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Table 1. Specifications of Selected Tunnels for Study

Local Maximum

Name Location Name Usage Length(m) depth(m) Lithology
Dorud- Rail 100 .
1 Khoramabad 42 Road 650 Limestone
Dorud- Rail 30
2 Khoramabad 83 Road 300 Shale
Dorud- Rail 300
3 Khoramabad 78 Road 3700 Conglomerate
4 Persian Gulf Hajiabad water 3000 200 Serpentine -
water transfer transfer Flysch
5 North Tehran 39 Road 600 50 Tuff
reeway
6 Orumieh water water 1100 80 Andezite

transfer  transfer
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Fig. 1. Geographical Locations of Investigated Tunnels in Iran. Fault data extracted from sources (Berberian, 2014; Habibi
et al., 2023; Jarahi, 2021).
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Fig. 2. Operating principles and physical meaning of the interaction matrix
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P1: Strength of Intact Rock, P2: Jointing Pattern, P3: Joint spacing P4. Joint surface

weathering, P5: Joint Separation, P6: Joint surface Roughness, P7: Joint Filling, P8: Groundwater
Condition, P9: In-situ Stress Condition, P10: Joint Orientation .
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Table 2. Classification of parameters affecting tunnel stability based on engineering experiences

1. Strength of Intact Rock Grade 6. Joint surface Roughness Grade
Extremely weak (<1 MPa) 0 Slicken sided 0
Very weak (1-5 MPa) 1 Smooth 1
weak (5-20 MPa) 2 Slightly rough 2
Medium Strength (20-50 MPa) 3 Rough 3
Strong (>50 MPa) 4 Very rough 4
2. Jointing Pattern Grade 7. Joint Filling Grade
Crushed 0 Swelling clay materials 0
4 joint sets 1 Soft, cohesive materials 1
3 joint sets 2 Hard, cohesive materials 2
1 joint set 3 Friction materials 3
Massive 4 No filling 4
3. Joint spacing Grade 8. Groundwater Condition Grade
Very small spacing (<5 cm) 0 Flowing 0
Small spacing (5-20 cm) 1 Dripping 1
Moderate spacing (20-50 cm) 2 Wet 2
Large spacing (50-100 cm) 3 Damp 3
Very large spacing (>100 cm) 4 Completely dry 4
4. Joint surface weathering Grade 9. In-situ Stress Condition Grade
Decomposed 0 Very High 0
Highly Weathered 1 High 1
Moderately Weathered 2 Medium 2
Slightly Weathered 3 Low 3
Unweathered 4 Very Low 4
5. Joint Separation Grade 10. Joint Orientation Grade
Separated (>5 mm) 0 ?ggé?pt;eg\éveen J&D <30, 0
Separated (1-5 mm) 1 ,:ongéeizpt;e?;t\éveen J&D <30, 1
Mostly Separated (Width<1 mm) 2 Other Condition 2
Partly Separated (Width<1 mm) 3 é;i%IEG%etween J& D >60.80 3
No Separation 4 Angle between J & D >60 , dip>80 4
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Table 3. Classification of tunnel stability index based on RES data

Class Adjusted RES Stability Index
1 0-20 Very poor
2 20-40 Poor
3 40-60 Fair
4 60-80 Good
5 80-100 Very good
Jloxi g 4 3
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Tunnel 01 SI1=(1.4P1+2.9P2+2.4P3+2.9P4+2.8P5+2.1P6+2.7P7+3.2P8+2.2P9+2.2P10) ()

® Similar intensity 1 most subordinate
10 variable dominance
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Tunnel 02
Tunnel 03
Tunnel 04
Tunnel 05
Tunnel 06

4
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Table 4. RMR calculations for the studied tunnels

Uniaxial compressive strength(UCS) of intact rock
Moderate strength 25 - 50

Medium strength 50 - 100
Rock quality designation (RQD)
Fair 50 - 75
Poor 7% - 50
Joint spacing
Large spacing 06 - 2
Moderate spacing 02 - 06
Joint sets
2 joint sets + random joints
3 joint sets

3 joint sets + random joints
4 joint sets or more; heavily jointed

Orientation of main joint set (C3 in roof; C4 in
walls)
Favorable

Fair
Unfavorable

Joint wall smoothness (small roughness)(called
‘roughness’ in the RMR)
Rough or irregular

Slightly rough

Joint plane undulation or waviness (large roughness)
Moderately undulating

Slightly undulating

Planar

Joint alteration or weathering

Slightly weathered joint walls (coloured, stained)
Hard, cohesive materials (clay, talc, chlorite)

Soft, cohesive materials (soft clay)

Joint length

Medium joint 3-10m

Tl
50

65

VEOY Ol ¥ o lad cqmn il Mom ¢ puidign (ol e 4 223

T2
35

60

T3
35

30

SI=(3.3P1+2.1P2+2P3+3.3P4+2.3P5+1.8P6+2.3P7+3.3P8+2.7P9+2P10)
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Table 5. Matrix of binary interactions coded for initial support

Long joint 10-30m?
Joint Aperture
Moderately 0.5-1mm
open 1-25mm
Open 25 -5mm
5-10 mm
Inflow to tunnel or cavern or Water
pressure (pw)

Damp
Wet inflow < 10 1-25

litres/min kg/cm?
Flowing, inflow > 125 pw>10
decaying litres/min kg/cm?

CALCULATED RMR
Interaction Matrix Tunnel 1
P1 0 1 1 0 1 1 1
0 P2 1 0 0 0 0 2
0 2 P3 O 0 0 0 0 2
1 2 2 P4 2 1 2 2 1
1 2 1 1 P5 1 0 2 0
0 3 1 1 1 P6 2 1 0
0 2 1 1 3 2 P7T 2 0
1 2 2 2 3 1 2 P8 O
1 1 1 1 1 1 0 0 P9
0 2 3 0 0 0 0 1 3
4 16 13 7 11 6 7 9 9
Interaction Matrix Tunnel 2

P1 1 1 2 0 0 3 3
2 P2 1 0 0 0 1 3
1 1 P3 0 0 0 0 0 3
3 2 2 P4 3 2 1 4 0
1 1 1 2 P5 0 0 1 1
1 1 1 1 2 P62 2 1
3 0 0 3 3 1 P7 3 1
1 1 2 2 2 2 P8 1
1 1 1 1 1 0 0 0 P9

P B P O Fr P ONO
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P PP O O O F -
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14

12
14

89

13
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15
13

E

15
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23
16
16
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C+E
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20
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5y

WET | Wet

36 43

Ci+Ei/
(ZCi+ZEi)%

5.62
11.8
9.55
11.8
11.24
8.43
10.67
12.92
8.99
8.99
100
Ci+Eil
(SCi+XEi)%
13.08

8.41
7.94
13.08
9.35
7.01
9.35
13.08
10.75
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Fig. 3. The Cause-Effect plot using the coordinates established from the ESQ coding method
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Table 6. Coefficients of RES empirical equation for tunnel stability index

Equations Coefficients

Parameter
EQO1 EQO02 EQO03 EQ04 EQO05 EQ 06 EQ-Mean
P1 14 3.3 1.3 15 15 13 14
P2 2.9 2.1 2.3 2.3 2.4 2.7 2.5
P3 2.4 2 2.1 2.1 2.4 2 2.4
P4 2.9 3.3 3.2 3.4 3.4 2.9 3.3
P5 2.8 2.3 3 2.9 2.7 2.5 2.8
P6 2.1 1.8 2.2 2 1.8 2.4 1.9
P7 2.7 2.3 3 2.9 2.3 2.5 2.6
P8 3.2 3.3 3.7 3.5 3.2 3.1 3.3
P9 2.2 2.7 2.1 2.6 2.6 2.9 2.5
P10 2.2 2 2.2 1.9 2.6 2.7 2.2
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Table 7. Comparison of results obtained from RMR and RES methods along with initial stability elements

. RES Shotcrete (cm)
Site — RMR -
A B RMR RES Carried out
Tunnel 1 61 62 45 5-10 5 5
Tunnel 2 31 33 33 10-15 10-15 15
Tunnel 3 40 41 45 5-10 5-10 15
Tunnel 4 30 30 35 10-15 10-15 15
Tunnel 5 44 45 36 10-15 5-10 10
Tunnel 6 60 62 43 5-10 5 5
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Fig. 7. Mean values and standard deviation limits for interactivity of 10 parameters affecting the initial support
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Abstract

The stabilization of underground spaces is one of the most challenging topics in engineering
geology. There are several methods to determine the type of tunnel stabilization system, but most
of these methods have several weaknesses. Therefore, the development of a method that
comprehensively considers almost all parameters influencing tunnel stability and their
interdependencies has not received sufficient attention. The aim of this research is to investigate
the parameters influencing the stability of tunnels using the rock mechanics system method. In
this paper, 6 tunnels with different geological characteristics were selected. The effective
parameters on the primary stabilization of these tunnels were coded using the ESQ method.
Subsequent analyses were performed using the RES rock engineering system method to estimate
and evaluate the optimal tunnel stabilization system. The results showed that parameters such as
weathering of the joint surface, backfill and joint spacing played a more effective role than other
parameters. For comparison, the analyses were also carried out using the RMR rock mass ranking
method. The comparison between the results of the RES and RMR methods showed that the
results of the RES method are in better agreement with the actual tunnel conditions and the
shotcrete thickness of the proposed stabilization system of the studied tunnels. Since there is no
limit to the number of input parameters in this method and, on the other hand, the mutual influence
of the parameters on each other is considered, the relationships obtained from the RES method in
this research can be effectively used in engineering projects along with other methods.
Keywords: Underground space, Rock mass evaluation, Shotcrete, Initial support.

Introduction

The aim of the present study is to investigate the parameters influencing the stability of tunnels using
the Rock Engineering System method. In this research, six different tunnels excavated in different
lithological characteristics have been selected for study and analysis. These tunnels have different
geotechnical conditions. The excavation method for all tunnels was mainly blasting and all tunnels
were mapped during excavation. These tunnels are classified as deep to semi-deep, so the issue of
surface weathering will have minimal impact on stability.

The use of the Rock Engineering System (RES) method has become very widespread in recent years.
This method allows the interaction between two factors to be considered simultaneously. The Rock
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Engineering System method has become established as an effective approach to analyzing complex
mechanisms and solving rock engineering problems (Hudson, 1992). According to the theory of the
Rock Engineering System, all rock engineering classifications can be considered as a function of the
interaction matrix factors. The selection of factors and their weighting in the rock engineering
classification system is determined by the coding of the interaction matrix. Therefore, a comparative
analysis between the RES and RMR methods can be carried out in the context of tunnel stability. This
study includes a comparative analysis between the RES and RMR methods to evaluate their strengths
and weaknesses.

Materials and Methods

In this study, six different tunnels with different geological characteristics were selected. Geological
mapping of the tunnels was carried out first, followed by an investigation of the parameters required
for both the RMR and RES methods. Due to similarities in the maintenance system and lithological
homogeneity of the rock mass, the parameter values were averaged for each tunnel. Factors
influencing the stability assessment, such as the engineering rock systems and the formation of the
rock matrix, were determined on the basis of expert opinion, site-specific conditions and practical
experience. In this study, 10 main factors affecting the stability of underground spaces were selected
according to the conditions, the general quality of the rock mass and the variety of lithology. These
factors are

P1: Intact rock strength, P2: Joint pattern, P3: Joint spacing, P4: Joint surface weathering, P5: Joint
Separation, P6: Joint Surface Roughness, P7: Joint Filling, P8: Groundwater Condition, P9: In-situ
Stress Condition, P10: Joint Orientation.

Each of these parameters was then classified into five categories based on engineering experience.
Then, based on the existing classifications, the results of the Rock Engineering Systems (RES)
method, similar to RMR, were correlated with tunnel stability. In this regard, based on existing
studies, the tunnel stability index was classified into 5 categories based on RES data. The values
obtained from the RES equations range from 0 to 100 and were divided into 5 categories with intervals
of 20. Consequently, the category 0-20 represents the lowest value, while the category 80-100
represents the highest value, which allows a simpler comparison of the results with the RMR method.

Analysis
The values of the parameters influencing RMR and RES were estimated for all the tunnels studied.
Analyses were then carried out on the basis of the existing equations, and the calculations relating to
RMR and RES were presented. Based on the cause and effect diagrams of the 10 parameters analyzed
for tunnel stability, the following points can be highlighted
- All the parameters considered are relatively interactive as they are measured along the C, E diagonal
of the diagram.
- The factors with more interaction are P4: joint surface weathering, P5: Joint separation, while the
factor with the least interaction in this case is P1: Intact rock strength.
- P4: joint surface weathering, P7: joint filling are the most important factors, while P2: joint pattern,
P3: joint spacing have the least influence.
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Due to the generally good quality of the rock masses in the tunnels investigated, the evaluation of
tunnel stability focused on the thickness of the shotcrete. The thickness of shotcrete required to
stabilize the tunnels was estimated on the basis of existing studies. The results showed that for some
of the tunnels, there are differences between the values estimated for the RMR and RES methods. For
example, in Tunnels 1 and 6, the RES value for shotcrete thickness was in the range of 60-80, while
the RMR value was in the range of 20-40. However, based on the design, a shotcrete thickness of 5
cm was determined for both tunnels to ensure stability.

This is because the rock in both tunnels is in good condition. However, the groundwater conditions
reduce the rock mass rating (RMR) by up to 15 points using the RMR method. Meanwhile, the
groundwater in each part of the tunnel can be completely variable depending on the condition of the
joints. In such circumstances, the mutual effect of the joints on the groundwater and vice versa
determines the final rock mass rating in the RES method. However, in the RMR method, groundwater
is considered independent of whether the joints are sealed or have significant openings.

This difference can affect the final rating. However, when using shotcrete, two criteria are taken into
account. The first is the Rock Mass Rating (RMR) and the second is the actual rock conditions during
construction. Based on field observations, a shotcrete thickness of up to 5 centimeters was considered
sufficient for Tunnels 1 and 6, given the favorable joint conditions, and the tunnels achieved full
stability. The stabilized groundwater conditions made the initial stabilization very effective until the
final lining system was installed.

Conclusion

The aim of the present study was to develop an indigenous method based on Rock Engineering
Systems (RES) to provide recommendations for the initial support of tunnels. To achieve this, six
tunnels with different engineering geological parameters in different regions of Iran were selected.
Subsequently, 10 key parameters influencing tunnel stability were selected. Each of these parameters
was divided into 5 different classes, and the values for these classes were estimated based on site
visits and geological mapping of the tunnels. Finally, a mathematical relationship was derived for
each tunnel by examining the relationship between different parameters and the influence of each
parameter on the others. The results showed that the system is highly interactive, with many
parameters showing similar interactions. Surface weathering, backfill, joint orientation and
groundwater conditions were identified as the most dominant parameters, while pattern, spacing, joint
opening and in situ stress were the most subordinate. In addition, the parameters of uniaxial
compressive strength of intact rock and joint surface roughness were found to be the most susceptible.
Furthermore, the parameters P4: joint surface weathering and P5: Joint separation show the highest
interaction, while P1: Intact rock strength shows the least interaction. In addition, P4: Joint Surface
Weathering and P7: Joint Filling have the most dominance over the system, and parameters P2: Joint
Pattern and P3: Joint Spacing are under the dominance of the system.
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