network Model
On the basis of a comparative analysis of diﬀerent methods, a
representative sampling method for the joint network model
is advanced in this paper. Its detailed steps are described below.

Figure 4: Mine slope in Shaoxing, China.

3.1. Establishment of a Joint Network Model Based on a
Jointed Rock Mass. Statistical analysis of joint parameters provides basic data for the joint network model by collecting
parameter information, such as trace length, spacing, and dip
angle of the rock mass in the ﬁeld. In generating the joint network model, the size of the simulation area is set ﬁrst, that is,
the rock mass with a dimension of L × L, and the distribution
form of joint trace length, spacing, and dip angle is determined.
Then, the joint center point coordinates ðx0 , y0 Þ, trace length lt ,
and dip angle θ are converted into joint end point coordinates A
ðx1 , y1 Þ and Bðx2 , y2 Þ according to Formula (1). If any end
point is not in the simulation area, then the intersection point
of the joint trace and the area boundary is taken as the joint
end point. The joint network model diagram is provided
through software programming.
lt
cos θ,
2
l
y1,2 = y0 ± t sin θ:
2

x1,2 = x0 ±

ð1Þ

3.2. Series-Size Sample Statistics. The progressive covering
method is employed to set square sampling units of diﬀerent
sizes and the propulsion space and then gradually advance
along the orthogonal direction of the rock mass to achieve
appropriate sampling capacity. The calculation formula of sample capacity N is


2
L − li
N=
+1 :
Δd i

ð2Þ

3.3. Representative Sampling of the Single Size. The plane density of the trace length is one of the important parameters
that characterize the internal geometric distribution of the
rock mass, which mainly represents the inﬂuence of the joint
trace length and spacing on the rock mass. The parameter
will have a certain inﬂuence on the mechanical properties
of the rock mass. For this purpose, the plane density of
the track length is taken as the basic parameter for layering.
This parameter is deﬁned as the length of all joints contained
in the unit area of the rock mass [30]. The calculation
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Table 1: Distribution statistics of joint geometric parameters.

Joint
1
2
3

Spacing (m)
Distribution

Trace length (m)
Distribution
Mean

Mean

Negative exponential
Negative exponential
Negative exponential

1.02
0.98
1.05

Normal
Normal
Normal

Variance

2.47
1.97
1.88

Dip angle (°)
Distribution
Mean

0.12
0.14
0.09

(a)

Normal
Normal
Normal

Variance

57.8
60.3
29.4

8.8
9.2
10.1

(b)

(c)

Figure 5: Joint network model of diﬀerent groups: S1; S2; S3.
Table 2: Sample capacity statistics for diﬀerent sampling sizes.
Sampling size (m × m)

Propulsion space (m)

Sample capacity

Sampling size (m × m)

Propulsion space (m)

Sample capacity

1×1

0.9

121

6×6

0.4

121

2×2

0.8

121

7×7

0.3

121

3×3

0.7

121

8×8

0.2

121

4×4

0.6

121

9×9

0.1

121

121

10 × 10

0

1

5×5

0.5

formula is as follows:

lt1 + lt2 +⋯lt j +⋯+ltn
,
Lp =
l i × li

ð3Þ

where Lp is the plane density of the track length, lt1 , lt2 , ⋯
, lt j , ⋯, ltn represent the length of each joint, and j is the corresponding number for diﬀerent joints. In this paper, the
cumulative pixel points of the trace in the proportion of
the study area are converted to the plane density of the trace
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Table 3: Information statistics of layered sampling with diﬀerent sampling sizes.

Sampling size (m × m)

The relative range

Sample capacity

Sampling size (m × m)

The relative range

Sample capacity

1×1

399.10%

16

6×6

36.31%

4

2×2

252.77%

8

7×7

37.98%

4

3×3

148.86%

4

8×8

24.73%

4

4×4

103.05%

4

9×9

8.17%

1

5×5

56.17%

4

10 × 10

0%

1

2m
5m
4m

3m

6m

7m
9m

1m

8m

Figure 6: Sample distribution statistics of diﬀerent size.

length, that is, the overall decay rate of Lp will be a certain
multiple, which is expressed as follows:
Lpm =

Lp
,
m

ð4Þ

where m represents the pixels corresponding to unit length.
In accordance with the operational process of the stratiﬁed sampling method in Section 2.3, the minimum sample
capacity that meets the requirements is calculated, the representative samples are ensured in the corresponding layers,
and the sample distribution becomes more uniform.
The reliability and feasibility of the new sampling method
are veriﬁed by comparing the sampling results with those of
other methods.

4. Application and Analysis
4.1. Acquisition of Representative Series-Size Rock Samples.
The internal joints of the rock mass are complex and changeable and cannot be considered one by one. Currently, the statistical distribution method is often employed to establish the
model. The rock mass level model is established considering

the distribution characteristics of rock mass macrocracks.
After several ﬁeld investigations, the research team collected
data on three sets of rock mass joints in a mine slope in Shaoxing, China (Figure 4). The distributions of geometric
parameters of joints are listed in Table 1. A single set of joints
is the research object, and three sets of rock models with
dimensions of 10 m × 10 m are generated by software programming, as shown in Figure 5. The exported picture is uniformly adjusted to 300 pixels × 300 pixels by using image
processing technology.
Then, the progressive coverage method is suggested to ﬁx
9 square sampling units of diﬀerent sizes, with sampling sizes
li of 1 m, 2 m, …, 9 m, under the condition that the sample
capacity of each size is 121, and the propulsion space Δdi is
0.9 m, 0.8 m, …, 0.1 m for rock sample acquisition. All sampling sizes can completely cover all areas. When the size is
10 m, it is the original sample. The statistical information is
presented in Table 2.
Many samples obtained by the progressive coverage
method are representatively sampled in series size. The m is
set as 30. The statistical results are listed in Table 3. The ﬁndings show the relative range to decrease as a function of the
sampling size, but when the size is 7 m, a slightly increasing
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Figure 7: The relative error of diﬀerent sampling methods applied in three sets of jointed rock masses: S1; S2; S3.

trend is observed. When the size is 6-8 m, the sample capacity
is 4. When the size is 9 m, the relative range is less than 10%,
and a sample is taken here. However, when the size is small,
the sample capacity is large. A schematic of the distribution
of series-size samples is taken, such as S2, as shown in
Figure 6. The order of samples of each size increases from left
to right and then from top to bottom.
4.2. Comparative Analysis of Sampling Results of Diﬀerent
Methods. The three joint network models of 10 m × 10 m
generated above are taken as examples to compare the sampling results of diﬀerent methods. First, the model size varies
from 1 m to 10 m, and series-size samples are obtained
through the representative sampling method, equalpartition sampling method, processive magnifying sampling
method, simple random sampling method, and progressive
coverage method. Second, the Lp of each sample is calculated.

The sampling of the joint network model requires the
selected samples to be able to represent the internal structure
at the sampling size. Then, considering that the representative method is based on Lp , the Lp of the sample obtained
by the progressive covering method is the measured value,
and the relative error between this method and other
methods is established. The calculation formula is as follows:
δ=

jRP ‐Rc j
× 100%,
RP

ð5Þ

where RP is the mean Lp of the population and Rc is the mean
Lp of the specimen.
As shown in Figure 7, for the application of diﬀerent
methods in diﬀerent jointed rock mass, the results show that
the overall relative error value of the processive magnifying
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sampling method and random sampling is greater than that
of the other two methods. However, because of the randomness of the random sampling method, the relative error
between the random sampling method and other methods
is impossible to judge accurately. Except for individual sizes,
the relative error of the equal-partition sampling method and
the representative sampling method is less than 10%. The
results show that the relative errors of the two methods are
small, but the former method has a large sample capacity
when sampling in a small size, thereby increasing the complexity of the test operation. Therefore, the representative
sampling method is the best choice for rock sample statistics.
Here, based on representative samples, the compressive
strength test is carried out, then the mechanical analysis of
the sampling results is achieved, and the applicability of the
method is further veriﬁed.

5. Conclusion
Considering the existing statistical and sampling methods, a
comprehensive representative sampling method of rock mass
is proposed, and its feasibility is veriﬁed with examples. The
main conclusions are as follows:
(1) A new sampling method that comprises a progressive
coverage method and stratiﬁed sampling method is
proposed to minimize the sample capacity and make
the distribution more reasonable. Numerous seriessize samples are adopted by the former, and the plane
density of the track length is taken as the reference
value for the latter to obtain representative samples
(2) The example analysis shows that this method can
determine more representative samples in combination with the plane density of the track length on
the basis of providing more suﬃcient samples, reduce
the calculation workload, and provide a sampling
basis for rock samples of various sizes. This method
is of great signiﬁcance in studying the size eﬀect test
law of rock mass mechanical properties
(3) An evaluation of the plane density of the track length
of varying size obtained by diﬀerent methods taken
from the joint model reveals that the relative error
of the representative sampling method is almost
entirely below 10%. Hence, the new sampling method
is eﬀective for rock mass sampling
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