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In order to realize the high efficiency quality classification and three-dimensional visualization of engineering rock mass and to
solve the technical difficulties of the traditional rock mass quality evaluation method such as high labor intensity, long process
time consumption, many intervention processes such as scale measurement and manual calculation, and nonintuitive classi-
fication results, this paper puts forward a 3D visual rock mass quality evaluation method and system based on close-range
photography, which optimizes the traditional rock mass quality evaluation method, makes the rock mass classification three-
dimensional and visible, and realizes the estimation of unrevealed rock mass quality evaluation index. The research results show
the following: (1) The method of storing joint information by close-range photography and extracting joint information by
human-computer interaction improves the working efficiency and the process is safe and controllable compared with the
traditional method of collecting fracture parameters. (2) Based on the statistical analysis of 97 groups of roadway survey data, the
comprehensive statistical regression formula between BQ value of Chinese national standard and RMR value is given, and there is
a good correlation between BQ value and RMR value of rock mass quality index. (3) Based on the power-inverse ratio method, the
three-dimensional model of rock mass classification of the mine was established, and the cutting model obtained the current
distribution diagram of rock mass quality grade, providing scientific reference for drilling, blasting, support, and other production

design optimizations.

1. Introduction

Gu Dezhen has established the concept of rock mass structure
in the early 1960s [1]. It is suggested that the characteristics of
rock mass mainly depend on the internal structure of rock
mass [2, 3]. Fine description, rapid measurement, and visual
representation of the structure of rock mass and its spatial
distribution of quality grade are the foundation and key to
solve many underground engineering problems. Geological
survey of traditional joints and fractures is complicated and
cumbersome. The observation points are determined by the
surveyor’s line first, and then the joint measurement is carried
out one by one on the site of the bad working environment by
means of a scale and geological compass, and the data of the
nature, occurrence, length, width and spacing of each joint
fracture, and the position of the intersection point between
the structure surface and the measuring line are recorded. It is

obvious that the traditional collection methods with high
labor intensity, low efficiency, high risk, and high accuracy
affected by human and environmental factors need to be
improved and innovated urgently. At present, there are many
comprehensive evaluation methods of rock mass quality at
home and abroad. The evaluation factors and evaluation
criteria of grading methods of rock mass quality evaluation
are different, and different evaluation methods for the same
evaluation object may have different evaluation results [4, 5].
Therefore, it is very important to study the correlation be-
tween different rock mass quality evaluation and grading
methods. With the rapid development of science and tech-
nology, 3D imaging technology in the 21st century has shown
significant development potential. The 3D classification of
rock mass quality will guide engineering construction more
intuitively and concretely, which is the development trend of
rock mass quality classification.
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The method of manual field contact measurement [6-10]
usually uses geological compass, geological hammer, mea-
suring rope, tape gauge, and other tools to investigate and
measure joints and fractures one by one. The accuracy of this
method is greatly influenced by human and environmental
factors, which is time-consuming, laborious, and inefficient,
and the proportion of labor cost is high. Normally, 200-300
fractures can be measured in pairs a day. Fracture infor-
mation collectors have long been exposed to the field en-
vironment, affected by weather, section exposure, and other
environmental factors, and sometimes may be threatened by
geological disasters such as landslides. Borehole survey is an
important part of geophysical logging technology. This
method has special requirements for drilling technology and
quality, and the interpretation accuracy is sometimes dif-
ficult to guarantee. Though the ANN (Artificial Neural
Network) combined with fuzzy logic [11] and RMD index
[12] is used to study the distribution of fracture density, it is
still difficult to reflect the characteristics of structural an-
isotropy of rock mass. And the method is not suitable for
obtaining and collecting the profile information in large
quantities. Photogrammetry is a technique to reconstruct the
space position and three-dimensional shape of the object by
using the image of the subject, and its history is comparable
to that of photographs, dating back to the mid-19th century
(Ross-Brown and Atkinson, 1972 [13]). Compared with
other methods, the digital image of field rock is obtained by
digital camera equipment, and then image processing is
carried out by computer, and the relevant fracture data can
be obtained. This method can transfer a large number of field
works to the indoor to complete, with the advantages of
precision, high efficiency, practicality, comprehension, and
few environmental disturbances, which effectively solve the
disadvantages and shortcomings of the traditional method,
provide a new idea for obtaining geometric information of
rock mass structure surface, and have been favored by the
majority of scholars [14-19]. Wu [20] introduced the in-
formation processing scheme of digital image of beach rock
mass developed according to modern computer vision
theory; Fan [21] studied the intelligent recognition of digital
images of rock mass fractures based on image processing and
recognition technology to realize automatic interpretation of
fractures; Li et al. [22] realized the evaluation of radial
differences and axial prediction of tunnel rock mass
structure based on the sequence palm surface image and
then realized the effective agreement between the quanti-
tative index of rock mass structure and the engineering
purpose; Galdames et al. [23] classified and processed
segmented rock images using hyperspectral sensors, laser
range finders, and color cameras.

The early rock mass classification methods were pro-
posed based on the experience of tunnel engineering with
shallow buried depth, such as Protodyakonov classification
method, Terzaghi classification method, and RMR classifi-
cation method (Method of Rock Mass Rating). At present,
the development trend of surrounding rock classification
method is from qualitative-based classification method to
qualitative-quantitative combination method. Moreover, the
classification index has been developed from single index to
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multi-index evaluation system. The most widely influential
methods are BQ method (Chinese standard for engineering
classification of rock mass), Q system classification, and
RMR classification method. With the development of hu-
man engineering technology and the requirement of modern
engineering, more and more deep-buried extra-long tunnels
are needed. The geological conditions of these tunnels are
often complex and the crustal stress conditions are prom-
inent, while the early methods have less consideration on the
influence of crustal stress, especially high ground stress, on
tunnel stability, which limits their application in modern
tunnel design. Tan [24] modified the traditional Q system
method and established a method suitable for the evaluation
of surrounding rock quality in deep engineering, based on
the influence of high ground stress, high temperature, and
high osmosis on surrounding rock quality. RMR method did
not consider the effect of crustal stress or groundwater on
the stability of rock mass and supporting structure [25].
Since both RMR and Q systems use RQD (rock quality
designation) value as basic parameters, the defects in the
description of joint state by the values themselves inevitably
lead to the deviation of the final rock mass quality score.
Chen et al. [26] researched on three-dimensional accurate
division method of structural homogenization in under-
ground mines for the problems of weak detailed identifi-
cation ability of existing homogenization methods; Su and
Ning [27] used the maximum interval classifier to judge the
surrounding rock level; Cong et al. [28] considered the
influence of tunnel span on the stability of surrounding rock,
adjusting and improving the basic quality index of sur-
rounding rock, so that the quantitative and qualitative
classification results of surrounding rock are basically
consistent. At present, the research and improvement of
rock mass quality evaluation by researchers at home and
abroad mainly focus on these directions, such as the research
and development of special measuring equipment and
supporting procedures, the improvement or supplement of
classical rock mass quality evaluation methods, and the
simple development of rock mass quality rating procedures.
However, there is less research on the method of inter-
vention in rock mass investigation by simple, fast, efficient,
and economical ordinary photographic camera suitable for
engineering.

Driven by new theories and technologies such as big
data, cloud computing, artificial intelligence, and the strong
demand of economic and social development, big data
driving knowledge learning, cross-media collaborative
processing, man-machine collaborative enhancing intelli-
gence, and other aspects have become the focus and hot spot
of geotechnical engineering development. It is a matter of
great urgency to innovate the traditional low efficiency
technology means and solve the multidisciplinary and
common problems of fine description, rapid measurement,
and visual representation of rock mass structure and its
quality grade. In order to improve the geological survey of
traditional joints and fractures, to realize the high efficiency
automation and 3D visualization of rock mass quality
classification, the fracture photos are obtained by close-
range photography [29-33], and the key characteristic
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parameters of joint fractures are extracted by computer
processing. According to all kinds of published documents
related to rock mass quality classification and intercon-
version of basic parameters for quality classification of rock
mass, the rock mass quality classification is completed
quickly. At the same time, a program automatically pro-
cesses the collected basic information and directly gives the
rock mass quality evaluation results of each set of infor-
mation according to the relevant classification methods. The
correlation between RMR and BQ is analyzed and discussed
on the basis of engineering example [34-36]. Finally, a three-
dimensional model of rock mass classification is established
based on the distance power-inverse ratio method. The
research idea is shown in Figure 1. On the basis of MATLAB
platform, the intelligent evaluation system of image fracture
Al identification and rock mass quality is developed, the
quality grade of rock mass and the dynamic distribution of
regional rock mass under mining disturbance are finely
described, rapidly measured, and directly visualized, and the
digital, intelligent transition and 3D visual management of
quantification of rock mass and rock mass quality identi-
fication are realized.

2. Basic Information Acquisition of Rock Mass
Quality Classification

2.1. Close-Up Photo Collection of Joints and Cracks. The
close-up photography is used to collect the joint fissure
images of the rock mass in the small area. The quality of the
collected photographs is affected by factors such as lighting,
shooting distance, shooting angle, and surrounding envi-
ronment. Therefore, the specified parameters are uniformly
adopted for the controllable factors. Combining with the
field situation, four Dongzhisheng DS-900 LED bulbs are
used as light sources; each bulb has a maximum luminous
flux of 2000 LM and a light source of scattering light. To
ensure a moderate light intensity, the linear distance be-
tween the bulb and the outcropping plane of joint cracks
should be 1~2 meters, and the same shooting distance
should be 1~2 meters. Degree will result in different scales
in different areas of the image. In order to ensure the same
scales in different parts of the image, we should try to
ensure that the lens plane is parallel to the rock wall plane.
Lighting arrangement adopts the way of 45 degrees angle
between the lamp position and the outcrop plane of joints
and fissures. The plane of joints and fissures is often un-
even, so the upper and lower left sides of the camera should
be arranged as far as possible. A lamp position is arranged
in the four directions of the upper right and the lower right,
as shown in Figure 2. In order to determine the scale of the
close-up photographic photograph, a reference object of a
known regular shape of the sheet is placed at a position
within the photographing area and does not affect the
integrity of the joint fissure; a sheet-like reference object, a
photographic area plane, and a camera lens should be in a
parallel state to avoid scale deviation, photographic photos
shown in Figure 3.

The close-range photographs obtained by this method
have soft and uniform light and clear joints.

2.2. Collection of Rock Strength Indicators. Strength of rock
generally includes compressive strength (uniaxial compres-
sive strength and triaxial compressive strength), tensile
strength, and shear strength, among which shear strength and
compressive strength are often the main factors to determine
the stability of rock engineering. This paper uses a portable
point loader to measure the compressive strength of rock; the
rock sample after destruction is shown in Figure 4; at the
anchor point of each close-up photography, no less than 12
rock samples are taken and the sampling point sampling
position is recorded, and the uniaxial compressive strength of
the rock is obtained according to the following equation [37]:

R =22.82I)7. (1)

2.3. Engineering Factors Affecting Rock Mass Strength. The
basic quality of rock mass is the inherent characteristic of rock
mass, which reflects the most basic mechanical properties of
rock mass. Based on the actual project of a metal mine in south
China, the rock mass quality is classified according to the rock
mass quality evaluation method, and the information such as
the strike inclination angle, structural surface conditions,
groundwater conditions, and field coordinates of the dominant
joint group at the close shot should be collected in the field. In
this paper, roadway investigation and statistical analysis are
carried out in the range of —540 m~—455m in a metal mine in
south China, 97 joint pictures and 97 groups of corresponding
index data are obtained, and a total of 6048 fractures and
related parameters are obtained. Information collection of
engineering factors affecting rock mass strength is shown in
Table 1. The structure surface conditions A, B, C, D, and E,
respectively, mean “discontinuous, closed, very rough, and the
unweathered rock cliff,” “<1 mm, slightly rough wall, width
slightly weathered rock,” “<1 mm, slightly rough wall, width
serious weathering rock,” “surface smooth or soft interlayer
thickness <5 mm, the width of 1~5 mm, continuous,” “surface
smooth or soft interlayer thickness >5 mm or opening >5 mm,
continuous.” The groundwater conditions A, B, C, D, and E,
respectively, mean “completely dry,” “wet,” “wet cave wall,”
“dripping water,” and “running water.”

After the on-site statistical data are recorded in this form,
the rock mass quality information database on the computer
side is input uniformly for storage and retention (the in-
formation database on the computer side has been made into
a software form that can be dynamically changed at any
time), paving the way for the automatic rock mass quality
classification calculation by the self-programmed program
later. This form of data statistics can be supplemented or
deleted at any point in the mine and can change a single
piece of data in the data group, thus realizing the dynamic
grading of rock mass quality in the mine.

3. Basic Information-Related Processing and
Rock Mass Quality Classification

3.1. Extraction of Crack Information in Close-Up Photographs.
The geological survey of traditional joint fissures is mainly
carried out by measuring personnel to determine the
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FIGURE 2: Schematic diagram of light source layout.

the harsh working environment. Data such as length, width,
spacing, structural plane, and intersection position of the
survey line are summarized and entered into the Joint

observation points, then manually measuring the nature,
occurrence, and trace of each joint fissure by means of a tape
measure, geological compass, and other tools on the site of
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FIGURE 4: Site point load test after rock damage.

Fracture Information Statistics Table. It is urgent to improve
and innovate the traditional collection method, which is
characterized by high labor intensity, low efficiency, high
risk, and high accuracy under the influence of human and
environmental factors. This paper processes the close-up
photographs of the joints and cracks on the computer
through self-programming and identifies and obtains the
basic information of each fissure.

In this paper, the self-compiled MATLAB program is used
to obtain the pixel-length scale (cm/pixel) of the photos by
selecting the flaky reference objects in each close-up

photography picture. Click the two end points of the crack to
read the coordinate values of the two end points from the
current coordinate system. According to the coordinates of the
two end points and the scale, the centroid coordinates, length,
and inclination angle of the crack can be obtained. However,
for different ranges within the close-up photography digital
image, the scale is deviated and needs to be corrected.

As shown in Figure 5, the length and width of the
shooting plane area ABCD are, respectively a, b, and the
linear distance from the lens O to the shooting plane area
ABCD |00’| =L, where O'((1/2)a, (1/2)b) is the shooting
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FIGURE 5: Schematic diagram of scale deviation correction.

plane area ABCD center point, the center point of the ref-
erence object is E(x1, y1), and the point P (x;, ;) is any point
in the shooting plane area ABCD; then, the line segment O'E
and the line segment O' P length are shown in the following

equations:
a\? b\’
! = —_— —_— 2
|O El <x1 2) +(y1 2) , (2)

0P = \(x-2) +( % _g)z. ()

Assuming that the standard scale A is taken at O’ point
along the OO’ direction, the scale A at the reference object
should be corrected by the correction coeflicient ky; that is,
Ag = kA, and A = A;/k1, as shown in the following equation:

A L
A=(£>=A
ky E\/(x1 —(a12))* + (y, - (b/12))* + L @

When shooting at point P, the scale A, should be
multiplied by the correction factor k,, and the scale A at point
P is as shown in the following equation:

V (xi — (@12)” + (i — (b)) + L L®
L

Ap =k,A =
The following equation can be obtained from (4) and (5):

. V(i — @12)” + (y; - (b/2)) + L _

VG = @)+ (- Y + 17

That is, Ap = KAg, and using K to correct the scale when
the coordinates of any point in the photo P(x;, y;) are
obtained, the results are shown in Table 2.

The spacing of two fractures can be calculated by using
the coordinate of fracture endpoint (if the fractures do not

intersect, the trapezoidal shape of the quadrangle of the
fracture endpoint is approximately used to calculate the
spacing; if fracture intersection exists, use the centroid
distance as the crack spacing), single photo within group
according to the angle of joints, and average of two adjacent
fracture spacing in the group as a group of crack spacing;
take fissure number that accounts for more than 10% of the
total number of single photo fissures for effective group, on
the basis of effective crack spacing S(i) according to the
weight P (i) photos total distance S, as shown in the fol-
lowing equation. Manual review of 20 groups of fissure
spacing was conducted, and the results are shown in Table 3.
The results show that the error rate of fissure spacing cal-
culated by fissure endpoint coordinates is less than 15%:

5= S() % PG (7)

i=1

3.2. Index of Rock Mass Incompleteness. The strength of rock
mass is significantly different from that of rock. The strength
of rock mass is lower than that of rock, and only in a few
cases is the strength of rock mass close to that of rock. The
reason for this difference is that there are many large-scale
structural planes and weak interlayers in rock mass. In
engineering practice, rock mass is generally classified
according to various specifications, and then parameters
such as bearing capacity are selected correspondingly
according to the quality classification. Rock mass incom-
pleteness index generally refers to volume joint number J,
rock quality designation RQD, and rock mass integrity index
K,. It is an index reflecting the number and scale of various
structural planes and weak interlayers in rock mass and has
an important impact on rock mass quality.

3.2.1. Volume Joint Number J,. The joint number of rock
mass volumes is the number of structural planes per cubic
meter of rock mass volume. The ], value calculated by
Spacing Method should be calculated according to joint
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TaBLE 2: Crack parameters in close-up photographs.
. . S Left endpoint Left endpoint Right Right

E};Oto ](I)glt Centroid x  Centroid y J 01r1(tCIl;r)1gth ]a (:inlte(i({,l)) X of line Y of line  endpoint X of endpoint Y of
& segment segment line segment  line segment

1 1 3.902368613 31.66493389 17.13418358 91.78991061 3.634777623  23.10202219 4169959604  40.22784559

1 2 10.45834788 56.68469152 14.50432034 119.8759927 6.845869511  50.39630324  14.07082626  62.9730798

1 3 1326805329 71.66978699 15.48563651 108.1218602 10.85973437  64.31103475  15.6763722  79.02853924

1 4 17.81710013 94.68261219 18.53345324 94.96974073 17.01432715 8545072301  18.6198731  103.9145014

97 79 1335649822 127.8110631 1518768713 117.7185016 130.0328734 1210886627  137.0970909  134.5334636

97 80 111.1190009 154.244909 13.81812699 76.65127289 109.5238551  160.9673095  112.7141468  147.5225086

97 81  127.8680326 137.4958774 17.35616609 93.76403486 127.2983377  128.836514 1284377276  146.1552407

TaBLE 3: Manual review of crack spacing.

PhotoID P1 P2 P3 P4 P5 P6 P7 P8 P9 Pl0 P11 Pl2 P13 Pl4 P15 P16 P17 P18 P19 P20

Weighted

jsgflftlsng of 411 273 386 371 248 322 427 221 283 251 254 325 379 320 201 200 260 183 119 230

(cm)

Joint

spacing

checked 387 26.4 339 386 291 356 39. 189 253 284 29.5 317 39.8 282 289 17.6 27.7 20.3 13.6 254

manually

(cm)

Error rate

) 622 352 14.00 3.80 14.71 9.45 9.15 12.42 11.83 11.59 13.90 2.37 4.80 13.52 0.58 13.46 6.09 9.91 12.45 9.63

statistics in the following Equation [37], where ], is the joint
number of rock mass volumes (bars/m>). N is the number of
structural plane groups in the statistical region; S; refers to
the number of structural planes of the ith group along the
normal direction per meter long. Sy is the number of
nongroup joints per cubic meter of rock mass. The J, value
calculated by Direct Method should directly count the
number of joints in unit volume rock mass:

J,=YS+S, i=1,...,n (8)

™=

Il
—_

1

Generally, when the joints are evenly distributed, J, is
changed from one-dimensional (in the borehole or a single
survey line) to a three-dimensional multiplicative coefficient
K=1.35~6.0, and J, is changed from being two-dimensional
(joint number per unit area) to three-dimensional. The coef-
ficient K should be 1.15~1.35 [38]. In this paper, the two-di-
mensional ], can be obtained from the number of joints and the
size of the photograph in a close-up photograph. Convert the
two-dimensional coefficient to the three-dimensional coeffi-
cient, as shown in the following equation, where K is the
conversion factor; 7 is the number of joints in a single photo; A
is the photo size (cm?):

A:KX% 9)

3.2.2. Rock Quality Index RQD. RQD (rock quality desig-
nation) was proposed and developed by Deere (1964) at the
University of Illinois, USA. It is an internationally accepted

method for identifying the quality of rock engineering and is a
quantitative parameter reflecting the integrity of engineering
rock mass [39]. The method uses the corrected core take-up
rate of the borehole to evaluate the quality of the rock; that is,
the diamond drill bit with a diameter of 75 mm and the double-
layer core tube are drilled in the rock, and the core is taken
continuously, and the drill is taken back. In the core, the ratio of
the sum of the lengths of the core segments greater than 10 cm
in length to the return stroke is expressed as a percentage.
Palmstrom [38] proposed three estimation methods of rock
quality index RQD, namely, Farmer Joint Density Estimation
Method, Volume Joint Counting Estimation Method, and
Precision Line Estimation Method. In this paper, Volume Joint
Counting Estimation Method is adopted. The calculation of
RQD value is shown in te following equation; when ], <4.5,
RQD =100; RQD is equal to 0 when J, > 35:

RQD =115 -3.3],. (10)

3.2.3. Rock Mass Integrity Index K,. The rock mass integrity
coefficient, also known as the fissure coefficient, indicates the
integrity of the rock mass, which is the square of the ratio of
the longitudinal wave velocity of the rock mass to the rock.
The integrity factor can be determined by the dynamic
method. The calculation method is shown in the following
equation, where K, is the integrity coefficient of rock mass;
Vpm is the longitudinal wave velocity of rock mass; V. is the
longitudinal wave velocity of indoor rock (or rock block).
Engineering Rock Mass Grading Standard (GB/T
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50218-2014) [37] indicates that when the measured value is
unconditionally obtained, K, value can be determined by the
rock mass volume joint number J, according to Table 4:

K, = (@)2 (11)
Vo

3.3. Surrounding Rock Strength Stress Ratio. According to the
specification, when the engineering rock mass has the initial
stress state represented by the strength stress ratio, the influence
of the initial stress state on the correction coefficient K3 should
be considered. According to the surrounding rock mass strength
stress ratio, Kj is selected to modify the basic quality index of
rock mass BQ, as shown in Table 5 [37]. In the stability analysis
of underground engineering structures such as roadways and
stopes, the original rock stress is an initial stress boundary
condition, and the original rock stress is the force source causing
the deformation and destruction of underground engineering
structures. The source of mine pressure is closely related to the
original rock stress. Before calculating the stress distribution
around any excavated rock mass, the stress state before exca-
vation must be measured or estimated. The original rock stress is
the sum of gravity stress and tectonic stress.

The mine completed the original rock stress measurement
in 2011. According to the information provided by the metal
mine, seven ground stress holes were arranged by the hollow
inclusion strain gauge [40-44], and the hollow inclusion stress
relief data collection was performed using YJL-16 type intel-
ligent data static. The resistance strain gauge collects data every
3 cm when the hole stress is released, as shown in Figures 6 and
7. According to the data obtained by the measurement, the
ground stress measurement results of each measuring point are
as follows: @ the maximum principal stress is located in the
horizontal direction, and its value is 1.2~1.8 times of the dead
weight stress; @ the maximum horizontal principal stress
(0}, max)>» minimum horizontal principal stress (0}, ), and
vertical principal stress (0,) all show approximately linear
growth with the increase of depth. By using linear regression
theory, the relationship between each principal stress and depth
is shown in the following equations. The linear regression
relationship between maximum horizontal principal stress,
minimum horizontal principal stress, and vertical principal
stress with depth is shown in Figure 8. The strength-stress ratio
of surrounding rock can be calculated from the relationship
between principal stress and depth and rock uniaxial com-
pressive strength Re:

Opmax = 0.06 +0.047H, (12)

Tpmin = 0.12 + 0.022H,

(13)
0, =0.02+0.0278H.

From the value of the stress measurement results, the
distribution of the in situ stress field at the three horizontal
measurement points in the mining area has the following laws:
(1) the results of each measurement point have two principal
stresses close to the horizontal direction and the angle between

9
TaBLE 4: Correspondence between J, and K,,.

J, (bar/m®) <3 3~10 10~20 20~35 >35
K, >0.75 0.75~0.55 0.55~0.35 0.35~0.15 <0.15
TaBLE 5: Effect of initial stress state on correction factor Ks.

Surrounding rock BQ
strength stress ratio
>550 550~451 450~351 350~251 <250
(RC/Omax)
<4 1.0 1.0 1.0~1.5 1.0~1.5 1.0
4~7 0.5 0.5 0.5 0.5~1.0 0.5~1.0
350 -
300 -
250 A
200
150 A
100 -
50
0
-50 A
-100 A
-150 -
—e— Series 1 —— Series 5 —+— Series 9
—+— Series 2 —e— Series 6 —=— Series 10
Series 3 —a— Series 7 —»— Series 11
Series 4 —e— Series 8 —— Series 12

FIGURE 6: —455 m stress relief process curve of measuring point 7#
in the horizontal middle section.

200

100

-100

-200

-300

-400 -
—e— Series 1 —— Series 5 —+— Series 9
—+— Series 2 —e— Series 6 —=— Series 10
Series 3 —a— Series 7 —»— Series 11
Series 4 —e— Series 8 —— Series 12

FIGURE 7: —455 m horizontal middle section 7# measuring point
confining pressure constant curve.
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35 | O, max = 0-047H + 0.06
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a
X

Gy min = 0.022H + 0.12
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[=}

O 1 1 1 1 1 1 1 ]
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F1GURE 8: Relationship ofoy, .c» 07 min» and o, to depth.

the maximum principal stress and the horizontal plane. The
average is 12° and the maximum is 25°, indicating that the
horizontal tectonic stress is the dominant stress; the direction of
the intermediate principal stress is close to the vertical direction;
(2) the maximum principal stress is located in the horizontal
direction, and its value is 1.2-1.8 times the weight stress; (3) the
direction of the maximum principal stress except for the 6#
measuring point is in the northeast-southwest direction as a
whole; the minimum principal stress is in the north-northwest
direction, and the maximum horizontal principal stress is
1.7-2.2 times the minimum principal stress; (4) the vertical
stress value is basically equal to or slightly greater than the
weight of the upper strata; (5) the maximum horizontal
principal stress (07, ..)» the minimum horizontal principal
stress (07, mi,)> and the vertical principal stress (o) all show an
approximately linear growth relationship with the increase of
depth. Using linear regression theory, the relationship between
each principal stress and depth is obtained in (12) and (13). The
regression coefficient in (12) is 0.0278 and the coefficient in the
average bulk density of the overburden (2.7-2.8) x 104 N/m” is
very close, reflecting the fact that the vertical stress is basically
equal to or slightly greater than the self-weight stress.

3.4. Rock Mass Quality Classification. Rock mass quality
classification is a comprehensive reflection of the charac-
teristics of engineering rock mass. In engineering practice,
the rock mass is generally classified according to various
specifications, and then the bearing capacity and other
parameters are selected according to the quality classifica-
tion. Rock mass classification provides scientific reference
for production optimization design, such as drilling,
blasting, and support. The accuracy of rock mass classifi-
cation is of great significance to rock mass engineering. The
commonly used rock mass quality classification is based on
RMR classification method and BQ classification method,
etc. In this paper, combined with RMR method and BQ
method, the rock mass around the mine level of -540 m is,
respectively, carried out.

RMR (rock mass rating) method was proposed by
Bieniawski [45] in 1973 as a method to determine the quality
level of rock mass, and it has been modified for 4 times
successively, which is now based on the 1989 version [46].
The system considers the uniaxial compressive strength (R1)
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of the rock mass, the rock quality index RQD (R2), the
structural plane spacing (R3), the structural surface condi-
tion (R4), the groundwater condition (R5), and the struc-
tural surface occurrence and engineering. The relationship of
the trend (R6), a total of six indicators as basic parameters,
and the main factors affecting the stability of the rock mass is
scored, and the sum value is taken as the RMR value of the
rock mass, as shown in

RMR = R1 + R2+ R3 + R4 + R5 + R6. (14)

Engineering Rock Mass Grading Standard (GB/T
50218-2014) [37] is the most commonly used rock mass quality
evaluation method in China. This standard adopts the com-
prehensive index method composed of multiple parameters.
Taking the quantitative indexes R, and K|, of the two grading
factors as parameters, the basic quality index of rock mass (BQ)
is calculated according to the formula, and BQ is used as the
quantitative index of the classification level, as shown in the
following equation. When R, > 90K, + 30, take R.= 90K, + 30.
When K, >0.04R, + 0.4, take K, = 0.04R, +0.4:

BQ = 100 + 3R, + 250K, (15)

In this paper, the self-programming process is used to
process and calculate the above-mentioned indicators.
According to the specification, the scores of 97 groups of
data are given. After the BQ is modified according to the
specifications, the underground engineering rock mass
quality index [BQ] is obtained, and the BQ is calculated
according to the maximum score of 100. The value is ap-
proximately the same as the RMR score of the percentile
system, and the average error rate is 8.26%. The results are
shown in Table 6. Among the 97 graded test sections, 20 of
them had the same grade, with an agreement rate of 20.6%,
and 63 of them had a grade difference, accounting for 64.9%.

According to the information in Table 5, the distribution
statistics of the RMR values of 97 groups of data can be
obtained. As shown in Figure 9, the level IV rock mass in the
measurement block is the largest, accounting for 54.6%,
while the rest are level IT and III rock mass, without any level
TorV.

Software has been developed to make the grading
evaluation process automatic. Only the database files pre-
pared in the early stage need to be updated, and then the rock
mass quality rating results and distribution statistical charts
at the sampling measuring points in the mine can be ob-
tained through rapid computer calculation.

BQ and RMR classification methods are comprehensive
consideration of various factors of rock mass, and there is a
certain correlation between them in essence. In order to
learn from the successful experience of foreign engineering
design based on rock mass classification, it is necessary to
establish the relationship between the basic quality index of
national standard rock mass BQ and foreign classification. In
2001, Cai Bin et al. performed statistical analysis on the
measured data of different engineering sites to establish the
relationship between [BQ] (corrected value of BQ) and RMR
[47]. In 2004, Jiang Ping analyzed the relationship between
BQ and RMR by combining 54 measured values of highway
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FIGURE 9: Rock mass RMR distribution statistics at the sampling
point.

slope in Yixing section of Ninghang expressway [48]. In
2009, Yan combined other materials with the actual mea-
surement data of the surrounding rock of the underground
cavern of Dagangshan Hydropower Station, and the rela-
tionship between the BQ correction value and RMR and Q
was obtained [49]. In this paper, 97 groups of BQ and RMR
values and [BQ] and RMR values were linearly and expo-
nentially fitted respectively, and the correlation between BQ
and RMR and [BQ] and RMR was established. The results
are shown in Figure 10.

The results show that there is a good correlation between
BQ and RMR and [BQ] and RMR, and their linear fitting
relationship is more appropriate than the exponential fitting
relationship. The rock mass quality level is roughly in the
range of II~IV, and the correlation between the
BQ — RMR, RMR — BQ, and other indicators can be
converted.

4. 3D Visualization of Engineering Rock Mass
Quality Indicators

Through the above methods and steps, the indicators and
conclusions for evaluating rock mass quality can be obtained
automatically according to the collection of rock mass in-
formation to be evaluated and the related processing of
computer programs. In order to meet the convenience of the
project, a three-dimensional rock mass model is established
and interpolated to give the rock mass quality evaluation
index, so that the rock mass quality information can be
obtained intuitively and conveniently. By directly or slice-
observing the assigned three-dimensional rock mass model,
it is possible to understand and predict the quality of the
rock mass near a certain coordinate, which is of great sig-
nificance for judging the safety and construction feasibility
of mines, tunnels, slopes, and other projects.

In the actual project, the data collected by the drilling
data and the trench data are limited. To obtain the internal
information of the rock mass, a reasonable geological
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variable estimation method must be used. In the field of
geology, rock mass quality indicators and deposit grades
have a certain correlation in space; that is, variables within a
certain range have mutual influences. The power-inverse
ratio method is one of the most commonly used spatial
interpolation methods. When calculating the value of an
interpolation point, according to the principle that the larger
the distance is, the larger the weight value is, the linear
weighting of several adjacent points is used to fit the value of
the estimated point. Assume that the point to be estimated in
the three-dimensional space is P point, the coordinates
(%), ¥p>2p), and a series of discrete points around it are
unevenly distributed sample points, coordinates (x;, y;, z;),
sample point attribute values P; (i=1, 2, ... n), the distance
between the point to be estimated and the sample point is
recorded as d;, and the attribute value P of the distance to be
estimated by the power-inverse ratio method is as shown in
the following equation [50]. In the formula, m is the power
value of the power-inverse ratio method. The larger the
power, the greater the weight of the nearest point to the
estimated point. In this paper, the power is 2:

_ il (Pi/[d; (x, y, Z)]m)
Y (U[d(x, 3, 2]™)

In this paper, RMR value is selected as attribute value to
get rock mass grade distribution at —540 m level. According
to the horizontal geological plane map of each level, the
boundary information of rock mass can be obtained, and the
solid model of rock mass can be established preliminarily by
importing the boundary information into the 3DMine
software as a constraint condition, as shown in Figure 11.

Combining the acquired RMR values with the photo
field locations in Table 1 yields a set of (x, y,z, RMR) data
sets that will be used as sample points for block model
assignment. Firstly, a solid model of the cube containing
the estimated area was established to observe the rock mass
distribution near the level of —-540m more intuitively
[51-55]. The z direction of the cube was —560~—450 m, and
the x and y directions were 529500~532099m and
3431599~3433849m, respectively; Secondly, the solid
model is converted into a block model. The size of the block
is 10m x 10 m x 10 m, and the new block attribute RMR is
created. Finally, using the power-inverse ratio method to
assign values to the block based on the sample point data, a
block model with an RMR attribute value for each block is
obtained. The rock mass distribution of —560~-450 m can
be visually observed, as shown in Figure 12. Slice the block
with plane Z=-540 to obtain the rock mass grading dis-
tribution at the level of —540 m, as shown in Figure 13.
Taking the rock mass near the level of —540 m as the re-
search object, the comprehensive research on the three-
dimensional visual classification of rock mass quality can
provide scientific reference for the design optimization of
rock drilling, blasting, and support and reduce the pro-
duction cost.

(16)
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FiGure 11: Ore body and rock mass model.

The classification method and visualization system
proposed in this paper have been automated in most aspects.
Simple updates to data can be made at any time, being
convenient and fast. It takes only a few tens of minutes to
input the data to the map of the status quo of the rock mass
distribution at all levels. After obtaining the distribution
diagram of each level rock mass class, the support design,

3434000 Y

3432000 Y,
3431800Y

343k
34314

529400
529800 X

531200 X

- RMR 0~20, grade V
- RMR 20~40, grade IV

RMR 40~60, grade ITI

- RMR 60~80, grade IT

- RMR 80~100, grade I

FIGURE 12: —560~—450 m RMR index rock mass classification 3D
model.

blasting scheme setting, and drilling scheme optimization
can be carried out as a whole for different levels of rock mass
regions.
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F1GURE 13: Current status map of horizontal grading distribution of
—-540m horizontal rock mass.

5. Conclusion

Put forward the optimization of traditional rock mass
quality evaluation method based on 3D visualization of rock
mass quality evaluation method of close shot photography
and system, solve the traditional method of adverse oper-
ating environment manual labor intensity big, long time
consuming, and accomplish three-dimensional visual; the
rock mass classification problem uncovered rock mass
quality classification valuation grade and achieved good
effect. The main conclusions are as follows:

(1) A method for acquiring key feature parameters of
joints based on close-range photography is proposed.
The method extracts key characteristic parameters
such as length, inclination, centroid position, spac-
ing, and quantity of cracks in close-range photog-
raphy photos by self-programming.

(2) Based on various literature achievements related to
RMR method and BQ method as well as the research
and analysis of 97 groups of data measured in a mine
field in south China, the engineering practice effect
of RMR method and BQ method and their corre-
lation are studied and summarized. The research
shows that the two rock mass classification methods
have perfect engineering adaptability and
correlation.

(3) A 3D visualization method for rock mass quality
classification is presented. The method establishes a
three-dimensional block model suitable for a par-
ticular mine based on entity model such as ore bodies
and surrounding rocks. The rock mass quality index
(RMR/BQ) of each survey point was combined with
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the field coordinates to create the sample points of
rock mass quality index of the area to be estimated.
The three-dimensional block model is endowed
through the power-inverse ratio method to get the
three-dimensional rock mass classification model of
mine, and the three-dimensional visualization of
rock mass quality classification is finally realized.

In conclusion, the 3D visualization rock mass quality
evaluation method and system based on photographing
technology have great application advantages, such as saving
time, improving the evaluation accuracy by weakening
manual intervention, reducing the engineering economic
cost, and ensuring the safety of human work. It provides a
new idea for modern rock mass quality evaluation and
monitoring and is worth popularizing.
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