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Abstract
Geotechnical rating classification systems of rock masses are an important tool in the design of underground 
mining systems. They are especially relevant at the early stages of project development, when primary mining 
and geological information is available to a limited extent. The presented work shows an approach to the 
collection of initial information and calculation of RMR (Rock Mass Rating) and Q Index for the rock mass 
of deep levels of the Udachny underground mine exploiting the kimberlite pipe of the same name. Since the 
classifications are multi-component systems, they impose heavy demands on the scope and quality of primary 
data, which can be met by applying an integrated data collection system. The bulk of these were obtained by 
acoustic televiewer tool (ATV) combined with geologic and structural logging of non-oriented core. Data on 
physical and mechanical properties of rocks, stress-strain state, and hydrogeological conditions were also used. 
The ratings were calculated interval by interval along holes, in which acoustic logging was performed. The 
acoustic wave amplitude parameter, which depends on the physical properties of a rock mass and the degree 
of its structural disturbance, was proposed as one of the criteria for distinguishing geotechnical intervals. 
The moderate level of correspondence between Q and RMR systems was established to be due to the different 
“sensitivity” and structure of the input parameters. Using the calculated ratings, the rock masses of ore bodies 
and host sediments were evaluated for stability (classes/categories have been assigned), and the optimal 
method and parameters of workings support were determined. The geotechnical database accumulated during 
the research process provides the feasibility of calculating alternative ratings such as MRMR, RMi, GSI, etc., 
without the use of transient equations. 
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Аннотация
Геомеханические рейтинговые классификации массивов являются важным инструментом при про-
ектировании подземных технологий отработки месторождений. Особенно актуальны они на ранних 
стадиях разработки проекта, когда первичная горно-геологическая информация доступна в ограни-
ченном объеме. В представляемой работе показан подход к сбору исходной информации и расчету рей-
тинга RMR и индекса Q для массива горных пород глубоких горизонтов подземного рудника Удачный, 
отрабатывающего одноименную кимберлитовую трубку. Поскольку классификации являются много-
компонентными системами, они предъявляют высокие требования по объему и качеству первичной 
информации, выполнение которых возможно путем применения комплексной системы сбора данных. 
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Introduction
Rating classifications in their current form were 

formed as a result of accumulation of huge practical 
experience of specialists, accumulated in the course 
of comprehensive study of rock masses in a variety of 
mining and geological conditions. Despite the wide-
spread introduction of numerical simulation methods 
developed back in the 1970s, rating classifications do 
not lose their relevance even nowadays, being used as 
a means of short-term prediction of rock mass beha- 
vior. In the world mining practice the following geo-
technical classifications are most widely used: Rock 
Mass Rating RMR [1, 2], rock mass quality index for 
underground mining Q (the Norwegian Geotechnical 
Institute Tunneling Quality Index), Barton [3, 4], mi- 
ning rock mass rating MRMR [5, 6], geological strength 
index GSI [7, 8]. In their structure, the classifications 
take into account to some extent all the characte- 
ristics of a rock mass that can potentially reduce its 
strength compared to the initial strength of intact 
rock. These characteristics include: physical and me-
chanical properties of rocks, the degree of disturbance 
of a rock mass by structural defects (faults, joints, lay-
ering elements), frictional properties of the structu- 
ral defects, as well as water content and stress-strain 
state of a rock mass. 

Since the classifications are multi-component 
systems, they impose heavy demands on the scope 
and quality of primary data, which can be met by ap-
plying an integrated data collection system. For early 
stages of design, a high level of quality and prompt-
ness in their collection is provided by an integrated 
study, including televiewer logging combined with the 
results of non-oriented core logging [9, 10]. A similar 

integrated study was applied in the collection of ini-
tial data for the calculation of RMR and Q rating pa-
rameters for deep levels of the Udachny underground 
mine. The main findings of the conducted research 
are presented in this paper.

Subject of research
The Udachnaya kimberlite pipe is one of the 

largest diamond deposits, which is currently be-
ing exploited by underground mining. The deposit 
is represented by two pillar-shaped ore bodies  –
Udachnaya-Zapadny (Zapadny Ore Body, ZOB) and 
Udachnaya-Vostochny (Vostochny Ore Body, VOB), 
composed of a typical formations for pipes of the 
Yakutsk diamondiferous province: porphyritic kim-
berlite of early generations and autolithic kimberlite 
breccia of the final stages of magmatism [11]. The 
rocks of the sedimentary complex hosting the pipe, 
as well as halogenic sediments occur as xenoliths. 
The sedimentary xenoliths predominantly occur 
within the ZOB, where they form so-called floating 
reefs [12]. The thick salt deposits within the kimber-
lite pipe are a unique feature of the structure of the 
Zapadny ore body. A possible process responsible for 
the presence of the salts in the pipe is the alteration 
of the deposit kimberlites by external saline ground-
water [13]. The pipe is hosted by carbonate and car-
bonate-clayey rocks (limestones, dolomites, marls) of 
Early-Late Cambrian.

The open-pit development of the deposit was 
carried out until 2014. The depth of the open pit was 
640 m, the bottom elevation was −320 masl. Stripping 
and mining of the reserves of the first stage below the 
pit bottom up to −580 masl is currently performed by 

Основной их объем получен посредством акустического телевьюверного каротажа, совмещенного с ге-
олого-структурной документацией неориентированного керна. Также использованы данные о физи-
ко-механических свойствах пород, напряженно-деформированном состоянии и гидрогеологических 
условиях. Расчет рейтингов произведен поинтервально вдоль стволов скважин, в которых производил-
ся акустический каротаж. В качестве одного из критериев для выделения геомеханических интервалов 
предложен параметр амплитуды акустической волны, зависящий от физических свойств породного 
массива и степени его структурной нарушенности. Установлен средний уровень связи между Q и RMR, 
что обусловлено разной «чувствительностью» и структурой входных параметров. С помощью рассчи-
танных рейтингов массив рудных тел и вмещающих отложений оценен по степени устойчивости (при-
своены классы/категории), а также определены оптимальные способ и параметры крепления вырабо-
ток. Накопленная в процессе проведения исследований база геомеханических данных обеспечивает 
возможность расчета альтернативных рейтингов, таких как MRMR, RMi, GSI и др., без использования 
переходных уравнений. 
Ключевые слова
рейтинговая классификация, RMR, Q, кимберлитовая трубка Удачная, телевьювер, трещиноватость, 
устойчивость массива, крепление
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underground method by the system of induced block 
caving/sublevel caving. Preparation of the second 
stage reserves occurring between −580 and −1080 
masl levels is carried out by drilling deep holes from 
underground mine workings.

Methodology of data collection and analysis
The procedure for determining the rating para- 

meters of a rock mass is quite simple and boils down 
to assigning a certain score (from existing tabular 
forms) for one or another type of source data and per-
forming the required mathematical operations with 
these values to obtain the desired values of the final 
rating. The RMR classification system was developed 
in 1973 by Bieniawski [1] and has undergone several 
modifications over the years, the latest of which was 
implemented in 2014 [14].  The RMR rating is calcu-
lated using the following formula:

1 2 3 4 5RMR ,A A A A A BJ J J J J J= + + + + +  (1)

where JA1 is rating of rock mass strength; JA2 is rating 
of rock mass quality; JA3 is rating of joint spacing in 
a rock mass; JA4 is rating of joints characteristics; JA5 is 
rating of rock mass water content; JB is rating of joints 
orientation in relation to an excavation axis. 

The JA4 rating characterizing a rock mass jointing 
is determined by the following expression:

4 4 /1 4 /2 4 /3 4 / 4 4 /5,A A A A A AJ J J J J J= + + + +
 (2)

where JA4/1 is joint roughness rating; JA4/2 is joint length 
rating; JA4/3 is joint aperture rating; JA4/4 is joint mine- 
ral infilling rating; JA4/5 is joint wall weathering rating.

The index of rock mass quality in underground 
mining Q (the Norwegian Geotechnical Institute 
Tunneling Quality Index) was proposed by Barton N., 
Lien R., Lunde J. in 1974 [3]. Q value ranges from 0.001 
to 1000 on a logarithmic scale and is determined by 
the following formula:

,wr

n a

JJRQDQ
J J SRF

= × ×
 

(3)

where RQD – rock mass quality; Jn – number of joint 
systems; Jr – joint roughness; Ja – degree of joint wall 
alteration and mineral infilling (joint cohesion); Jw – 
rock mass water content; SRF – stress reduction factor.

The simplicity of the calculations for determi- 
ning the rating parameters implies high requirements 
to the quality and completeness of the initial data. In 
the present work, the initial geological and structural 
data was collected by drilling 73 vertical and slightly 
inclined holes within the ore bodies with access to the 
host sediments (Fig. 1). The holes were drilled from 
−465 masl level. This drilling campaign was performed 
with complete sampling of non-oriented core. 

The strength properties of the kimberlite and 
host sediments rock mass were determined based on 
the results of laboratory tests of core samples. The 
samples were collected from the kimberlite, host 
sediments (dolomite, limestone), and the host sed-
iment xenoliths. The tests were carried out in the  
Geotechnics laboratory of Yakutniproalmaz Insti-
tute according to the methods set forth in GOST 
(GOST 21153.2–84 Rocks).

Structural disturbance of the rock mass was es-
tablished by means of televiewing (acoustic) logging 
of geotechnical holes. Field geophysical works were 
carried out by specialists of Botuobinskaya explora-
tion expedition using QL-40ABI probe jointly pro-
duced by Advanced Logic Technology and Mount So-
pris Instruments.

The principle of an acoustic televiewer opera-
tion is continuous ultrasonic scanning of a hole walls 

Vostochny ore bodyZapadny ore body

a

b

Fig. 1. Location of the holes used for televiewer logging:  
a – plan view; b – view from the south-west.

Depth interval: −465 ... −850 masl
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along its entire depth [15, 16]. The acoustic wave ge- 
nerated by the transmitter travels from the instru-
ment to the contact with a rock, the reflected echo 
signal returns and, passing through the acoustic win-
dow, is picked up by the acoustic sensor (Fig. 2).

Q
L-

40
A

BI

Wave 
traveltime log
(Travel Time)

Wave 
amplitude log 
(Amplitude)

Transmitter

Reflector
Acoustic
window

Acoustic
sensor

Fig. 2. Schematic diagram of an acoustic televiewer
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(1) (2) (3) (1)

Open joint

Partially open joint

Closed joint

Healed joint

Smooth

Slightly rough
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	 а	 b

Fig. 3. Classification of joints by type (a) and wall roughness (b):
1 – display of the hole wall expressed in the amplitude of the acoustic wave (yellow color – high values, blue - low values);  

2 – display of the hole wall expressed in the wave traveltime (yellow color – high values, blue - low values); 
3 – log of the acoustic caliper

The instrument records the amplitude of the 
acoustic wave and the time it takes for the emitted 
signal to travel from the acoustic window to a hole 
wall and back during the scanning process, and logs 
this data along the hole (see Fig. 2). Flat structures 
(joints, veins, layers, etc.) are converted into sinu-
soids (Figs. 2, 3) as a result of a hole cylinder scan-
ning during log processing, and the amplitude of the 
sinusoids indicates the dip angle of a structure. The 
greater the amplitude, the steeper the dip angle. Due 
to the built-in high-precision positioning module, 
which includes a three-axis ferro-probe magneto- 
meter and accelerometer, an oriented in space image 
is obtained, which makes it possible to automatically 
determine true dips and strikes of joints. 

Interpretation of the results of the televiewer 
studies was carried out by the paper authors in the 
WellCAD program software1. In addition to the logs 
themselves, the results of structural and photo log-
ging of core were also included in the processing.  
Using the latter, the Core Image Cropper module ge- 
nerated a single log of photos positioned along a hole 
and georeferenced in depth. This allowed further 
comparison of logging results with drilling data and 

1 https://www.alt.lu/products-wellcad/
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rejection of incorrectly recorded joints. The direct 
distinguishing and characterization of joints was per-
formed in the ISI (Image & Structure Interpretation) 
module. Four main types of structures were defined 
and the first of these was an open joint. It is charac-
terized by low wave amplitude and increased time for 
which the wave travels from the instrument to a hole 
wall and back, compared to an intact fragment [17]. In 
this case, on the acoustic caliper plot, a large anomaly 
will correspond to the area of an open joint (Fig. 3, а).

The second type of structures is a partially open 
joint. Visually in the amplitude field it is similar to 
a fully open one, but in the time field it does not have 
a single pronounced anomaly. The third type of struc-
ture, closed joints, is characterized by the absence of 
any anomalies in the wave traveltime log and caliper 
log. At that, such joints are displayed as thin lines of 
reduced amplitude values. Joint infilling also affects 
their visualization in logs. For instance, structures 
filled with solid minerals, due to the impedance dif-
ference, often have increased amplitude values, but at 
the same time are not distinguished on the time logs. 
Clay or gypsum infilling is expressed as low amplitude 

anomalies. If it is partially washed out of the joints 
during drilling, the wave traveltime increases, which 
is reflected by the appearance of anomalies in the cor-
responding log. 

The frictional properties of joints and primarily 
their wall roughness can be determined from ampli-
tude images [18, 19]. At the same time, they can be 
determined most accurately and reliably for smooth, 
slightly rough, and roughly rough joints [17, 20] 
(Fig. 3, b). In order to validate the frictional proper-
ties of joints and their further subdivision, structural 
core logging was used [21]. In addition to roughness, 
it is used to determine the types and thickness of mi- 
neral infilling, which are difficult to establish reliably 
through hole logging. 

Numerical assessment of the degree of a rock 
mass disturbance by joint was carried out by deter-
mining the RQD parameter and the number of joints 
per linear meter of an investigated hole. For this pur-
pose, the WellCAD program software has appropriate 
modules that use the joint data (depth, dip and strike) 
extracted in the process of log interpretation for cal-
culation (Fig. 4).
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Fig. 4. Calculation of quantitative parameters of structural disturbance of the mass:
1 – hole wall mapping expressed in acoustic wave amplitude (yellow – high values, blue – low values);  

2 – hole wall mapping expressed in wave traveltime (yellow – high values, blue – low values); 3 – core photo;  
4 – “tadpole” joint plot; 5 – joint frequency per linear meter; 6 – RQD. Vertical scale 1 : 40
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Findings
The rock mass of the studied deposit consists 

of three lithologic domains of the first order – the 
host terrigenous-carbonate sediments and the  
diatreme kimberlite bodies themselves. Within the 
distinguished large units, the evaluation of rating 
parameters from hole data was performed for indi-
vidual geotechnical intervals representing sections 
of a rock mass with continuous lithology, physical 
and mechanical properties, and structural features. 
As a rule, lithology and structural features are confi-
dently determined during geotechnical core logging, 
but the distinguishing intervals of similar physical 
and mechanical properties of rocks is often a prob-
lem, because even within the boundaries of one li-
thology there can be a wide variation of strength 
properties. To solve the problem, this research uti-
lizes the property of rocks to reflect acoustic waves. 
The extent of this reflection is directly related to the 
physical properties and condition of a hole surface. 
A smooth wall formed in compact rocks reflects more 
energy and thus has a higher amplitude than a rough 

wall. The reflectivity of walls formed in hard and / or 
monolithic rock is higher than those intersected in 
soft or intensely jointed rock. The rocks with a large 
proportion of clay component are characterized by 
the smallest amplitudes due to energy absorption. 
The same applies to joints, especially open joints or 
joints with soft infilling. In the amplitude logs they 
are shown in blue shades according to the adopted 
color scheme (see Fig. 3). An example of selecting in-
tervals based on the amplitude of an acoustic wave is 
shown in Fig. 5.

Fig. 5, a presents a fairly clear dependence of the 
wave amplitude (columns 1 and 3) on the degree of 
joint disturbance of the rock mass, expressed through 
the number of joints per linear meter of a hole  
(column 4). The most structurally disturbed areas 
with high values of joint frequency index (inter-
vals 4 and 6) are characterized by low amplitude va- 
lues. Fig. 5, b, in contrast, shows a relatively mono-
lithic, virtually joint-free fragment. In the 140–154 m 
interval, the acoustic wave amplitude (columns 1 
and 3) clearly shows an area with significantly higher 
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Fig. 5. Example of geotechnical intervals selection by acoustic wave amplitude:

1 – mapping of hole wall expressed in acoustic wave amplitude (yellow color – high values, blue – low values); 2 – lithology column; 
3 – averaged acoustic wave amplitude calculated for one turn of the transmitter; 4 – joint frequency per linear meter.  

Vertical scale 1 : 200
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Fig. 6. Histograms of distribution of input parameters for RMR rating calculation 

values, which corresponds to the sedimentary rock 
xenolith in the matrix rock mass of the kimberlite 
breccia recorded by the results of geological logging 
of the hole core (column 2). At 125 and 150 m, sam-
ples were collected from kimberlite and xenolith 

showing uniaxial compressive strength (UCS) values 
of 8.95 and 30.51 MPa, respectively, indicating that 
there is a relationship between rock strength prop-
erties and acoustic wave amplitude, which was re-
vealed in a number of studies [22, 23].
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Fig. 7. Histograms of distribution of input parameters for calculating Q rating

A total of 4,636 geotechnical intervals were iden-
tified for 73 holes. The length of an interval ranges 
from one meter for areas with complicated structures 
to six meters for those with relatively simple struc-
tures. The results of estimation of each input para- 
meter separately for the selected lithologic domains 
are presented in the form of histograms in Figs. 6 и 7.

For the rocks hosting the pipe, uniaxial compres-
sive strength ranges 28.14–71.73 MPa with a mean 
value of 41.05 MPa (Fig. 6, a). The highest degree of 
variability in strength properties is characteristic of 
kimberlite breccia of the ZOB and VOB (including por-
phyritic kimberlite and autolithic breccia). The mea- 
sured strength values range 2.15 to 119.48 MPa with 
a mean value of 32.54 MPa. The large variation of the 
uniaxial compression strength values of kimberlites 
is explained by the fact that their physico-mecha- 
nical and strength properties depend on their mine- 
ralogical and chemical composition and particle size 
distribution. These characteristics vary considerably 
among the kimberlites, both in area and depth. In ad-
dition, the kimberlites are subject to hypergene alte- 

ration, which leads to changes in their mineral com-
position and, consequently, to variations in strength 
characteristics [24]. In general, the obtained values 
of strength characteristics correspond to rock of low, 
moderate, medium, and high strength according to 
the existing classification [25]. At the same time, the 
overwhelming volume of the ore bodies is occupied by 
kimberlites of low and moderate strength.

RQD values vary widely, from 50 up to 100% 
(Fig.  6, b, Fig. 7, a), with average values with low  
coefficient of variation exceeding 90%, which cor-
responds to very good quality of rock masses for all 
lithologies [26]. It should be noted that the final RQD 
value is significantly affected by the quality of dril- 
ling, the orientation of a hole with respect to joints, 
and differences in joint spacing. For example, RQD = 0 
when joint spacing is 100 mm or less, while RQD = 100 
when the spacing is 110 mm or more. Another dis-
advantage is that RQD does not provide information 
on core fragments <10 cm, i.e., no weight is given to 
whether rejected fragments up to 10 cm in length are 
loose or compact (hard) rock.
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Joint spacing was defined as the inverse of the 
joint modulus (number of joints per unit length (lin-
ear meter)). For correct estimation of this parameter, 
the orientation of a hole with respect to the joints 
in the rock mass is important, as demonstrated in 
Fig. 8, which shows three logged intervals disturbed 
by joints with the same distance between them equal 
to 0.1 m.

In the first interval (50–51 m), within which 
joints are located perpendicular to the core axis, joint 
modulus is equal to 10 joints/lin. m. For the second 
interval (51–52 m) with joints located at an angle of 
45° to the axis, a modulus equal to 7 joints/lin. m was 
obtained. Finally, for the third interval (52–53 m) with 
an angle between the core axis and the joints of 20°, 
the modulus is 4 joints/lin. m. The true joint modulus 
was obtained only for the first interval, while for the 
other two intervals the modulus proved to be under-
estimated. In this case, the example considers only 
one joint system, while in a real rock mass, as a rule, 
two or more systems and several random (unsystem-
atic) joints are developed, which affect the final va- 
lue of the modulus. That is why, Terzaghi weighting 
was used in the calculation of this parameter [27].  
It proportionally increases the “weight” of joints in 
a sample set (weighted average of each joint in a set) 
that are located at an angle other than right angle to 
a hole axis. The more acute the angle between a joint 
and a hole axis, the greater the value of the Terzaghi 
coefficient. 

The rock mass of sediments hosting the pipe can 
be classified as practically monolithic (jointing class 
I according to SNIP II-94–80) with the average joint 
spacing more than 1.5 m (Fig. 6, c). For the rock mas- 
ses of kimberlite bodies, there is almost a threefold 
excess of the joint frequency index in the VOB rock 
mass, indicating that it is significantly more disturbed. 
This confirms earlier conclusions based on the results 
of structural logging of the mine workings walls [28]. 
The kimberlites are medium-jointed rocks (class III, 

0.5–1 m joint spacing), while the VOB kimberlites are 
highly jointed (class IV, 0.1–0.5 m joint spacing).

Lower values of joint frequency are observed for 
halogenic deposits, which are explained by their rheo-
logical properties, namely increased plasticity, which 
compensates for the applied tectonic and lithosta- 
tic loads. The xenoliths within kimberlite bodies are 
characterized by higher jointing than the host rock 
strata. In all likelihood, this is due to the processes 
of additional disturbance during the intrusion of kim-
berlite melt.

Estimating the true extent of joints is a very non-
trivial task, especially from hole data, due to their 
three-dimensional nature, limited manifestation, and 
high variability of parameters. This parameter can be 
most accurately obtained by visual tracing of distur-
bances along the walls of outcrops or mine workings. 
However, the size of mine workings is often smaller 
than the extent of joints/faults, making it impossible 
to accurately determine their length. Statistical ana- 
lysis of joint measurements performed within the un-
derground mine workings [28] showed that joints up 
to three meters long predominate in the rock mass. 
It should be noted that this figure is largely approx-
imate, as the estimate of the extent of larger joints 
and local faults is limited by the cross-section of mine 
workings (about 5 m). Taking into account the data 
obtained during structural studies in the Udachny 
open pit, the average joint length is assumed to be 
3–10 m as a design average.

Based on the results of core logging, it was found 
that in the rock masses of both host sediments and 
kimberlite bodies rough joints of flat, undulating, and 
stepped configurations significantly dominate (see 
Fig. 6, d, Fig. 7). Moreover, joints in the kimberlite are 
more often characterized by greater roughness than 
joints in the sedimentary rocks. Roughness of joints 
without infilling increases the friction angle across 
them and hence increases the shear resistance in the 
plane of the defect. Also within the rock mass and 
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Fig. 8. Example of joint modulus calculation based on a hole core logging data (depth increases from left to right)
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especially in the endo / exocontact zone, joints with 
slickensides were noted. The presence of displace-
ment signs on the joint planes, such as slickensides 
and slip grooves, having dip along the dip of the joint 
planes significantly reduces the shear resistance.

At low degrees of roughness, the greatest in-
fluence on joint shear strength is exerted by the 
strength properties of the mineral infilling. Most of 
the joints in the kimberlite of the Zapadny ore body 
and the host sediments have no mineral infilling (see 
Fig. 6, e). The main joint infilling is carbonates with 
subordinate importance of sulfates and halogenic 
rocks. Joints with sulphide manifestations are signifi- 
cantly more common in ZOB, while in VOB a rather 
large number of joints demonstrates ferruginization 
of the walls. The main joint infilling in the kimberlite 
joints of the Vostochny ore body is rock salt. For the 
host rocks, salt-filled joints are not widespread, al-
though a quarter of all joints recorded in the argilla-
ceous limestone at the contact with the VOB are salt-
filled. Clay and quartz are also noted in single joints. 
The latter is more often found in the form of druses 
and vuggs and is associated with the hydrothermal 
stage of kimberlite alteration [29]. The vast majority 
of the filled joints are 1 to 5 mm thick, less frequently 
5 to 10 mm thick. The greatest thickness is characte- 
ristic of joints filled with salt and calcite.

Based on the results of the analysis of interval 
jointing diagrams, it was found that the studied rock 
mass is characterized by the prevalence of one, less 
often two joint systems complicated by single un-
systematic (random) joints (see Fig. 7, b). This is due 
to low tectonic activity in the deposit location area 
(central part of the Siberian Platform) and the ab-
sence of large high-rank faults. The largest number 
of joint systems is recorded in the exo-endocontact 
zone, which demonstrates increased disturbance due 
to thermodynamic effects from the intrusion of seve- 
ral portions of kimberlite melt.

The main source of water inflow to the depo- 
sit is the Middle Cambrian Aquifer Complex (MCAC) 
with two aquifers with enhanced filtration properties 
[12]. The MCAC groundwater is highly mineralized, 
gas-saturated, confined to limestone-dolomite sed-
iments of the Middle-Lower Cambrian [30]. The va- 

lues of formation pressures vary from 4.5 to 15.6 MPa, 
and the water inflows range from 0.6 to 228 l/min, 
which suggests medium level of water inflow into un-
derground mine workings at deep levels of the mine. 
Consequently, the parameter JA5 from the RMR system 
is assumed to be 4, which corresponds to drip, and the 
parameter Jw of the Q system is assumed to be 0.66 – 
the water inflow level is medium. 

The data on the stresses acting in the rock mass, 
which can be used to estimate the SRF factor in the 
calculation of the Q rating, are obtained from the re-
sults of investigations by the method of measuring 
hydraulic fracturing. In terms of effective stresses, the 
rock mass can be conditionally categorized as class B 
(strong rocks with stress (pressure) problems)2. In this 
case, the SRF factor is estimated by the ratio σc / σ1, 
where σc is the uniaxial compressive strength; σ1 is 
the maximum stress (Table 1).

The obtained high SRF values indicate poten-
tially rockburst hazardous conditions of the depo- 
sit development in the studied depth interval. At the 
same time, according to the mine's geological ser-
vice specialists, no dynamic manifestations of rock 
pressure (“crackle” in the rock mass, intensive roof 
breaks, “flaking” of rocks on the contour and in pil-
lars, rock bursts) were observed during driving de-
velopment workings at −480, −580 (−630) levels. 
Analysis of photologging of geotechnical hole cores 
showed the absence of large volumes of core disking, 
which is characteristic of brittle-elastic rocks under 
high-stress conditions, which also indicates a low 
potential for rockburst hazard of the rock mass at the 
investigated depths. The contradiction between the 
calculated data and the behavior of the rock mass in 
practice can be explained by the fact that as the ne- 
cessary conditions for the rockburst manifestations, 
in addition to exceeding the compressive strength of 
rocks by the acting loads, it is required the rate of 
loading of rocks to exceed the rate of development 
of plastic or elastic-viscous deformations [31]. In 
absence of direct data confirming the presence of 
high stresses in the rock mass, a SRF value of 2.5 was 
adopted as a design value.

2 Using the Q-system. Rock mass classification and 
support design. NGI. 2015. 56 p.

Table 1 
Estimation of SRF (stress reduction factor)

Level Rocks σ1, MPa σc, MPa σc / σ1 SRF
−465 Kimberlite (ZOB) 22.75 2.15–119.48 0.09–5.25 0.5–400

−465 Kimberlite (VOB) 20* 3.89–98.11 0.19–4.9 5–400

−480 Host rocks 26.8 27.9–71.3 1.04–2.66 50–400

−580 Host rocks 31.35 27.9–71.3 0.89–2.27 50–400
* no in-situ measurements of stress in VOB were performed
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Findings Discussion
Application of the approach described above to 

the collection and analysis of mining and geological 
information on the studied deposit allowed to calcu-
late RMR and Q ratings and on their basis to perform 
categorization of the rock mass condition (Fig. 9).

According to the classification of Bieniawski [2] the 
considered lithologic domains include areas of poor, 
satisfactory, and good condition, which corresponds to 
IV, III, and II categories of rock masses in terms of sta-
bility. According to the averaged values, the ZOB and 
VOB kimberlites belong to the third category, while 
the host sediments have a intermediate value between 
the second and third categories. The average stable 
condition time ranges from 6 months (for spans up to 
8 m) to 10 hours (for spans up to 2.5 m).

The Q rating is characterized by a range of values 
from 0.18 to 105.6. This variation in minimum and 
maximum values is due to the fact that the Barton’s 
classification uses a logarithmic scale with a spread 
of 106. Based on median values, the VOB kimberlites 
refer to class D with poor rock mass condition. Most 
of the ZOB rock masses can be categorized as Class C 
with a medium condition. The rocks that host the pipe 
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Fig. 9. Scatter diagram of RMR and Q rating scores: a – this study results, b – [2], c – [32], d – [33], e – [34]

predominantly fall into Class C with a medium rock 
mass condition. 

The obtained estimated values of rating pa-
rameters are preliminary and rather conservative, 
requiring validation in the course of mining opera- 
tions. This is due to the fact that the collection of 
geological and geotechnical information necessary 
for the calculation in the required volume and with 
the required level of data reliability is associated 
with numerous limitations. Thus, some of the input 
components for calculating the ratings were esti-
mated from indirect data and assumed to be con-
stants for the whole rock mass. This concerns the 
length of joints, water content of rock mass at the 
design depths, orientation of joints in relation to 
the design workings, and stresses acting in the rock 
mass. In the absence of the possibility of accurate 
estimation of missing parameters, the use of two 
or more classification systems in the design of de-
posit development methods provides a more com-
plete and comprehensive picture of the geotechnical 
conditions of a rock mass and potential risks in its 
development, as the authors of the rating systems 
themselves say [2, 35].
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Although there are many similarities between the 
RMR and Q classification systems, the different “sensi-
tivity” of the parameters used and their structure result 
in the fact that the same rock mass areas characterized 
by different classifications can have significant differ-
ences in the final values, as shown in the scatter cor-
relation diagram (see Fig. 9). As can be seen, for Q = 1 
RMR varies over a wide range from 32 to 62, and for 
a RMR value of 50, the Q rating varies from 0.5 to 45. 
This moderate correlation is due to several reasons. 
The Q rating does not directly take into account the 
strength characteristic of rocks. Although an attempt 
was made in [36] to introduce uniaxial compression 
strength into the scheme for calculating the Qc rating, 
this correction was not widely used. The RMR system 
does not take into account overstress conditions (rock-
bursts) and is designed for applications with stresses up 
to 25 MPa, while for the Q system the active stresses in 
the rock mass are determined by the ratio of Jw and SRF 
values. Besides, the Q and RMR systems characterize 
fault zones differently. In the RMR system, no special 
parameter is used, while in the Q system the influence 
of faults is taken into account indirectly through the 
SRF parameter. In addition, the correlation depends on 
the type and structure of a rock mass, as demonstrated 

in numerous works [2, 32–34]. Some of the correlation 
curves are shown in Fig. 9. Since the rock mass under 
consideration is a combined rock mass, i.e., consisting 
of a layered and a non-layered components, the in- 
fluence of the rock mass structure will be high.

The RMR and Q systems work best in a blocky rock 
mass, so its degree of disturbance, expressed through 
the RQD, or joint spacing, is often the most important 
input parameter on which the resulting value of both 
ratings depends. Given the previously mentioned 
shortcomings of the RQD parameter as a measure of 
structural disturbance of a rock mass, the potential 
error that this parameter introduces into the resulting 
ratings should be taken into account and evaluated.

Despite the above-mentioned discrepancies, each 
of the systems allows to characterize the geotechni-
cal condition of a rock mass, to determine the cate-
gory of a rock mass in terms of stability, the time of 
stable conditions, the type of driving and the system 
of working support. The choice of the basic classifica-
tion system should be made based on the tasks to be 
solved and the set of input data. In practice, the Q sys-
tem using the nomogram developed by the Norwegian 
Geotechnical Institute (Fig. 10) is more popular in the 
selection of systems of underground mine support.
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Evaluation of the optimum characteristics of 
the support is carried out with the use of additional 
parameters: “equivalent dimension” (ED) and “Ex-
cavation Support Ratio” ESR [3]. For the Udachny 
mine, two options of mine workings (excavations) 
were considered: permanent workings with ESR 
equal to 1.6, as well as face-ends for which ESR is 
equal to 1. The span of excavations was taken as 
5 m, hence the span / ESR ratio (vertical scale on the 
left in Fig. 10) for permanent excavations is 3.1, for 
face-ends, 5. Due to the obtained range of Q rat-
ing values in the nomogram (Fig.  10), the follow-
ing support recommendations were proposed. Four 
types of support were recommended for permanent 
excavations. Local (scattered) support with rein-
forced concrete rockbolts of 2 m long with rockbolt 
spacing of 1–4 m for areas with very strong, strong, 
and medium rock mass according to the stabili-
ty categories (classes A, B, and C). Systematic rock 
bolting with similar rockbolt parameters in combi-
nation with disperse-reinforced shotcrete 5–6 cm 
thick for D class rocks. For areas of very weak rocks 
(fault zones, areas of contact alteration) it is recom-
mended to reduce the distance between rockbolts 
with a  simultaneous increasing thickness of the 
layer of shotcrete to 9–12  cm. For mine workings 
face-ends, similar parameters of support are defined 
depending on the category of a rock mass, but it is 
recommended to increase the length of rockbolts 
up to 2.5 m, as well as a sequential decrease in the 
rockbolt spacing and increasing the thickness of 
shotcrete layer as the category of stability of a rock  
mass declines.

Conclusion
The application of a comprehensive data col-

lection system including acoustic televiewer hole 
logging and geological and structural logging of 
non-oriented core, as well as the use of the results of 
laboratory studies of physical and mechanical prop-
erties of rocks, in-situ measurements of stress-strain 
state and water inflow allowed to calculate the rating 
parameters of rock mass condition according to RMR 
and Q classification systems for the deep levels of the 
Udachny underground mine. Based on them, the ore 
bodies and host sediments rock masses were assessed 
for stability (classes/categories were assigned), and 
the optimal method and parameters of mine workings 
support were determined. A database of geotechni-
cal data has been accumulated, which can be used to 
calculate other ratings such as MRMR [5], RMi [37], 
GSI [7], etc., without transient equations, if necessary.

It should be noted that the calculation of the ra- 
tings is an iterative procedure that is repeated as new 
data becomes available and lasts for the entire period 
of a mine’s operation, and the studies obtained at the 
current stage require updating in the course of mining. 

Rating classifications are an important tool for as-
sessing a rock mass condition and are largely used as 
a means of short-term prediction of its behavior. The 
empirical basis of rating systems introduces a limita-
tion to their use as key data sources in engineering 
decision making, especially in complicated mining 
and geologic environments. Integration of the ratings 
with analytical and numerical simulation methods 
looks like the most promising approach to account for 
the uncertainty and variability of rock mass properties 
in the design and operation of underground mines.
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