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Abstract: The primary output of the rock mass rating (RMR) and tunneling quality index (Q) system is
a preliminary tunnel support design, as these methods are empirically developed and updated for this
purpose. In this study, these internationally accepted design tools are evaluated to improve results for
tunnel support design. The rating system is simplified and improved for some parameters through
the use of equations to replace the discrete/lump characterization with a continuous rating. Recent
developments in characterization and support are used in proposing the back analysis approach
of rock mass quality calculation from tunnel span and installed support. This approach is used for
two tunnel projects which experience high stresses. Approximately 90% of the tunnel sections show
that actual supports have rock bolt spacing and shotcrete thickness which are heavier than those
indicated by RMRgg, indicating a system limitation. Another assessment using RMR14 indicates
that its rating is higher than that of RMRgy. A strong correlation exists between them, as supported
by the literature and data from analyses of 462 tunnel sections. Despite its new version, RMRgg
still preserves its importance. Evaluating the different correlations between RMR and Q through
published data indicates that the rock mass fabric index gives comparatively better results.

Keywords: rock mass characterization and classification; RMR; Q; tunnel support; correlation

1. Introduction

The first of the two main aspects in tunnel design that require focusing is a precise estimate of
the probable ground condition and excavation behavior. The second aspect is the cost and safety
assessment of the tunnel, which defines the support system. Rock mass characterization is used to
address the first aspect, whereas the second one can be achieved by the proper classification of the rock
mass excavation environment. A number of rock mass classification systems have been developed
since Terzaghi pioneered his study on the rock load factor classification for tunnel support design [1].
Among these several rock mass classification systems, rock mass rating (RMR) and tunneling quality
index (Q) are internationally accepted systems for support design that are widely used in the field of
tunneling [2-4].

The RMR classification was proposed in 1973 as a jointed rock classification system [5]. It was
refined several times, and major revisions in its characterization and structure were made in 1989 and
2014 [6,7]. The Q system was developed in 1974 [8], and major changes in its characterization and
classification were proposed in 1993 and 2002 [9,10]. It was developed based on tunneling cases for
hard and jointed rock mass [11]. The main objective of these classifications was preliminary support
design. Over time, the two systems have been refined and updated so as to improve their reliability for
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tunnel support design. The benefits from the use of these empirical design tools in tunneling include
simplicity, economy;, reliability, and being a time-tested approach [12].

In rock mass classification, rock mass characterization is critical. These classifications are the
back-bone of the empirical design methods [13,14]. The characterization of the rock mass deserves
adequate attention and should be performed as per defined procedures of each system. The recent
developments in tunnel support design in terms of shotcrete thickness and rock bolt spacing eliminate
personal judgment in design [11,15], and this is only possible as a result of proper rock mass
characterization and classification. In engineering applications, particularly for tunnel support, RMR
and Q systems should not be used independently, and at least two different systems should be used
for evaluation; further, the correlation between them should be verified [2,16].

In this study, the reliability of RMR and Q classification system for tunnel support design is
evaluated. A simple but precise characterization through the use of equations are proposed for the
calculation of rock mass quality as per the suggestion of RMR and Q systems. The role of RMRgg in
RMR14 is highlighted, and a correlation between them is proposed based on data from 462 sections
of two tunnel projects. The back analysis approach is introduced for rock mass quality calculation.
Moreover, the use and limitation of these two systems for support design is described and evaluated
through published data. The correlation reliability is also assessed.

2. Materials and Methods

2.1. Materials and Description of Projects

In this section, a brief overview of two projects, the Lawari Tunnel (Project 1) and Neelum Jhelum
Hydropower project (Project 2), are given. The 8.5-km long Lawari Rail Tunnel (LRT) project, now
termed the Modified Road Tunnel (MRT), is the only ultra-long road tunnel in Pakistan. The original
plan involved a rail tunnel that was proposed with a small cross-sectional area termed as LRT. After the
completion of the excavation work in 2009, the same tunnel was chosen for trade with Central Asia,
and the horseshoe tunnel was enlarged for two-way road traffic. This was termed as MRT (11.17 m in
span) and was completed at the start of 2016.

The Neelum Jhelum Hydropower project (Project 2) comprises a headrace tunnel with a total
length of 28.5 km, which is a combination of single and twin tunnels. These tunnels pass through
the Murre formation, which includes alternating beds of sandstone, siltstone, mudstone, and shale.
The initial sections of the twin tunnels are excavated in sandstone (9.68 m in span) by the conventional
method (drill and blast method).

2.2. Rock Mass Characterization and Classification

By definition, rock mass characterization is the quantifying process of important parameters
governing rock mass behavior during tunneling, whereas rock mass classification is the assessment of
rock mass quality according to a predefined system [14]. Ground conditions (rock mass, stresses, and
water) are responsible for the ground behavior, along with project-related features [17]. The ability of
the classification process to characterize ground conditions and the importance of including as many
parameters as possible have been argued by Palmstorm and Stille [18]. Empirical design methods in
tunneling are used as a result of rock mass characterization and classification. Rock mass classification
systems attempt to consider the most important aspects affecting the rock mass in order to rate its
quality. These aspects, which become parameters and whose ratings are assigned, are usually assumed
to be independent of each other [19].

2.3. Characterization and Classification of Rock Mass Based on RMRgqg

The geomechanics classification system, also known the rock mass rating classification system, was
developed by Z. T. Bieniawski [5]. This classification system has been continuously refined over several
years, and its characterization criteria have been revised from its creation onwards [5-7,15,20-23],
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as summarized in Table 1. Major revisions to the system were proposed in 1989 [6]. These include
new charts and tables, which were added for the rating of intact rock strength (o), rock quality
designation (RQD), discontinuities/joint spacing, and the condition of discontinuity parameters.
The refined RMR system is termed as the RMRgg version. The basic RMR (RMRy) value is the sum
of the ratings of five declared parameters. It includes the rating for intact rock strength (R;), RQD
(Rp), joint spacing (R3), joint condition (R4), and groundwater condition (R5). The RMRgg system is the
result reached after adjusting RMR;, for discontinuity orientation with respect to the tunnel orientation
and excavation direction rating (Rg). These six parameters describe the rock mass rating, RMRgg, and
the corresponding quality is obtained using Equation (1):

RMRgg = Ry + Ry + R3 + R4 + R5 + Rg. 1

To date, RMRgy continues to be used in the tunneling field even after its latest version, called
RMR14, was made effective. Although there are graphical approaches for the precise rating of RQD,
intact rock strength and discontinuity spacing [6], most users select the discrete/lump rating values
using the RMRgy table [24-27]. The continuous rating concept through using equations was introduced
by Sen and Sadagah using the lump rating system of the RMRyz3. This reveals that the minimum value
of the worst RMR value is 8 [28], but the worst is actually 0 in RMRgg [23].

Table 1. Rock mass characterization in different versions of the rock mass rating (RMR) classification
system. RQD: rock quality designation.

RMR
Parameter
1973 1974 1975 1979 1989 2011 2013 2014
Intact rock strength (MPa) 0-10 0-10 0-15 0-15 0-15 0-15 0-15 0-15
RQD (%) 3-16 3-20 3-20 3-20 3-20 0-20 - -
Joint spacing (mm) 5-30 5-30 5-30 5-20 5-20 0-20 - -
Discontinuity density (joints/m) - - - - - - 0-40 0-40
Separation of joints (mm) 1-5 - - - - - - -
Continuity of joints (m) 0-5 - - - - - - -
Weathering 1-9 - - - - - -
Condition of joints - 0-15 0-25 0-30 0-30 0-30 0-30 0-20
Groundwater 2-10 2-10 0-10 0-15 0-15 0-15 0-15 0-15
Alterability (%) - - - - - - - 0-10
Fo 3-15 3-15 0-(-12) 0-(-12) 0-(-12) 0-(-12) 0-+(-12) 0+(-12)
Adjustment Fe - - - - - - - 1-1.32
Fs - - - - - - - 1-1.3

The rating for intact rock strength (R;) is from 0 to 15. A rock with a uniaxial compressive strength
(UCS) greater than 250 MPa is assigned maximum points, and that with less than 1 MPa is assigned
minimum points. The continuous rating between them can be determined using Equation (2):

Ry = 0.1260; — 0.000407, (0. < 110 MPa), (2a)

Ry = 0.4750%6%, (¢ > 110 MPa). (2b)

Since its development [29], RQD has been used in RMR and Q systems because of its historical
background. Because of several inherent limitations, and ignoring the basic definition [4,30], this
parameter is not used in the latest version of RMR. Along with the joint spacing, RQD was replaced
by joint frequency [15]. It remains a mandatory parameter in the Q system. According to RMRgg, the
rating of RQD (R;) is from 3 to 20 based on the average values. For graphical rating, which is a more
precise method of characterization, the range of RQD rating for RMRgg is clarified [23], and after this
clarification the continuous rating of RQD can be determined from Equation (3):

Ry = 0.22RQD — 0.0002RQD? (3)
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The discontinuity spacing rating (R3) is applicable for a rock mass having three joint sets. When
less than three sets of discontinuities are present, R3 should be increased by 30%. However, without
this, a conservative assessment is performed [6]. Like RQD, the range of ratings for joint spacing is
from 5 to 20 based on the average value. However, the range of graphical ratings for joint spacing
in RMRgy is also clarified as with RQD [23], and after this clarification, the continuous rating of joint
spacing (x) in RMRgy can be determined from Equation (4):

R3 = 2.281 x In(x) — 341, (x = 5-200 mm); (4a)
Rs = 4.175 x In(x) — 1351, (x = 200-900 mm); (4b)
R3 = 6.250 x In(x) — 27.55, (x = 900-2000 mm). (4¢)

A modified criterion, introduced for RMR,, calculation, replaced RQD and the discontinuity
spacing by the number of joints per meter (frequency) in the excavation face. The joint frequency (A)
parameter, consisting of RQD and joint spacing parameters, is evaluated with the chart provided by
Lowson and Bieniawski [15]. The joint spacing and RQD are functions of the fracture frequency and
can be determined either directly or indirectly. The first indirect method used for fracture frequency
determination is a mathematical equation between the fracture frequency and RQD, as given by
Equation (5) [31]:

RQD = 100 x e % (14 0.11). (5)

When data are available, both in terms of the number of joint sets and average spacing between
joints of each joint set, the joint frequency is determined using Equation (6):

_ No.sof joint sets
~ Average spacing (m)

(6)

The continuous rating for joint frequency (R,_3) can be determined using Equation (7) for A =
1-50. If the joint frequency is less than 1, the rating will be maximum, i.e., 40.

Ro = 34.442 x e~ 00404 () < 20), (7a)

Ry = 22.8 — 0.457A, (A > 20). (7b)

The joint condition term and its corresponding rating (R4) are the function of the discontinuity
length (m), separation (mm), roughness, infilling (mm), and weathering. The rating R4 can be selected
for RMRgg using the detail listed in Table 2, but some conditions are mutually exclusive; i.e., in the
case of the infilling material, the roughness is overshadowed by the infilling influence [6]. However,
this aspect is missing when calculating ratings for joint conditions [24]. The best approach to rating
groundwater (Rs) is to calculate its inflow rate. However, the general condition is usually used for this
purpose. The rating for the joint orientation (R¢) is the qualitative term and depends on the orientation
of the main joint set with respect to the tunnel orientation and direction of excavation.

The modified criteria, as discussed above, show that RMRgg can be expressed in terms of five
parameters and calculated using Equation (8):

RMRg9 = Ry + Ry_3 + R4 + R5 + Rg. (8)

The state of stress is barely considered in rock mass rating classification systems for tunneling.
The RMR calculation practice [5,22] does not account for stress in tunneling, but an adjustment to the
RMRgy rating is suggested for the stress condition (in situ stress and changes of stresses) when it is
used for mining applications [6]. The case histories on which RMRgy is based show that tunnels are
located at shallow depths and stress is not a major factor involved in the design of a tunnel. A rating



Appl. Sci. 2018, 8,782 5 of 23

adjustment for stresses was suggested based on the strength to stress ratio (¢c/01) for RMRgg in a
high-stress environment [32].

Table 2. Comparison of rating for joint condition in RMRgg and RMRy4.

Parameter Rating
Value <lm 1-3m 3-10m 1020 m >20m
Persistence RMRgg 6 4 2 1 0
RMR14 5 4 2 0 0
Value None <0.1 mm 0.1-1.0 mm 1-5 mm >5 mm
Aperture RMRgg 6 5 4 1 0
RMR14 - - - - -
Value Very rough rough Sl}éi}gllly smooth Slicken-sided
Roughness RMRgo 6 5 3 1 0
RMR14 5 3 - 1 0
Hard filling Soft filling
Value N 5 5 5 5
Infilling one <5 mm >5 mm <5 mm >5 mm
RMRgg 6 4 2 2 0
RMR14 - 5 2 2 0
Value Not weathered Shg}? ty Mode}fately Highly weathered =~ Decomposed
Weathering weathered weathered
RMRgg 6 5 3 1 0
RMR14 5 - 3 1 0

2.4. Characterization and Classification of Rock Mass Based on RMR14

After the use of RMRgy for 25 years, an updated version of RMR known as RMRy4 is suggested
with a few new parameters, revised rating, and final structure [7]. The structure of RMR14 for
determining rock mass quality is represented by Equation (9):

RMRy4 = (RMRy + Fy)-Fs-Fe )

where

RMRy, = Basic RMR (without the influence of excavation),

Fy = Adjustment factor similar to Rs in RMRgy,

F, = Adjustment factor for the excavation method,

Fs = Adjustment factor for the stress-strain behavior at the tunnel face.

The RMR14 structure preserves four parameters with their ratings in the original form as found in
RMRgg. As per the modification in 2013, these are as follows:

I.  Intact rock compressive strength

II.  Groundwater condition

III.  Orientation of joint with respect to the tunnel axis and excavation direction
IV.  Joint frequency

The discontinuity condition was revised in RMR14 by eliminating the joint aperture parameter
because of the overshadowing effect. The revised ratings for the remaining four parameters of the
discontinuity condition for RMRy4 are summarized in Table 2.

Three new parameters, i.e., intact rock alterability and adjustment parameters F., and Fs, were
also introduced in RMRy4. The intact rock alterability is rated per results of the slake durability test,
as defined in the standard [33]. The rating values of the rock alterability parameter were suggested
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in table form in the RMRj4 version. The parameter F,, which is a function of RMR and related to the
mechanical excavation method, can be calculated from Equation (10) [7]:

RMR\?
FE=1+2(=2") , RMR < 40; 1
e + ( 100 ) 7 M < Or (Oa)
RMR — 4
F=132— %, RMR > 40. (10b)

where RMR = RMRgy.

Equation (10) is applicable for mechanical excavation only. When the excavation is performed by
the drill and blast method, F, = 1.

During excavation, RMR at the tunnel face is considerably lower than predicted during the design
phase because of the yielding of the tunnel face and walls. To overcome this effect, an adjustment
factor (Fs) is introduced. This factor was defined in terms of Indice de Comportamiento Elastico (ICE)
(elastic behavior index) by Bieniawski and Celada [34], as expressed in Equation (11). The Kirsch
solution for stresses at the perimeter of a circular excavation was used for ICE determination and has
been extended to non-circular tunnels using numerical modelling. For the derivation of Equation (11),
Equation (12) of Kalamaras and Bieniawski [35] was used for calculating rock mass strength:

RMR-100
3704-0.;-e 2
ICE = = -F, Ky <1, 11
G-Ko)H 0= (11a)
RMR-100
3704-0,;-¢e
ICE = = -F, Ky > 1, 11b
(3Ky — 1)-H 0= (11b)
oM = e T (12)

where

o.; = intact rock uniaxial compressive strength (UCS) (MPa),
Ky = virgin stress ratio,
H = tunnel depth (m), and
F = shape coefficient (F = 1 for 10 m diameter circular tunnel; F = 1.3 for 6 m diameter circular tunnel
and F = 0.75 for 14 m wide conventional oval tunnel [34]).
RMR = RMRgy.

The value of ICE obtained from Equation (11) is used for the calculation of the adjustment factor,
Fs, using Equation (13):

F; =1.3, For ICE < 15; (13a)

~2.3-4/100 — ICE
7.1+ /100 — ICE’
E, =1, For ICE > 70. (13¢)

F, For 15 < ICE < 70; (13b)

2.5. Characterization and Classification of the Rock Mass Based on Tunneling Quality Index (Q) System

The tunneling quality index, also known as the Q system, is a tunneling data-based empirical
classification system that was presented in 1974 [8]. The system categorizes the ground into nine rock
mass classes. On a logarithmic scale, the quality index ranges from 0.001 to 1000 and is calculated

using Equation (14): ROD | |
o= (57 (1) se) w

where RQD is used at intervals of five in a selected domain, J,, denotes the rating of the number of joint
sets, J; is the rating for the joint surface roughness, |, denotes the rating for the degree of alteration
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or clay filling joint set, ], denotes the ratings for groundwater inflow and pressure effects, and stress
reduction factor (SRF) is the rating for faulting, strength — stress ratios in hard rocks, and squeezing
or swelling.

Since the introduction of the Q system, major changes in characterization were proposed in terms
of intact rock strength and SRF for competent rocks with a rock stress problem [9,10,36]. In rock
mass properties, the role of intact rock UCS is significant. Thus, a normalization factor is applied to
Equation (14) for a modified Q. [10]:

RQD Jr Jw Oc
— ). J= 15
< ( n ) (h) (SRF (100) (15
The ratings for o, are their values in Equation (15). The ratings for RQD are their values with a
correction interval of 5, i.e., 90, 85, 80, etc., as suggested by Barton [8]. In the literature, this suggestion
related to RQD is usually not included in Q or Q. calculation [24,25]. In the case of massive hard rocks,

the rating for J; is 4, and in cases where the joint fill is thick enough to prevent rock wall contact during
shearing, the rating for J, is always 1 [11]. Although no parameter is directly included in the structure

of the tunneling quality index system for joint orientation, the discontinuity filling and roughness,
i.e., J, and J;, respectively, are calculated for the least favorable joint orientation [10]. The first term in
Equations (14) and (15) is the relative block size, which is suitable for distinguishing rocks-burst-prone
rock from jointed rock. The rock-burst-prone rock has an RQD/], ratio of 25-200, whereas the typical
jointed rock has an RQD/J, of 10 [10]. The SRF rating in the case of competent rock with a rock-stress
problem has been modified for massive and jointed rocks [9,36]. The continuous rating of SRF in
Equation (15) can be determined for highly stressed jointed rocks using Equation (16):

n

_ RQD 0%\ ). (e
SRF = (2.054exp (0.205 ; )+14.865exp< 0.4101» ( 100) (16)

2.6. Rock Mass Quality and Tunnel Support

2.6.1. Determination of Tunnel Support from Rock Mass Quality

Both RMR and Q systems were designed—and have been specifically updated—for estimating
tunnel support [2]. Because the support chart is based on empirical data, it is able to function as a
guideline for the design of permanent supports in underground openings.

Based on RMRgy, recommended tunnel support guidelines were limited to a 10-m span
conventional excavation tunnel and made available in table form, where the support requirement
changes with rock mass quality [6]. Because the support technology improves with time, tunnel
designers use different supports for various tunnel spans using the RMRgy tunnel support
guidelines [37-39]. Design engineers predict supports for tunnel stability other than for those with a
10-m span, and the design process involves personal judgment. Personal judgment is also involved
for different values of RMRgy in the same class, i.e., RMRgg = 41 and RMRgg = 60. After 24 years of
experience, a major update in tunnel support through RMRgg was performed, in which the rock support
is a function of the tunnel span and rock mass quality [15]. According to the modification, shotcrete
thickness and rock bolt length (L) is function of rock mass quality and tunnel span. The length of the
rock bolt can be calculated using Equation (17).

(Ly(m) +2.5) RMR 25

span(m) = Y (17)

Rock bolt spacing (S;) depends on rock mass quality and can be calculated using Equation (18).
Spot bolting is needed for RMRgy > 85. The shotcrete design chart reveals that shotcrete thickness is
highly influenced by the tunnel span (Span < 10 m) at low RMRgy values, whereas shotcrete thickness
is highly influenced by RMRgg for larger tunnel spans (Span > 10 m). Because of this development in
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the support design for tunnels using RMRgo, the calculation of rock mass quality as per suggestions
through continuous rating is a more precise approach than the discrete one to achieve proper design,
but with less personal judgment. The rock bolt spacing can be calculated as follows:

RMR —2

Sy(m) = 0.5 +2.5T0, (20 < RMR < 85); (18a)
(RMR —10)*°

Sp(m) = 025 + == ———, (10 < RMR < 20); (18b)

Sy(m) = 0.25, (RMR < 10). (18¢)

In the Q system support chart, the rock bolt spacing is a function of the rock mass quality, whereas
shotcrete thickness is a function of the equivalent dimension (D) along with the rock mass quality.
Differently to the RMR system, the characterization in the Q system has not been revised considerably.
However, the support chart of the Q system has been continuously revised because of the development
in the underground support philosophy and technology [9-11]. According to the support chart of
the tunneling quality index system, the equivalent dimension (D.) defines the bolt length. This De
depends on the tunnel span and safety demanded excavation support ratio (ESR). The ESR value
selection should be based on the safety of the working crew according to a country’s safety standards,
because each has its own criteria [40]. Secondly, ESR also depends on the rock mass quality [11].
The relationship between rock bolt length and De for hydropower projects reveals that ESR =1 is also
the appropriate value for hydropower tunnels [36].

The rock mass classification system suggests that the rock bolt (20-mm diameter and fully grouted)
length and spacing for a tunnel cross section should be based on the rock mass quality. For the
reinforcement and stability of the underground excavation, in the past few decades, several factors
related to rock bolts have been studied through pull-out test results to investigate the performance
of rock bolts. The suggested spacing of rock bolts is the result of a considerably crude correlation
between Q and rock bolt spacing [9], which is usually employed in practice along with a quantitative
classification system for supports [40]. The shotcrete thickness for tunnel spans with D < 3 m is simply
assumed and is not based on empirical data [11]. The Q system works best for Q values ranging from
0.1 to 40 and D¢ values ranging from 2.5 to 30 m [40]. Although a normalized factor has been included
in the Q system, the support chart is not updated for it [36]. Similar to that in RMR, the effects of
D, and rock mass quality on shotcrete thickness are not equal and constant. Instead, the thickness
depends on the value of both.

2.6.2. Back Calculation of Rock Mass Quality Based on Supported Tunnel

Because the two systems have been developed and updated for support design, the installed
supports in a tunnel can be used for determining rock mass quality. Equation (18) and the Q-system
support chart reveal that rock bolt spacing is a function of rock mass quality only, and this spacing
can be directly used for rock mass quality (both RMR and Q value) determination. The use of
fiber-reinforced shotcrete, which is a function of the rock mass quality (Q or RMR) and tunnel size
(span or D¢), is a mandatory part of the current tunneling practice. The thickness of this shotcrete along
with the tunnel size can also be used to identify the rock mass quality through the back analysis of
an already supported tunnel section based on support charts of RMRgg and Q system. The rock mass
quality obtained from the rock bolt spacing is an entirely single value (100%). The shotcrete thickness
is a function of the rock mass quality and tunnel size, and the contribution of the rock mass quality to
the shotcrete thickness depends on the inclination of a tangent in the shotcrete support line as found
in the support charts of both Q and RMR systems. The final rock mass quality for both systems can
be evaluated from two different rock mass quality values (rock mass quality from rock bolt spacing
and rock mass quality from shotcrete thickness) through their weightage. The procedure for the back
calculation of the rock mass quality is described in Figure 1 and illustrated in Example 1.
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Rock bolt ' Shotcrete

Rock bolt " Shotcrete ' Tunnel
A spacing (m) i thickness (cm)

spacing (m) i thickness (cm) |

__________

______________________

Back calculated rock !
mass rating (RMR*) |

Back calculated rock
quality (Q or Qc)

Figure 1. Procedure for the back calculation of RMR (RMR*) and tunneling quality index (Q or Qc).

Example 1:

Tunnel span or De = 11.17 m

Rock bolt spacing = 1.6 m

Shotcrete thickness =9 cm

RMR7* = 48.6 (contribution of RMR to rock bolt spacing is 100%)

RMRy* = 55.6 (contribution of RMR to shotcrete thickness is 52.09%)

RMR* = 51 (RMR* is calculated from RMR1* and RMR,* based on their contribution (%))
Q1 = 0.7 (contribution of Q to rock bolt spacing is 100%)

Q> = 1.7 (contribution of Q to shotcrete thickness is 49.25%)

Qor Q. =1.03 (Q or Q. is calculated from Qq and Q> based on their contribution (%))

2.7. Correlation between RMR and Q

It is worth emphasizing that the use of at least two rock mass classification systems is advisable in
the tunnel support design process [16]. According to Barton and Bienwiaski, when using RMR and
Q systems for tunnel support design, they should be checked with correlation [2]. As discussed in
previous sections, the RMR and Q systems of rock mass classification use different weighting factors for
individual parameters and do not always use the same parameters or consider some of the parameters;
the overall rating values cannot be directly compared.

2.7.1. Linear Correlation between RMR and Q

Since the development of the two systems, a correlation based on the linear regression analysis
of RMR and Q values was first presented by Bienwiaski [41], as shown in Equation (19), where A =9
and B = 44. Since then, several researchers have presented other correlations based on regression
analysis, but there is no scientific basis to assume a universally applicable regression between RMR
and Q, as a result of the differences between the characterizations and rating scales of each empirical
design method [42]. Due to this limitation of correlation based on regression analysis, some researchers
suggest regional, project or geological based correlation between RMR and Q values [42—45].

RMR=AxInQ+B (19)

For Q =1, a 90% confidence interval limit shows that B in Equation (19) changes from 26 to 62,
which is considerably a wide range of predictions for RMR from Q values and vice versa [6]. For the
evaluation of this linear correlation approach between RMR and Q, the published data, summarized in
Table 3, are used.
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Table 3. Data from published papers based on the average values of each site.

Project Site R, FrRMR Rs Rg RMRsy  Fg frI;Rn]rng Plr:;/l[ll;:d S]};l::rlln(frll) Reference
Guledar Day  Limestone 60 346 7 ~10 3760 188 43 46.0 3.0
Turkey Sandstone  6.18  22.59 7 0 3577 045 36 4918 3.0 1371
Diabase  3.62 1329 4 0 2091 012 18 25.62 3.0
K1 1488 5313 10 0 7801  46.0 62 86.88 12,0
K2 1488 5399 15 0 8387  48.0 62 91.88 13.0
K3 1488 5379 15 0 8367  48.0 62 91.88 8.0
M1 1518 5797 15 0 8815  89.0 65 95.18 9.0
M2 1518  59.09 15 0 8927 950 65 95.18 12,0
M3 1518 5863 15 0 8881  92.0 65 95.18 11.0
_ P1 120 5179 10 0 7379 64.0 65 87.0 10.0
H‘“;alayalhalf P2 120 5115 10 0 7315 620 63 85.0 9.0 [25]
unne T1 1051  54.09 10 0 7460 480 63 83.51 8.0
T2 1051 5929 10 0 79.80  48.0 62 82.51 85
T3 1051 5495 10 0 7546  49.0 62 82.51 105
T4 1051 5475 15 0 8026  49.0 62 87.51 11.0
T5 1051 60.04 10 0 8056  49.0 62 82.51 115
Té6 1051 5495 15 0 8046  49.0 62 87.51 12.0
7 1051 5409 10 0 7460 480 62 82.51 12,0
I 297 580 10 -5 6597 1350 67 74.97 17.0
I 190 530 8 -5 5790 600 63 67.90 17.0
Sydney tunnel I 147 450 8 -5 4947 122 54 58.47 17.0 [46]
v 103 250 8 -5 2903 278 43 47.03 17.0
v 094 190 8 -5 2294 028 25 26.44 17.0
Sandstone 111  49.89 7 0 680 125 55 73.10 6.16
Sandstone 5434 3588 10 5 4631 185 4 51.43 6.16
Istanbul metro  \rqoone 404 4424 10 0 5828 278 ) 56.04 6.16 [26]
Mudstone 351 2588 10 5 3439 052 28 3651 6.16
Rosh-haniqa 1.687 480 15 ~12 5269 833 52 56.69 65
] B?rti':‘e 147 410 15 -5 5247 667 51 62.47 4.0
Xxcavation in .
chalk rock Mzej)’;at 185 402 15 —12 4505 36 4 46.85 40 (27]
Maresha 155  47.0 15 5 5855 150 55 66.55 6.0
Avedat 156  49.0 15 5 6056  3.89 45 56.56 8.0
Ramathovey 177  44.0 15 2 5877 563 50 64.77 6.3
Einziq 162 4160 15 0 5822 2.39 40 56.62 10,8,5
Boztepe Dam Basalt 430 3670 15 -5 510  1.03 34 4830 5.0 [24]
Tuffite 158 218 15 —5 3344 039 24 35.58 5.0
Section-1 112 2588 15 -5 3700 067 26 37.12 12.9
Section-2 673 3429 15 -5 5102 138 48 64.73 12.9
Bilecik-Istanbul ~ Section-3  8.04 3696 15 5 5500 465 34 5203 12.9
roadway in Section-4 605 4735 15 5 6340 518 65 81.05 12,9 [47]
Turkey Section-5  7.39 4927 15 5 66.66 244 56 73.39 12,9
Section-6 695 4661 15 5 6356 278 60 76.95 12.9
Section-7  7.68 4854 15 -5 6622 450 61 78.68 12.9

2.7.2. Correlation between RMR and Q Using Their Truncated Versions

Using truncated versions of RMR and Q, some attempts have been made for a better correlation [19,48]
of the two. The modified RMR, i.e., RMR,04, which is a value free from intact rock strength and joint
orientation rating, and N (stress free Q, i.e., SRF = 1) were used for the interrelationship between RMR
and Q using Equation (20). Through this truncated approach, the correlation between N and RMR;,0q
for the data of Projects 1-2 is also evaluated.

RMRynoq = 8In N + 30 (20)

Secondly, a rock mass fabric index, defined as a function of the rock structure and joint condition,
eliminates the groundwater factor as well, resulting in a common fabric chart for a better correlation [19].
In this truncated approach, the rock mass fabric index for the RMR system (Frpr) is the sum of the
parameter values related to the rock structure (R and R3) and discontinuity condition (Ry4). It can be
defined using Equation (21):

Frmr = Ro + R3 + Ry. (21)
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The rock mass fabric index for the Q system (Fp) is the product of the relative block size (RQD/]y)
and inter block shear strength (J,/],), as expressed in Equation (22):

_RQD _Jr
A

A correlation was developed based on the rock mass fabric index chart, as expressed in
Equation (23) [19].

Fo (22)

Frpmr = 151n Fo+32 (23)

The values of Fg listed in Table 3 were used for predicting Frair values using the rock mass fabric
index chart. Thereafter, the ratings for intact rock strength (R;), groundwater (Rs), and joint orientation
(Re) were applied, defining the predicted RMRgy. Through this truncated approach, the correlation
between calculated and predicted RMRgg for the data summarized in Table 3 is also evaluated.

2.7.3. Correlation between RMR and Q Using Preliminary Support Design

The rock bolt spacing and shotcrete thickness are based on the same criteria in the two rock
mass classification systems, and this aspect of support is used to correlate RMR and Q. For this
purpose, using Table 3 data, RMRg9 was used for the preliminary support design of tunnel sections.
The resultant support from RMRgg support charts [15] is used for the prediction of the tunneling
quality index (in the area where the rock Q system works best [40]) using the back analysis procedure.
The results of the possible back calculated Q values are compared with the calculated Q values.

3. Results

For the precise characterization of some parameters of the rock mass rating systems,
Equations (2)—(4) and (7) are suggested in this paper. The results of these Equations are compared
with the lump/discrete and continuous rating in Figure 2, which shows that these fitted equations are
suitable alternatives to achieve correct characterization.
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Figure 2. Comparison of proposed equations results with suggested rating for different parameters.
UCS: uniaxial compressive strength.

Using the continuous rating approach, the 462 tunnel sections of Projects 1-2 [36] were
characterized and classified based on RMRgy. The details of characterization and classification are
summarized in Table 4 and are shown in Figure 3.

Table 4. RMRgy rating for Projects 1-2.

Rati
Parameter ating
Project 1 Project 2
RQD (%) 6.44-20 3.33-20
UCS (MPa) 4.042-6.95 4.245-8.73
Joint Spacing (mm) 7.88-16.89 7.88-14.69
Persistence (m) 2 2
Aperture (mm) 3 3
Joint condition Roughness 5 3
Infilling (mm) 6 2,4and 6
Weathering 5 3,5and 6
Ground Water 0-15 0-15
RMRy,sic 56.53-79.84 32.98-73.84
Fy —12to -2 —12to0
RMRgg 45.6-72.64 30.5-66.62
erll\./[;al\rfax. (St. dev) 45.66:152‘64 (621) 30.551—.5616.62 (7966)
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Figure 3. Percentage frequency of: (a) RQD rating (R;); (b) Joint/fracture spacing rating (R3); (c) rating
for groundwater (Rs); (d) adjustment rating for the joint orientation with respect to the tunnel axis and
excavation direction (Rg); (e) RMRgg values for Projects 1-2.

Rock mass rating values were also obtained from different support categories and the supported
span of the tunnel at all the sections of the two projects using back calculations and were defined
as RMR*. The comparison of the calculated RMRgg and back calculated RMR (RMR*) show that the
actual supports installed are much heavier than those suggested by RMRgg. Approximately 90% of the

data show that RMR* is lower than RMRgg. Their differences are shown in Figure 4 in terms of the
percentage frequency.
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Figure 4. Difference between RMRgg and RMR* in terms of the percentage frequency for RMRgyg > RMR*.

The mean ratio of RMR* to RMRgy, i.e., RMR*/RMRgy, is 0.855 (Table 5). The stress adjustment
factor is applied to RMRgy as suggested based on strength-stress ratio. Details of the strength-stress
ratio are shown in Figure 5. After this adjustment, the resultant RMRgg was defined as RMRgy*, and
data were analyzed. After the application of the stress adjustment factor, the ratio of RMR* to the stress
adjusted RMRgg (RMRgg*), i.e., RMR*/RMRgo*, is 1.002 as shown in Table 5.

Table 5. Effect of adjustment rating for strength-stress ratio on RMRgy for 462 tunnel sections of
Projects 1-2.

. Standard RMR*/ RMR*/
ooy RMR Min Max Mean Deviation RMRgo RMRgo*
5-4 4-3 3-2 RMRgg 32.98 72.64 58.57 9.31
Adjustment rating RMR* 40.92 54.42 50.08 4.79 0.855 1.002
-5 —10 —10 RMRgo* 22.98 67.64 49.96 9.44
50
%, = Project-1
40 4 ZZZ Project-2
3230 1
>
o
ch 20~ -
16
et
w124
8 4
0 A

225 253 335 354 445 455
00/01

Figure 5. Strength—stress ratio for Projects 1-2.
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Although RMR14 is discussed in this study; as it is the latest version of RMR, Equations (9)-(13)
indicate that without calculating RMRgo, the determination of RMR14 is not possible. Rock mass
ratings based on RMR4 for all selected sections of Projects 1-2 are summarized in Table 6, and details
of the joint frequency and rock mass ratings (RMR14) are shown in Figure 6.

Table 6. RMR4 rating for Projects 1-2.

Rati
Parameter ating
Project 1 Project 2
Joint frequency (joints/m) 10.66-32.56 6.51-30.33
UCS (MPa) 4.042-6.95 4.245-8.73
Ground Water 0-15 0-15
Fy —12to -2 —12to 0
F, 1 1
F; 1.186-1.296 1.22-1.3
Persistence (m) 2 2
Roughness 3 2
Infilling (mm) 5 2 and 5
Weathering 4 3,4and 5
Alterability (%) 10 10
RMRgasic 55.49-78.51 32.88-72.55
RMR A djusted 56.33-88.5 41.37-84.63
Min = Max: (st. dev) 2633 883 (7.52) 1274 -8163 (9.387)
50 q 50
a) mmmm Project-1 - b)
40 =Z=2 Project-2 40 4
30 4 30 4
:\5 20 I 20 1 v ¢
Sl | 4L - il 11
g " .
w 6
6
4 I N E
2 2
ninl ARNIREI BRI
4-8 8-12 12-16 16-20 20-24 24-28 28-32 >32

40-45 45-50 50-55 55-60 60-65 65-70 70-75 75-80 80-85 >85

Joint frequency rating RMR14

Figure 6. Details of (a) joint frequency rating; (b) RMR4.

The comparison between RMR* and RMR4 reveals that RMR* < RMR14; details of this difference
are shown in Figure 7.

A correlation is established between RMRgg and RMR14, as shown in Figure 8, based on 462
tunnel sections of Projects 1-2. The correlation shows that RMR14 > RMRgg. As the RMRgg system is

extensively used for different purposes other than support, Figure 8 shows an excellent correlation
between RMRgg and RMR14, as shown in Equation (24):

RMR14 = 1.0796RMRgo + 10.637, (R? = 0.96). (24)
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Figure 8. Linear correlation between RMRgyg and RMR4.

Section 2.5 discussed the assessment of the characterization and classification of the tunneling
quality index system. The characterization criteria have remained the same since its development,
except for the inclusion of the intact rock strength in the form of a normalized factor in the structure of
the Q system equation and the revised rating for SRF in a high stress—strength ratio environment.
The basic suggestion of the creators of the system to use an interval of 5 in RQD rating is activated
because this suggestion in calculating the value of Q is generally ignored in literature.

Furthermore, for tunnel support design, both RMR and Q systems have been refined and revised,
either in the form of characterization, support, or both. Currently, the rock bolt spacing is regarded
as a function of the rock mass quality, and the shotcrete thickness, along with rock mass quality, is
a function of the tunnel span. A back calculation approach for rock mass quality determination is
proposed, as shown in Figure 1 and explained in Example 1.
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Also, the results of correlations between RMR and Q systems are shown in Figures 9-11. A linear
correlation in Figure 9 shows that the data are considerably scattered and predictions from the
correlation may lead to erroneous results. Logically, therefore, a good correlation can only emerge if the
joint orientation and intact rock strength are ignored in the RMR system or included to the Q system,
and the stress condition is ignored in the Q system. After applying this approach on the data of Projects
1-2, results shown in Figure 10 are also scattered and have a low correlation coefficient. The rock mass
fabric index approach is also assed. The predicted RMRgg was correlated with the calculated RMRgo,
as shown in Figure 11. The calculated RMRgg is based on suggested equations of the continuous
rating. The results show that the predicted RMRgg is higher than that calculated, which is because of
the high value of the predicted Frpr from Fg. However, the rock mass fabric index approach yields
comparatively better results than former approaches do and have a high correlation coefficient.

90
&
| O Data points

Linear correlation

80 —

70 —

60 —

[e>) 4
[ee)
o s
=
or J
40
] (@]
30 —|
1o
20 1 RMRg9=8.059InQ+48.68
] (R2=0.78)
10 e L e R
5 -4 3 2 -1 o 1 2 3 4
InQ

Figure 9. Linear correlation between Q and RMRgg based on the published data of Table 3.
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Figure 10. Linear correlation between N and RMR,,,q based on the data of Project 1-2.
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Figure 11. Correlation between RMRgg and predicted RMRgg based on the published data of Table 3.

Because the rock bolt spacing and shotcrete thickness are based on the same principal in both
systems, a correlating bridge between them has been developed, based on the summarized published
data in Table 3. However, this did not yield any satisfactory results, as listed in Table 7, because the
development of the two systems are based on different approaches. Moreover, support charts of RMR
and Q system indicate that rock mass quality and tunnel span are contributing different contribution
for supports.

Table 7. Comparison of calculated and back calculated Q.

Site Section RMRggy Calculated Q Tunnel Span (m) Back Calculated Q

K1 78.01 18.38 12 43.88

. K2 83.87 19.04 13 100
Himalaya half tunnel P1 73.79 2558 10 33.88
T7 74.6 19.04 12 51.64

1 65.97 43 17 49

Sydney Tunnel I 57.9 19 17 2.07

11T 49.67 2 17 0.7

Sandstone 68 10.8 6.16 7.33

Istanbul metro Sandstone 46.31 1.47 6.16 3.19
mudstone 34.39 0.83 6.16 0.36
Excavation in chalk Avedat 60.56 1.6 8 11.15
rock Einziq 58.22 24 10 2.67
Boztepe Dam Tuffite 33.43 0.156 5 0.45
Section-1 37.0 0.016 12.9 0.47

Section-2 64.73 1.52 129 0.72

q Section-3 52.03 10.8 129 1

rozgev\f;k'li;taﬁiile Section-4 81.05 11.48 12.9 5.39
y y Section-5 73.39 10.79 12.9 7.75
Section-6 76.95 12.29 12.9 5.39

Section-7 78.67 9.99 12.9 7.75

4. Discussion

The comparison of rock mass rating [5] and tunneling quality index [8] with other classification
systems reveal that these two systems are internationally accepted empirical design tools in rock
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engineering, particularly for tunnel support design. The major reason, out of many, behind their
international acceptance is that these two rock mass classification systems are updated continuously
either in the form of characterization or support [6,7,9,10,15]. The ability of these systems to
characterize and classify rock masses is highly dependent on the use of these systems according
to predefined procedures, taking into consideration their limitations. Although charts are available
for characterization for the RMRgg [6,23], users prefer to use the discrete/lump table for that purpose,
contrary to the very essence of these systems. To facilitate the calculations for the continuous
rating of intact rock strength, RQD, joint spacing, and joint frequency, equations are proposed.
These proposed equations are the least difficult approaches for characterizing the intact rock strength,
RQD, discontinuity spacing, and fracture frequency in RMRgg and RMR14. Similarly, in the Q system,
although the use of 5 as an interval of the RQD rating is suggested [8], that suggestion is not taken into
account in literature.

An evaluation of the application of RMR and Q systems for tunneling in a high stress environment
indicates that the Q-system is preferred because of the stress reduction factor (SRF). Although the
RMR system is modified [6,7], it is evident that the application of RMR (RMRgg, RMR14) system for
tunnel support design in high stress environments is still the limitation of the RMR system. The mean
value of RMR* and RMRgg* are lower than RMRgg because of the effect of stress. Although the ratio
RMR*/RMRgo* considerably approaches 1, the standard deviation in RMRgg* is 9.44, which reveals
that this parameter in RMRgg requires some amount of special attention to extend its application for
tunnel supports under high stress environments.

The two versions of RMR [6,7] (RMRgg after modification in 2013 and RMR14) use the same four
parameters and their corresponding ratings. The comparison of the joint condition parameters is
summarized in Table 2. The additional parameter in the RMR;, (for RMR14) calculation is the intact
rock alterability parameter, which is related to shales and similar weak rocks [33]. For strong rocks,
the rating for intact rock alterability is 10 as per RMRy4 suggestions. Minimum values for F, and F;
are 1 and maximum values are 1.32 and 1.3, respectively [7]. Taking into consideration the structure
of the two versions of RMR (RMRgg and RMR14) and characterization criteria leads to the conclusion
that RMR14 > RMRgy. The literature also supports the notion that RMR;4 values are higher than
RMRgg [7,49]. A similar trend can be seen in Figure 8.

Currently, in the two systems, rock bolt spacing and shotcrete thickness depend on the same
principle. The back analysis approach for rock mass quality determination is introduced and explained
through an example in this manuscript. This approach can be a valuable tool for the evaluation the
parameters in these systems.

The linear and truncated correlations between RMR and Q systems are assessed based on
published data and data of Projects 1 and 2. For the use of an empirical classification system for
tunnel support design, at least two systems should be used and they should be checked through
correlation as suggested [2]. Because the RMR and Q systems have different structures and are based on
different experiences, some of their parameters and rating procedures for each parameter are different,
and there is no scientific basis to correlate them directly—a conclusion that has been evaluated through
published data. The rock mass fabric index approach [19] is a truncated version of RMRgy and Q
systems and shows comparatively better results for correlation. In this correlation approach, only the
rock structure and joint condition parameters are taken into account. Moreover, the traditional method
of correlation is replaced by introducing a rock mass fabric index chart, which is similar in structure to
the geological strength index (GSI) chart [50]. The RMR and Q correlation results using preliminary
support design is also unsatisfactory. The difference between the two rock mass qualities (calculated Q
and back calculated Q) exists because of their having different parameters and ratings and the crude
correlation between the rock mass quality index and rock bolt spacing [9], which was also highlighted
by Palmstorm [40]. Another reason for this is that the two systems are based on different experiences
and different methods of calculating the rock mass quality. Comparing the ratings for groundwater of
the two systems, the suggested rating for groundwater (based on the general condition) in RMRgg is
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15 for completely dry, 10 for damp, 7 for wet, 4 for dripping, and 0 for flowing conditions, whereas the
Q system suggests [, = 1 from the dry to minor flow conditions. Different scenarios yield different
results. Furthermore, in the suggested shotcrete thickness for a given tunnel span, the contribution of
the rock mass quality to shotcrete thickness is not the same in the support charts of the two system.
This is explained in Example 2.

Example 2:

Tunnel span or D, (ESR = 1) = 20 m, Shotcrete thickness = 15 cm
Contribution of rock mass quality for shotcrete thickness in Q system = 50%
Contribution of rock mass quality for shotcrete thickness in RMR system = 64.4%

5. Conclusions

The following conclusions are obtained from this study:

1. The two rock mass classification systems, RMR and Q, are based on jointed rock mass data.
They are developed for tunnel support design and updated empirically, either in the form
of characterization or support, and extensively used for that purpose. Although there are
clear guidelines for the rock mass characterization, generally discrete/lump approaches are
used to obtain it because these latter methods are not difficult to use. However, they yield
characterizations that are not as exact as those obtained through the use of continuous rating
charts. To rate intact rock strength, RQD, discontinuity spacing, and joint frequency correctly
and without difficulty through the continuous function, equations that match well with available
continuous rating charts are proposed.

2. Currently, in both systems, rock bolt spacing is the function of the rock mass quality only,
whereas the shotcrete thickness is the function of the tunnel span along with the rock
mass quality. However, their contribution to shotcrete thickness is not always the same.
This principal of the support has been used for the development of the back analysis for rock
mass quality determination.

3. The back calculation results from 462 tunnel sections show that significantly heavier supports
than those estimated by RMRgg and RMR14 have been installed for the tunnel stability in highly
stressed environments. The reason behind the difference in the actual and recommended supports
is the absence of the stress parameter in the RMR structure. As the RMRgg system is based on
shallow tunnel experiences, this parameter needs attention in the RMRgy structure to extend its
application in such an environment.

4. The RMRy, system is explained for the purpose of correlating it with RMRgg. It was found that a
strong correlation exists between them. The explanation also reveals the importance of RMRgg in the
structure of RMR14, which leads to the conclusion that RMR14 cannot be determined without RMRgg.

5. The existing approaches for the correlation between RMRg9 and Q were evaluated empirically.
When using these systems for tunnel support design, correlating them is suggested. Results
show that the rock mass fabric index approach yields comparatively better results than other
approaches do. When using rock mass fabric index for correlating RMR and Q, the limitation
should be taken into account.
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