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ADIT/SHAFT/DESIGN/STABILITY/SUPPORT 

 

The objective of this study is to perform stability analysis and support design for 

portal, shaft and adit to access the limestone quarry of Siam City Cement Public Company 

Limited (SCCC), Saraburi province, Thailand. The shaft has circular shape, 5 m diameter 

and 100 m depth. The adit has horseshoe shape, 5 m wide, 6 m high and 450 m long with 

inclination about 3%. The bedrocks along the adit alignment are carbonates and 

siliciclastics of Permo-Carboniferous age. The study involves rock mass characterizations, 

evaluation of rock mass parameters, stability analysis and support design for the rock mass 

around the shaft and adit. They are classified by using rock mass rating system (RMR), 

NGI tunneling quality index (Q system), rock mass index (RMi) and geological strength 

index (GSI). Their rating values are used to determine the in-situ rock mass strength, 

deformation modulus of rock mass and Hoek-Brown parameters. Traditional guidelines for 

the rock support have been used based on the results of the site characterizations. The 

numerical models are developed for using with the Universal Distinct Element Code 

(UDEC) to determine the displacements around the opening to evaluate the performance of 

the support system recommended by the empirical methods. The support systems include 

rock bolts, steel rib and shotcrete with wire mesh. The properties of support components, 

such as bolts length, spacing of steel rib, bolts patterns and thickness of shotcrete, are 

similar to those proposed by the empirical methods. Before support installation, relatively 

large displacements are observed. The results indicate that there would be some stability 

 

 

 

 

 

 

 

 



III 
 

problems for the shaft and adit. After support installation, the maximum displacements are 

decreased. This indicates that the applied support systems are adequate to obtain the shaft 

and adit stability. Optimization between the empirical and numerical results is made to 

obtain the suitable support design for the shaft and adit to access the limestone quarry of the 

SCCC. 
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CHAPTER I 

INTRODUCTION 

1.1  Background of problems and significance of the study 

 The Siam City Cement Public Company Limited (SCCC) limestone quarry is 

located 129 km north of Bangkok, in the Saraburi province, along the Highway number 2 

(Figure 1.1).   
 

 
 
 
 
 
 
 
 
 
 
 
 

  
 
 
 

The planned haul road is 3 km uphill, the haul distance 1 km. It consists of a portal, 

adit and shaft cut directly to the limestone pre-blending pile to reduce haul age cost. The 

project consists of portal, shaft with depth of about 100 m. The adit is 450 m long (Figure 

1.2). The portal is installed in the well-bedded limestone (WB). The shaft is installed in the 

spatic limestone (SP), massive limestone in the mid of the limestone quarry pit. The adit is 

N8E thought WB, thrust fault zone (F) and SP. The geotechnical evaluation of the shaft, 

portal and adit is relied on the exploratory data, field observations and laboratory test. 

Figure 1.1 Location map of the project area (Scale 1:5000). 

 

 

 

 

 

 

 

 



 2 

These data consists of field investigation, laboratory determination of material 

properties, geological map, topographic map and outcrop surface map along the adit axis. 

 

 

 

 
  

 
 
 
 
 
 
 
 
 
 
 
 

 Rock mass classification systems are a useful tool for the preliminary design stage 

of a project. To classify the rock mass quality, rock mass classification systems, such as 

rock mass rating system (RMR), NGI tunneling quality index (Q system), rock mass index 

(RMi), and geological strength index (GSI) are utilized. Their rating values are used to 

estimate tunnel support systems and to evaluate the rock mass parameters. These empirical 

methods have been originally obtained from many tunneling case studies. They have been 

applied to many construction tunnel designs. However, these empirical methods cannot 

adequately calculate stress redistributions, support performance and deformations around a 

tunnel. Therefore, 2D finite element software, such as UDEC, will be used for the 

numerical simulations. The rock mass parameters evaluated by empirical equations are 

utilized as input data for numerical modeling (using UDEC). The comparison will be made 

the results obtained from empirical methods with numerical method to assess the 

support systems 

Figure 1.2 3D view of the shaft 100 m depth and the adit long 450 m. 
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1.2  Research objectives 

 The objective of this study is to perform stability analysis and support design for 

portal, shaft and adit to access the limestone quarry. The proposed study involves 

performing a design methodology of the portal, shaft and adit and comparing the support 

design results obtained from the empirical methods with the numerical method. The review 

focuses on the rock mass classification method determination of input parameters, support 

design and, stress analysis and support design by using the numerical method, UDEC. The 

rock mass along the SCCC limestone quarry portal, adit and shaft are classified by using 

the empirical methods such as rock mass rating system (RMR), NGI tunneling quality 

index (Q system), rock mass index (RMi), and geological strength index (GSI). The rating 

values are used to evaluate the stability and support design of the portal, adit and shaft. The 

support systems are also analyzed by using numerical method, UDEC. The feasible support 

designs can be accessed by comparing the result with those obtained from the empirical and 

numerical methods. 

1.3  Research methodology 

 This research consists of six main tasks: literature review, geological data 

collection, rock mass characterizations, support design (empirical methods and numerical 

method), comparisons, discussions, conclusions, and thesis writing. The research 

methodology is illustrated in Figure 1.3. 

 1.3.1  Literature review 

Literature review has been carried out to study the rock mass classification 

systems, evaluation of rock mass parameters, stability analysis and support estimation of 

underground excavation, numerical modeling. The sources of information are from 

journals, technical reports and conference papers. A summary of the literature review is 

given in the thesis. 
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Figure 1.3 Research methodology 

 1.3.2  Geological data collection 

The geotechnical evaluation of the SCCC quarry is relied on the exploratory 

data, field observations and laboratory test results. For this task a stations have been 

selected to represent the rock conditions along adit axis. 

 1.3.3  Rock mass characterizations 

 The rock mass along the tunnel alignments are classified by using the rock mass 

classification systems such as rock mass rating system (RMR), NGI tunneling quality index 

(Q system), rock mass index (RMi), and geological strength index (GSI). Their rating 

values are used to evaluate the rock mass parameters and support design of the tunnels. 
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 1.3.4  Support design 

The empirical methods such as rock mass rating system (RMR), NGI 

tunneling quality index (Q system) and rock mass index (RMi) are used to evaluate the 

support system for the diversion tunnels dealing with their rating values. 

The performances of the support elements suggested from empirical 

methods are analyzed by numerical methods. A series of numerical simulations are 

performed to assess the stability conditions of the tunnels with and without support system. 

Optimization between the empirical and numerical results is made to obtain the suitable 

support design for the tunnels. 

 1.3.5  Comparisons 

 Results obtained from empirical methods are compared with the support 

system from the numerical method. 

 1.3.6  Discussions, conclusions and thesis writing  

 The research results will be concluded and provided the proposed support 

systems for the diversion tunnels. All research activities, methods, and results will be 

documented and complied in the thesis. The research or findings will be published in the 

conferences, proceedings or journals. 

1.4  Scope and limitations of the study 

  Extensive literature review of the design methodology of the SCCC quarry portal, 

shaft and adit is conducted. Project area is SCCC limestone quarry, final pit wall side of 

cement plant 3 only. The shape of the SCCC quarry adit is horseshoes shape. The shape of 

the SCCC quarry shaft is circular. The portal, shaft and adit have been constructed by using 

drill-and-blast technique. Excavation sequence will not be considered. The geological 

investigation of the SCCC quarry portal, shaft and adit is relied on the exploratory data, 
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field observations and laboratory test results. The comparison of the results obtained from 

empirical methods and numerical method will be made. 

1.5  Thesis contents 

 Chapter I introduces the thesis by briefly describing the background of problems 

and significance of the study.  The research objectives, methodology, scope and limitations 

are identified.  Chapter II summarizes results of the literature review. 

Chapter III describes the geological data collection. Chapter IV presents the 

characterizations of rock mass class by using rock mass classification systems. Chapter V 

discusses the estimation of geotechnical rock mass parameters by using empirical equations 

and stability analysis.  Chapter VI describes the evaluation of support design for the portal, 

shaft and adit.  Estimating the feasible support design of the portal, shaft and adit are 

divided into 3 tests, including 1) support design by empirical methods 2) support design by 

numerical method (using UDEC), and 3) comparisons the results obtained from empirical 

methods with numerical method.  Chapter VII concludes the research results, and provides 

recommendations for future research studies. 

 

 

 

 

 

 

 

 



CHAPTER II 

LITERATURE REVIEW 

2.1  Introduction 

 This chapter summarizes the results of literature review carried out to perform an 

understanding of stability analysis and support design of portal, adit and vertical shaft.  

Topics relevant to this study involve rock mass classification systems, such as rock mass 

rating (RMR), NGI tunneling quality index (Q system), geological strength index (GSI), 

rock mass index (RMi), numerical modeling (UDEC) and published papers. 

2.2  Rock mass classification systems 

The rock mass characterization processes are normally used to assess the rock mass 

quality in accordance with the existing engineering rock mass classification systems. The 

result becomes effective parameters for the application of the tunnel stability and design. In 

any analysis of rock mass behavior that includes deformation modulus is an important input 

parameter. Field tests to determine this parameter directly are time consuming, expensive 

and the reliability of the results of these tests is sometimes questionable. Consequently, 

several authors have proposed empirical relationships for estimating the value of an 

isotropic rock mass deformation modulus based on empirical rock mass classification 

schemes (Hoek and Diederichs, 2005). The four methods of quantitative rock mass 

classifications (RMR, Q, RMi and GSI) will be applied.  

2.2.1  Rock mass rating system (RMR) 

  Bieniswski (1973) initially developed the rock mass rating system (RMR), 

otherwise known as the geomechanics classification. It was modified over the years as 
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more case histories, became available and to conform to international standards and 

procedures (Bieniawski, 1979).  

  Bieniawski provided the system as the most common quantitative method 

for describing the quality of the rock mass for tunneling. Uniaxial compressive strength of 

intact rock (UCS), rock quality designation (RQD), spacing of discontinuities, conditions of 

discontinuities, ground water condition and orientation of discontinuities are utilized 

parameters. After the determination of the important ratings of the each parameter, they are 

summed to describe the basic RMR rating of the rock mass. In tunneling, the rating must be 

made adjustment for the discontinuity orientation. Bieniawski (1989) has provided 

guidelines for the selection of rock support for horseshoe shaped tunnels excavated by the 

drill-and-blast technique, shown in Table 2.1. 

  In many designing the primary support and final lining for a tunnel, the 

deformations of the rock mass surrounding the tunnel are important and a numerical 

analysis of these deformations requires an estimate of the rock mass deformation modulus. 

Based on the RMR rating value, many researchers have proposed different empirical 

equations to calculate the rock mass deformation modulus as follows: 

Bieniawski (1978) has defined Emass as: 

 Emass = 2RMR-100 (GPa) For RMR > 50  (2.1) 

Serafim and Pereira (1983) have proposed: 

 Emass = 10






 −

40
10RMR

 (GPa)  For RMR < 50  (2.2) 

Read et al. (1999) has proposed the following equation: 

 Emass = 0.1
3

10
RMR







  (GPa) (2.3) 

where Emass is the deformation modulus of the rock mass.
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Table 2.1: Guidelines for excavation and support of 10 m span rock tunnels in accordance 

 with the RMR system (After Bieniawski, 1989). 

 

 2.2.2  NGI tunneling quality index (Q system) 

  The Q system of rock mass classification was developed in Norway by 

Barton et al. (1974), all of the Norwegian Geotechnical Institute. Its development 

represented a major contribution to the subject of rock mass classification for a number of 

reasons: the system was proposed based on the analysis of 212 tunnel case histories from 

Scandinavia, it is a quantitative classification system, and it is an engineering system 

facilitating the design of tunnel supports. The Q system is based on a numerical assessment 

of the rock mass quality using six different parameters: 

1) RQD 

2) Number of joint sets 
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3) Roughness of the most unfavorable joint or discontinuity 

4) Degree of alteration or filling along the weakest joint. 

5) Water inflow. 

6) Stress condition  

  These six parameters are combined to express the ground quality with 

respect to stability and rock support in underground openings in the following equation: 

 
nJ

RQDQ = ⋅ 
a

v

J
J

⋅ 
SRF

Jw  (2.4) 

where RQD is rock quality designation, Jn is joint set number, Jr is joint roughness number, 

Ja is joint alternation number, Jw is joint water reduction number and SRF is stress 

reduction factor. The rock quality can range from Q = 0.001 to Q = 1000 on a logarithmic 

rock mass quality scale.  

  Barton et al. (1974), relating the Q index with the stability and support 

requirements of underground excavations, have defined an additional parameter that is 

called the Equivalent Dimension De of excavation. This dimension is obtained by dividing 

the span, diameter or wall height of excavation by a quantity called the excavation support 

ratio, ESR. Hence: 

 De =
ESR Ratio,Support  Excavation

(m)height or diameter  span, Excavation  (2.5) 

The value of ESR is the so-called excavation support ratio. It ranges 

between 0.5 and 5. For the diversion tunnel, the excavation support ratio, ESR is defined as 

1.6. The value of ESR is related to the intended use of the excavation and to the degree of 

security, which is influence on the support system to be installed to maintain the stability of 

the excavation. The equivalent dimension, De, plotted against the value of Q is used to 
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define a number of support categories in a chart published in the original paper (Barton et 

al., 1974). This chart has later been updated to directly give the support. Grimstad and 

Barton (1993) made another update to reflect the increasing use of steel fiber, reinforced 

s h o t c r e t e  i n  u n d e r g r o u n d  e x c a v a t i o n  s u p p o r t ,  s h o w n  i n  F i g u r e  2 . 1 .  

The Q-values and support in Figure 2.1 are related to the total amount of 

support (temporary and permanent) in the roof. The diagram is based on numerous tunnel 

support cases. Wall support can also be found by applying the wall height and the following 

adjustments to Q: 

For Q > 10 use Qwall = 5Q  (2.6) 

For 0.1 < Q < 10 use Qwall = 2.5Q  (2.7) 

For Q < 0.1 use Qwall = Q  (2.8) 

The use of the Q classification system can be of considerable benefit during 

the feasibility and preliminary design stages of a project, when very little detailed 

information on the rock mass and its stress and hydrologic characteristics is available 

(Palmström and Broch, 2006). 
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Quantitative classification systems are used to estimate the deformation 

modulus of rock masses, Em. Simple equations have been presented from the Q-system as 

follow:  

Grimstad and Barton (1993) have proposed the equation for Q > 1: 

 Em = 25 log Q (GPa)  (2.9) 

Em was expressed as below by Barton (2002). 

Figure 2.1: Estimated support categories based on the tunneling quality index Q (After  

 Grimstad and Barton, 1993, reproduced from Palmström and Broch, 2006). 
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 Em = 10 Qc
3

1
 = 10 (Q  ×

100
cσ ) 3

1
  (2.10) 

where Qc is the normalization of Q-value and σc is uniaxial compressive strength of intact rock. 

 2.2.3  Rock mass index (RMi) 

  The rock mass index (RMi) was first presented by Palmström in 1995 and 

has been further developed and presented in several papers. It is a volumetric parameter 

indicating the approximate uniaxial compressive strength of a rock mass. The RMi value is 

applied as input for estimating rock support and input to other rock engineering methods 

Palmström (2009). The RMi system has some input parameters similar to those of the Q 

system. Thus, the joint and jointing features are almost the same.  

  The input parameters used can be determined by commonly used field 

observations and measurements. The RMi value can be calculated as follow: 

For Jointed rock, 

 RMi = σc × JP  (2.11) 

where σc is uniaxial compressive strength of the intact rock, JP is the jointing parameter 

combines by empirical relations JC (joint conditions) and Vb (block volume) in the 

following exponential equation derived from strength tests on large jointed rock samples:  

JP = 0.2 JC  Vb
D  (D = 0.37 JC - 0.2) (2.12) 

where JC = jR × jL/jA (jR = the joint roughness, jA = the joint alteration, and jL = the joint 

length).  

For massive rock,  
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RMi = σc × fσ (applied for cases where fσ > JP)  (2.13) 

where fσ is called the massivity parameter, given as fσ = σc (0.05/Db)0.2  

(Db = block diameter). In most cases, fσ ≈ 0.5.  

  The RMi requires more calculations than the RMR and the Q system, but the 

spreadsheets have been developed (see www.rockmass.net) from which the RMi value and 

the type(s) and amount of rock support can be found directly. For the estimation of RMi 

value and RMi support design, RMi-calc., version 2 and RMi support, version 3.1 will be used. 

 2.2.4  Geological strength index (GSI) 

 The geological strength index (GSI) is a system of rock mass 

characterization that has been developed in engineering rock mechanics to meet the need 

for reliable input data, particularly those related to rock mass properties required as inputs 

into numerical analysis or closed form solutions for designing tunnels, slopes or 

foundations in rocks. The rock mass characterization is straightforward and it is based upon 

the visual impression of the rock structure, in terms of blockiness, and the surface condition 

of the discontinuities indicated by joint roughness and alteration. The combination of these 

two parameters provides a practical basis for describing a wide range of rock mass types, 

with diversified rock structure ranging from very tightly interlocked strong rock fragments 

to heavily crushed rock masses. Based on the rock mass description the value of GSI is 

estimated from the contours. 
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Table 2.2: The modified quantitative GSI system (Sonmez and Ulusay, 1999) 

 

Due to lack of the parameters to describe surface conditions of the 

discontinuities and the rock mass structure in the GSI system, two terms namely, structure 

rating, SR, based on volumetric joint count (jv) and surface condition rating, SCR, 

estimated from the input parameters (e.g., roughness, weathering and infilling) were 

suggested by Sonmez and Ulusay (1999), shown in Table 2.2. 

 

 

 

 

 

 

 

 



 16 

Table 2.3: Field estimates of uniaxial compressive strength of intact rock  

 (Marinos and Hoek, 2000) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The basic input consists of estimates or measurements of the uniaxial 

compressive strength (σc) and a material constant (mi) that is related to the frictional 

properties of the rock. Ideally, these basic properties should determined by laboratory 

testing as described by Hoek and Brown (1997) but, in many cases, the information is 

required before laboratory tests have been completed and the condition that the laboratory 

testing is not available. To meet this need, Marions and Hoek (2000) reproduced the tables 

that can be used to estimate values for these parameters are reproduced in Tables 2.3 and 2.4. 
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Table 2.4: Values of the constant mi for intact rock (Marinos and Hoek, 2000) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Using the GSI system, provided the UCS value is known the rock mass 

deformation modulus Em for σci  ≤ 100 MPa is estimated in GPa from the following 

equation (Hoek et al, 2002). 

 Em  (GPa) = (1- 
2
D ) 

100
ciσ

× 10 






 −

40
10GSI

  (2.14) 

For σci  > 100 MPa, use equitation 15. 
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 Em (GPa) = (1- 
2
D ) × 10 







 −

40
10GSI

  (2.15) 

The original equation proposed by Hoek and Brown has been modified, by 

the inclusion of the factor D, to allow for the effects of blast damage and stress relaxation. 

2.3 Deere’s rock quality designation (RQD) 

 In 1964, Deere proposed a quantitative index of rock mass quality based upon core 

recovery by diamond drilling, but it was not until 1967 that the concept was presented for 

the first time in a published form Deere et al. (1967). It has come to be very widely used 

and has been shown to be particularly useful in classifying rock masses for the selection of 

tunnel support. 

 The RQD is defined as the percentage of core recovered in intact pieces of 100 mm 

or more in length in the total length of a borehole (After Deere, 1989). Hence: 

 RQD (%) = 100 × 
borehole ofLength 

 mm 100  piecesin  core ofLength ≥   (2.16) 

 Palmström (1982) has suggested that when core is unavailable, the RQD can be 

estimated from the number of joints (discontinuities) per unit volume with the following 

equation: 

 RQD = 115 – 3.3Jv  (2.17) 

where Jv is the total number of joints per cubic meter (volumetric joint count). The RQD is 

used as a standard parameter in drill core logging and forms a basic element of the two 

major rock mass classification systems such as rock mass rating system (RMR) and NGI 

tunneling quality index (Q system). 
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2.4  Numerical method 

 In order to evaluate the stress and deformation around the adit, portal and vertical 

shaft, Universal Distinct Element Code (UDEC) will be used. UDEC is a numerical 

modeling code for advanced geotechnical analysis of rock, and structural support in two 

dimensions. UDEC simulates the response of discontinuous media (such as jointed rock) 

that is subject to either static or dynamic loading. UDEC is a discontinuum code that 

simulates either the quasi-static or dynamic response to loading of rock media containing 

multiple, intersecting joint structures. Because it is not limited to a particular type of 

problem or initial condition, UDEC may be applied to any case where an understanding of 

the two-dimensional response of such structures is needed. UDEC provides rigid or 

deformable blocks, multiple material models, full dynamic capability, and high resolution 

graphics to expedite the modeling process. Solution parameters may be specified by the 

user, maximizing the user's control over the duration, extent, and efficiency of the model 

run. Additional control and customization are available to the user through UDEC powerful 

built-in programming. 

2.5  Review of papers 

 Basarir, et al. (2005) suggested that more reliable support design could be achieved 

by using the finite element method together with the empirical methods. A case study was 

carried out at the diversion tunnel project of Guledar dam site, which was located at the 

North of Ankara, Turkey. Based on the collected information in the field and rock 

properties determined in the laboratory, rock masses were characterized by means of rock 

mass classification systems (RMR, Q, RMi and GSI). These classification systems were 

also employed to estimate support requirements for the diversion tunnel. Convergence-

confinement method was employed to perform stability analysis. Based upon the performed 
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stability analysis it was decided to use the support systems recommended by rock mass 

classification systems. Finite element analysis was utilized to assess the stability of the 

tunnel and evaluate the performance of support recommended by the empirical methods. 

The strength parameters necessary for finite element analysis were estimated from the 

empirical methods and input into the finite element code Phase2. 

 The empirical methods recommend the utilization of bolt and shotcrete as support 

elements for sandstone formation at Guledar diversion tunnel project. Convergence-

confinement and numerical methods showed that small deformations occur and a limited 

plastic zone develops around the tunnel. When the recommended support systems by the 

empirical methods were applied, these yielded elements disappeared in finite element 

analysis. The empirical methods indicate that substantial support was necessary for diabase 

formation and both convergence-confinement and numerical methods agreed that the size 

of the plastic zone and the deformations increase and reach their maximum values for this 

formation. However, after installation of support elements recommended by the empirical 

method, the finite element analysis showed that there is not any yielded element and plastic 

zone around the tunnel. The results proved that the empirical and numerical methods agree 

with each other. Thus, it is suggested that when designing a support system for a tunnel 

driven in rock mass, empirical and numerical methods are to be used together. However, 

the validity of the proposed support system, obtained form combination of empirical and 

numerical modeling should be verified by comparing predictions with actual measurements 

during construction. 

Kockar and Akgun (2003) presented a methodology for tunnel and support design in 

mixed limestone, schist and phyllite conditions. Detailed geological and geotechnical field 

investigations in the project area encompassed geological mapping and geological cross-

section preparation from boring data, selection of representative rock core samples for geo-

mechanics laboratory testing, determination of rock material and rock mass characteristics, 
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determination of RQD from boring data, and determination of discontinuity characteristics 

through scan-line survey. Laboratory tests were performed to determine the geo-mechanical 

parameters of good quality rock masses (i.e., regularly jointed, recrystallized limestone). 

For poor quality rock masses (i.e., phyllite, calc schist, pelitic schist and intercalation of 

these lithologies), the Hoek–Brown criterion was used to obtain the relevant geo-

mechanical parameters since it was almost impossible to recover representative core 

samples for laboratory testing. 

The tunnel grounds were classified according to the Q-system, RMR method and 

NATM. Empirical tunnel support types and categories were selected for each of the three 

classification systems. The shear strength parameters and geo-mechanical properties of the 

rock masses at each borehole location were obtained by using the geological strength index 

(GSI). Back analysis was performed on a failed rock slope to perform a check on the 

validity of the shear strength parameters obtained by the GSI method. 

The tunnel grounds were divided into sections according to their rock mass classes. 

By using the appropriate geotechnical parameters, deformations and stress concentrations 

around each tunnel section were investigated and the interactions of the empirical support 

systems with the rock masses were analyzed by using the Phase2 finite element software. 

The regularly jointed rock masses were modeled to be anisotropic, whereas irregularly 

jointed, highly foliated and very deformable soil-like lithologies were modeled to be 

isotropic. 

In order to decide on the most suitable geometry and determine the stability of the 

portal, side or cut slope sections, slope stability analyses were performed. Initially, 

kinematics analyses were performed for the regularly bedded rock masses. Later, limit 

equilibrium analyses were performed for the kinematically failed rock slopes incorporating 

the effect of water pressure. Slope stability analyses of irregularly jointed, highly foliated 

and laminated weak lithologies were analyzed and compared by two different softwares 
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(Slope/W and PLAXIS 7.2). Following the slope stability analyses, recommendations were 

made regarding the required support systems or appropriate slope remediation measures. 

 Bararia and Ozsan (2002) carried out the support capacity estimation of the 

diversion tunnel at Urus dam site located in the central part of Turkey on the Suveri River. 

The project area is in weathered tuff and weak zone. Tunneling in weak rock requires some 

special considerations, since misjudgment in support design results in costly failures. There 

are several ways of estimating rock support pressure and selecting support. However, all 

systems suffer from their characteristic limitations in achieving objectives. Thus, it is more 

useful to use different methods for estimating support pressure and type of support. The 

support pressure pi was established by three different methods. These methods are the (1) 

empirical methods based on rock mass rating (RMR) and rock mass quality index (Q 

system), (2) ground support interaction analysis (GSIA) and (3) numerical methods, 

namely, Phase2 finite element program. Rock masses were characterized in terms of RSR, 

RMR, Q system and GSI. Finally, the required support system was proposed and evaluated 

by different methods in the highly weathered tuff and weak zone of the diversion tunnel. 

Ghafoori, et al. (2006) suggested that the rock mass classifications (RMR, Q-

system, and GSI) were combined with two numerical models to investigate the overall 

stability of the excavation and to predict the deformation behavior of the the Kallat tunnel 

in the north east of Iran. Two models based, respectively, on a Finite Element Code 

(PHASES) and on a Distinct Element Code (UDEC) were defined. The applicability and 

validity of the proposed procedure has been checked by comparing the predictions with 

actual observations. It was found that the actual deformations are reasonably close to those 

predicted through the Distinct Element method. Detailed engineering geological 

characterization and performance observations were carried out at the site of the Kallat 

tunnel. The study area consists of calcareous sandstone, limestone, and marl overlain by a 

thick sequence of limestone. The studies include discontinuity measurements and 
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laboratory testing to determine the geomechanical properties of the rocks for the tunnel site 

as well as the surrounding area. The strength and modulus of elasticity of rock masses were 

determined using the Hoek-Brown empirical strength criterion.  

Numerical modeling studies (FEM and DEM) based on mapped field data and 

laboratory data, have used to evaluate the performance of rock mass prior to the tunnel 

construction. These predictive studies have been then compared with field observation. The 

DEM and the FEM were applied to the same section of the rock masses to compare their 

applicability. The DEM model rather than the FEM model proved to generate more realistic 

results because the DEM simulates the non-linear behavior of the multiple joint sets which 

control the mechanism of failure since the multiple joint sets in the FEM cannot be 

simulated. 

 

 

 

 

 

 

 

 

 



CHAPTER III 

GEOLOGICAL DATA COLLECTION 

3.1  Introduction 

 The important phase of investigation for the designs of portal, adit, and vertical 

shaft is the careful exploration of local geological conditions.  It is a prerequisite for the 

successful and economic design of engineering structures and underground excavations. 

Accordingly, a site investigation should attempt to foresee and provide against difficulties 

that may arise during construction because of ground and/or other local conditions. 

Investigations should not cease once the construction begins. It is essential that the 

predictions of the ground conditions that constitute the basic design assumption can be 

checked as the construction proceeds and the designs modify accordingly if conditions 

revealed to be different from prediction. In the case of the Siam City Cement Public 

Company Limited underground opening access in the limestone quarry, when the tunnels 

have to pass thought in the critical area.  It is 100 m depth from the ground surface and long 

450 m. Four vertical boreholes are drilled along the adit alignment at the depth of 390 m, 

and geological investigations have been performed. The engineering geology of the study 

area is recorded in the field and is used to define the characteristics of the rock mass. The 

geotechnical evaluation of the project is relied on the exploratory data, field observations 

and laboratory test results.  
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3.2  Geology 

 The rocks in the project area are mainly carbonates and siliciclastics. The different 

rock types reflect a marine environment of the sedimentation. The fossils that can be found 

show a Permo-Carboniferous age. The general trend of the geologic structures lies in the 

northwest-southeast direction (Figure 3.1). Adjacent to the thrust zone on the hanging wall 

is a thin bed, 30 to 40 m thick of dark silicified shale, which can be easily detected. Bedded 

limestone lies on the top of the shale. On the footwall, limestone adjacent to the thrust zone 

sometimes shows heavily fracturing. Away from the thrust zone, spatic limestone mass 

shows well-defined discontinuities (bedding plane and joints), Figure 3.2. 

 

 
 

Project area 

Figure 3.1 Regional geology map of the project area. 
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Figure 3.2 Details geological map and cross-section of project area. 

3.3  Engineering Geology 

 Geological descriptions of the rock masses are based on the procedures suggested 

by Brown (1981). In this study, special emphasis is placed on the characteristics of the 

discontinuities and also to the degree of weathering. All of which have an influence on the 

engineering properties of rock mass. Thrust fault and joints are the most dominant 

structural discontinuities observed in the area. The thrust fault orientation is 130/60 

(strike/dip) and the adit direction is N8E. The minor joints are varied in orientation. The 

adit axis is divided into three different zones of rock mass, bedded limestone, thrust fault 

zone and spatic limestone. Each of which has different engineering geological properties 

and lithologic types. A total 11 different sections are classified based on their locally input 
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variables in terms of the geological and geotechnical parameters and the induced 

overburden stresses. 

The bedded limestone in zone 1 will be cut face of adit entrance, Figure 3.3. 

Sequence crops out consisting of compact, dark grey micritic limestone (with some 

crinoidal biosparits), chert layers, calcareous siltstone and siltstone. Some layers are very 

hard and seem to be silicified. Clear dipping towards southwest with an angle of about 40 

to 70 degrees. Apertures are 2.5–10 mm wide without material infilling. Average joint 

spacing ranges between 30 and 50 cm. Discontinuities surfaces are tight. The uniaxial 

compressive strength (UCS) is measured as 37.4±6.6 MPa. The rock quality designation 

(RQD) is 51%. 

 

 
Figure 3.3 Rock mass of bedded limestone in zone 1. 

 

The kakirite in zone 2 is thrust fault zone and about 10 to 30 m thick is observed. 

This unit consists mainly of heavily brecciated black shale and reddish and bright grey 

sandstone. Also some tectonised limestone occurred. The tectonic breccia crosses the 
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limestone quarry from SE to NW and dips towards southwest with an angle of about 30 to 

60 degrees. Apertures are 0.5–2.5 mm wide. Average joint spacing ranges between 5 and 

20 cm. Discontinuity surfaces are slickenside with occasional calcite and clay infilling. The 

UCS is measured as 66.7±11.9 MPa. The RQD is 34%. 

 

Figure 3.4 Rock mass of kakirite in zone 2. 

The spatic limestone in zone 3 is light grey, partly pinkish-violet. The limestone is 

biosparites or biomiclasts. Some siliciclastic intercalations which cross bedding (sediment 

structures) have been observed. Sporadically well-rounded micritic extra-clasts are found. 

Thick massive bedding and homogeneous are typical. At the contact with the siliciclastic 

unit, dip of the layers towards southwest with an angle of about 40 to 60 degrees is 

observed. Apertures are 2.5–10 mm wide. Average joint spacing ranges between 50 and 

150 cm. Discontinuity surfaces are tight. The UCS is measured as 59.6±13.8 MPa. The 

RQD is 59%. 
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Figure 3.5 Rock mass of spatic limestone in zone 3. 
 

In total 216 discontinuities have been measured in the field. Discontinuity 

orientations are processed by computer software DIPS 5.1, based on equal-area 

stereographic projection and dominant discontinuity sets are distinguished. The determined 

dominant discontinuity sets are illustrated in Figure 3.6.  
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3.4  Laboratory testing 

 Laboratory testing is carried out to determine the physical and mechanical 

properties of intact rock including unit weight, Young’s modulus, Poisson’s ratio, uniaxial 

compressive strength, friction angle and cohesion. All laboratory tests are conducted in 

accordance with the relevant ASTM standards and the ISRM suggested methods (Brown, 

1981). Test results are presented in Table 3.1 

Table 3.1 Physical and mechanical properties of intact rocks. 

Rock type Density 
(g/cc) 

Uniaxial 
compressive 
strength test 

(MPa) 

Friction 
angle 

(Degree) 

Cohesion 
(MPa) 

Young's 
modulus 

(GPa) 

Poisson's 
ratio 

edded 
limestone 

2.68 37.4±6.6 37 0.036 6.5±1.8 0.29 

Kakirite 2.66 66.7±11.9 40 0.012 8.9±2.0 0.25 

Spatic 
limestone 

2.67 59.6±13.8 38 0.049 10.9±2.6 0.27 

 

Figure 3.6 Dominant discontinuity sets of bedded limestone. 

 

 

 

 

 

 

 

 



CHAPTER IV 

ROCK MASS CHARACTERIZATIONS  

4.1  Introduction 

 This chapter describes the characterizations of rock mass in the proposed adit area 

by using rock mass classification systems and comparison of the rock mass classification 

results. Rock mass classification schemes have been developing for over 100 years, Ritter 

(1879) attempted to formalize an empirical approach to tunnel design, in particular for 

determining support requirements. Rock mass classification systems evaluate the quality 

and expected behavior of rock masses based on the most important parameters that 

influence the rock mass quality. Therefore, the rock mass characterization has been 

performed to access the rock mass quality in accordance with the existing engineering 

rock mass classification systems.  

 Rock mass along the tunnel alignment is classified by four individual rock mass 

classification systems included rock mass rating system (RMR), NGI tunneling quality 

index (Q system), rock mass index (RMi) and geological strength index (GSI).  The 

required input parameters and engineering geological properties for the rock mass 

classification systems are described in Chapter 3. 

4.2  Rock mass rating system (RMR) 

 The rock mass rating system was initially developed by Bieniawski (1973), 

otherwise known as geomechanics classification system. It was modified over the years as 

more case studies, became available and conforms to international standards and 

procedures (Bieniawski, 1979). In this research, the 1989 version of the classification table 

has been used by considering the uniaxial compressive strength of intact rock (UCS), rock 
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quality designation (RQD), discontinuity spacing, discontinuity conditions, groundwater 

conditions and discontinuity orientation are the utilized parameters of rock mass rating 

system. Based on rock mass rating system, the rating value and class of rock mass along the 

water tunnel alignment are shown in Table 4.1.  

Table 4.1 Rock mass rating of rock mass along adit in the study area.  

Section RMR Rating value RMR Class Description 

1 49 III Fair Rock 
2 36 IV Poor Rock 
3 71 II Good Rock 
4 71 II Good Rock 
5 71 II Good Rock 
6 71 II Good Rock 
7 71 II Good Rock 
8 71 II Good Rock 
9 71 II Good Rock 
10 71 II Good Rock 
11 71 II Good Rock 

 The results from RMR rock mass classification show the rock class range in the 

study area is from good to poor rock classes. In the study area, section 1 is classified as fair 

rock class which rating value at 49, section 2 is classified as poor rock class which rating 

value at 36 and section 3 to 11 are classified as good rock class with rating at 71. The UCS, 

RQD, and the discontinuities are the main factors governing the rock class in the study 

area. 

4.3  NGI tunneling quality index (Q system) 

 The Q system proposed by Barton, et al. (1974) is a numerical description of the 

rock mass quality with respect to the tunnel stability and consists of six parameters, which 

are estimated from geological mapping, in-situ measurements and drilled core loggings. 
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These six parameters are 1) rock quality designation (RQD), 2) joint set number (Jn), 3) 

joint roughness number (Jr), 4) joint alternation number (Ja), 5) joint water reduction 

number (Jw) and  6) stress reduction factor (SRF).  The numerical value of Q index is 

defined by a function of these six parameters (equation 2.1 in Chapter 2). The Q index 

value and class of rock mass classified by Q system are presented in Table 4.2. 

Table 4.2  Q index value and class of rock mass along adit in study area. 

Section Q Index value Q-Class Description 

1 1.42 D Poor 

2 0.43 E Very poor 

3 39.33 B Good 
4 39.33 B Good 
5 39.33 B Good 
6 39.33 B Good 
7 39.33 B Good 
8 39.33 B Good 
9 39.33 B Good 
10 39.33 B Good 
11 39.33 B Good 

 

The results from Q-system rock mass classification show rock class as good and 

very poor class. The poor (D) rock class has rating value of 1.42 from the sections 1. The 

very poor (E) rock class has rating value of 0.43 from the sections 2. While in sections 3 to 

11 is classified as good (B) class with the rating value at 39.33. The result is governed by 

the RQD, the discontinuities, and SRF in this study area. 

4.4  Rock mass index (RMi) 

 Palmström (1995) proposed rock mass index (RMi) for general characterization. It 

has been developed over the years. For the jointed rock, RMi is defined as the 

multiplication of the uniaxial compressive strength of intact rock (σc) and the reducing 

 

 

 

 

 

 

 

 



 34 

effect of joint penetrating of rock mass (equation 2.4 in Chapter 2). JP is the jointing 

parameter combined by the empirical relations JC (joint conditions) and Vb (block volume) 

as shown in equation 2.5 in Chapter 2. Block volume (Vb) was estimated by the following 

equation proposed by Palmström (1995): 

 Vb = β × Jv
3−   (4.1) 

where J v  i s  the  volumetr ic  joint  count  and β  is  the  block shape factor .  

 Equations (2.4) through (2.6) in Chapter 2 can be used to estimate the RMi value of 

the rock mass. The RMi requires more calculations than the RMR and the Q system, but the 

spreadsheets have been developed. The RMi-calc., version 2 and RMi support, version 3.1 

have been used in this research. The RMi index value and class of the rock mass along the 

water tunnel alignment are described in Table 4.3 

Table 4.3  RMi index value and class of rock mass along adit in study area. 

Section RMi index value Description 

1 0.47 Poor 

2 0.31 Very poor 

3 11.30 Good 
4 11.30 Good 
5 11.30 Good 
6 11.30 Good 
7 11.30 Good 
8 11.30 Good 
9 11.30 Good 
10 11.30 Good 
11 11.30 Good 

 

The results from RMi rock mass classification show the rock class in the study area 

fall in poor, very poor and good classes. The poor rock class has index value of 0.47 found 
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in the section 1. The very poor rock class has index value of 0.31 found in the section 2. 

The good rock class has index value at 11.30 found in the section 3 to 11.  

4.5  Geological strength index (GSI) 

 The geological strength index (GSI) was proposed by Hoek et al. (1995). It has been 

developed in engineering rock mechanics to meet the need for reliable input data, 

particularly those related to rock mass properties required as inputs into numerical analysis 

or closed form solutions for designing tunnels, slopes or foundations in rock. The GSI is 

based on the appearance of rock mass and its structure (e.g. very good, good) and the 

structure of the rock mass (e.g. blocky, disturbed and disintegrated). Sonmez and Ulusay 

(1999) proposed two terms namely, structural rating (SR) and surface condition rating 

(SCR). Structural rating (SR) is based on volumetric joint count (Jv) and surface condition 

rating (SCR) is estimated from the input parameters including roughness, weathering and 

infilling of discontinuities. 

The modified quantitative GSI table (Sonmez, 2001) is used in this research. The 

GSI index value and class of rock mass along the adit alignment are described in Table 4.4. 

Based on the modified quantitative GSI, the classes in the study area are very poor to good 

class rock. The fair rock class has index value 55 and in section 1. The very poor rock class 

has index value 15 and in section 2. The good rock class has index value range at 65 found 

in the section 3 to 11.  
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Table 4.4 GSI index value and class of rock mass along adit in study area. 

Section GSI index value Description 
1 55 Fair rock 

2 15 Very poor rock 

3 65 Good rock 
4 65 Good rock 
5 65 Good rock 
6 65 Good rock 
7 65 Good rock 
8 65 Good rock 
9 65 Good rock 
10 65 Good rock 
11 65 Good rock 

4.6 Comparison of the rock mass classification results from four 

different rock mass classification systems. 

 The rock mass classes along the study area adit are classified by four rock mass 

classification systems. There are summarized in Table 4.5. The three different rock class 

zones are defined by the results of four rock mass classification systems, Zone 1 is 

identified as fair rock, Zone 2 is very poor rock and Zone 3 is generally identified as good 

rock. 
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Table 4.5 Summary of the rock mass classes from different rock mass classification 

systems. 

Section Zone RMR Q RMi GSI 
1 Zone 1 Fair Poor Poor Fair 
2 Zone 2 Poor Very poor Very poor Very poor 
3 

Zone 3 

Good Good Good Good 
4 Good Good Good Good 
5 Good Good Good Good 
6 Good Good Good Good 
7 Good Good Good Good 
8 Good Good Good Good 
9 Good Good Good Good 
10 Good Good Good Good 
11 Good Good Good Good 

 The utility parameters of the four different rock mass classification systems are 

varied. Therefore classify different rock mass class in accordance with their utilized 

parameters. In RMR and GSI systems have no input parameter for rock stress but Q and 

RMi system include the stress factor in the estimated value. The number of joint set is 

considered indirectly in RMR classification system. The Q system is a function of three 

parameters which are measured from block size, inter-block shear strength and active 

stress. The RMi system has similar input parameters with those of Q-system, jointing 

parameter. The GSI system classifies the rock mass based on the surface condition rating, 

such as roughness rating, weathering and infilling rating. All systems consider the condition 

of discontinuities. The RMR and Q systems consider groundwater condition which is 

indirectly considered in RMi and GSI systems. 

 The class of each rock mass classifications are different, The RMR-system  

Bieniawski (1989) modified the rock mass rating classification table. There are five 

categories of rock mass class: 1) very good rock, 2) good rock, 3) fair rock, 4) poor rock 

and 5) very poor rock. These rock mass classes are determined based on five parameters of 

 

 

 

 

 

 

 

 



 38 

rock mass rating system. The NGI tunneling quality index (Q system), there are seven 

categories of rock mass class based on Q index value: 1) A: exceptionally good, extremely 

good and very good; 2) B: good; 3) C: fair; 4) D: poor; 5) E: very poor; 6) F: extremely 

poor; and 7) G: exceptionally poor. These rock mass classes are determined based on six 

parameters. The rock mass index (RMi) categorizes three rock mass classes: 1) low; 2) 

medium; 3) high; based on the uniaxial compressive strength of intact rock and the 

reducing effect of joint penetrating of rock mass. The geological strength index (GSI) 

categorizes five rock mass classes based on surface condition rating (SCR). These five rock 

mass classes are the same to those of rock mass rating system. 

 

 

 

 

 

 

 

 

 



CHAPTER V 

DETERMINATION OF ROCK MASS PARAMETERS AND 

STABILITY ANALYSIS 

5.1  Introduction 

 This chapter describes the determination of geotechnical rock mass parameters and 

stability analysis. The rock mass parameters are evaluated by empirical equations which are 

developed by many researchers based on the rock mass classification systems.  The stability 

of the tunnels is evaluated in terms of stand-up time, maximum unsupported span, and 

factor of safety for all sections of tunnel alignment. 

5.2  Geotechnical rock mass parameter estimation 

 Rock mass properties such as Hoek and Brown constants, deformation modulus of 

rock mass and strength of rock mass are important parameters for the stability analysis and 

support design of tunnels. Reliable input parameters to distinct element method can 

produce accurate calculations and feasible support design. Field tests to determine some 

parameters directly are time consuming and expensive. Consequently, several authors have 

proposed empirical relationships for estimating the values of isotropic rock mass 

parameters based on empirical rock mass classification schemes. 

 5.2.1  Rock mass deformation modulus 

 In many designs for the reliable support system of a tunnel, the deformations 

of the rock mass surrounding the adit are important and a numerical analysis of these 

deformations requires an estimation of the rock mass deformation modulus. In-situ 

determination of the deformation modulus of rock mass is costly and often very difficult. 
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Thus, empirical methods are generally used in estimating the rock mass deformation 

modulus. Based on the RMR rating value, many researchers have proposed different 

empirical equations to calculate the rock mass deformation modulus. The following 

describes some equations: 

Bieniawski (1978) has defined Em as: 

 Em = 2RMR-100 (GPa)  For RMR > 50  (5.1) 

Serafim and Pereira (1983) have proposed: 

 Em = 10







 −
40

10RMR

 (GPa) For RMR < 50  (5.2) 

Read et al. (1999) has proposed: 

 Em = 0.1
3

10
RMR







  (GPa)  (5.3) 

where Em is the deformation modulus of the rock mass. 

  Based on the NGI tunneling quality index (Q system), many researchers 

proposed several equations to estimate rock mass deformation modulus. Simple equations 

have been presented from the Q system as follows: 

Grimstad and Barton (1993) have proposed the equation for Q > 1: 

 Em = 25 log Q  (GPa)  (5.4) 

Em is expressed by Barton (2002) as: 

 Em = 10Qc 3
1

 = 10 (Q×
100
σc ) 3

1
  (GPa)  (5.5) 
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where Qc is the normalization of Q-value and σc is the uniaxial compressive strength of 

intact rock. 

From rock mass index (RMi), Palmstrom (1995) proposed the equation for 

RMi > 0.1, 

 Em = 5.6 RMi0.375  (GPa)  (5.6) 

Using the geological strength index (GSI), provided that the uniaxial 

compressive strength of intact rock is known the rock mass deformation modulus Em for σc 

 ≤ 100 MPa is estimated in GPa from the following equation (Hoek et al., 2002). 

 Em (GPa) = (1- 
2
D ) 

100
σc × 10 








 −
40

10GSI

  (5.7) 

For σc  > 100 MPa, use equation 5.8. 

 Em (GPa) = (1- 
2
D ) × 10 








 −
40

10GSI

  (5.8) 

  The original equation proposed by Hoek and Brown has been modified by 

the inclusion of the factor D, to allow for the effects of blast damage and stress relaxation. 

In the case of raw material transportation adit constructions, control blasting method is used 

but blasting in hard rock adit results in severe local damage, extending 2 or 3 m in 

surrounding rock mass. Therefore, the value of D is 0.8. The results of the deformation 

modulus of rock mass for all sections of the adit calculated from above mentioned 

empirical equations are presented in Table 5.1. 

 

 

 

 

 

 

 

 



42 
 

Table 5.1  Calculated deformation modulus of rock mass (Em) for all sections of the study area. 

Section 
From RMR From Q From 

RMi 
From 
GSI Avg. 

(GPa) Eq.5.1 
(GPa) 

Eq.5.2 
(GPa) 

Eq.5.3 
(GPa) 

Eq.5.4 
(GPa) 

Eq.5.5 
(GPa) 

Eq.5.6 
(GPa) 

Eq.5.7 
(GPa) 

1  9.44 11.76 3.81 8.10 4.22 4.89 7.04 
2  4.77 4.67  6.59 3.61 0.65 4.00 
3 42.00  35.79 39.87 28.62 13.90 10.98 28.53 
4 42.00  35.79 39.87 28.62 13.90 10.98 28.53 
5 42.00  35.79 39.87 28.62 13.90 10.98 28.53 
6 42.00  35.79 39.87 28.62 13.90 10.98 28.53 
7 42.00  35.79 39.87 28.62 13.90 10.98 28.53 
8 42.00  35.79 39.87 28.62 13.90 10.98 28.53 
9 42.00  35.79 39.87 28.62 13.90 10.98 28.53 
10 42.00  35.79 39.87 28.62 13.90 10.98 28.53 
11 42.00  35.79 39.87 28.62 13.90 10.98 28.53 

 5.2.2  Hoek and Brown parameters 

  The Hoek and Brown failure criterion for rock mass is widely accepted and 

has been applied in a large number of projects around the world. Hoek and Brown failure 

criterion for rock masses uses ‘mj’ and ‘sj’ constants. Some empirical equations based on 

the empirical methods are used to calculate those constants as follows: 

  Hoek and Brown (1988) proposed a set of relations between the RMR and 

the parameters ‘mj’ and ‘sj’. 

For disturbed rock mass, 

 mj = mi exp 





 −

14
100RMR   (5.9) 

 sj = exp 





 −

6
100RMR   (5.10) 

For undisturbed rock mass, 
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 mj = mi exp 





 −

28
100RMR   (5.11) 

 sj = exp 





 −

9
100RMR   (5.12) 

 Singh et al. (1997) has described the following approximations to calculate 

mj and sj constants for tunnels: 

 
i

j

m
m = 0.135 QN 3

1
  (5.13) 

 sj = 0.002 QN (5.14) 

where, Q N  is the stress free from Q, shown in equation (2.2) in Chapter 2. 

  Palmström (1995) offered a method to calculate the Hoek and Brown 

constants ‘mj’ and ‘sj’ as follow: 

 mj = mi JP0.64  (5.15) 

 mj = mi JP0.857  (5.16) 

 sj = JP2.0  (5.17) 

where JP is the jointing parameter combines by empirical relations JC (joint conditions) 

and Vb (block volume) as described in equation 2.5 . 

  Hoek et al. (2002) expressed as mj, a reduced value of material constant mi 

and, sj. They are constants for the rock mass given by the following relationships: 

 mj = mi exp 







−
−
14D28
100GSI   (5.18) 
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 sj = exp 







−
−
3D9
100GSI   (5.19) 

 a = 
2
1  + 

6
1  














− 3

20 -
15
GSI -

ee   (5.20) 

where D is a factor which depends upon the degree of disturbance to which the rock mass 

has been subjected by blast damage and stress relaxation. It varies from 0 for undisturbed 

in-situ rock masses to 1 for very disturbed rock masses. For the control blasting method but 

blasting in hard rock adit results in severe local damage, value D is 0.8. The calculated 

Hoek and Brown constants of rock mass, ‘mj’ and ‘sj’, for all sections of tunnel is shown in 

Tables 5.2 and 5.3, respectively. 

Table 5.2  Calculated Hoek and Brown constant of rock mass (mj) for all sections of the 

study area.  

Section 
mj 

Eq.(5.9) Eq.(5.13) Eq.(5.16) Eq.(5.18) 
Average 

RMR Q RMi GSI 
1 0.26 3.82 3.55 0.69 2.08 
2 0.06 0.53 0.03 0.04 0.17 
3 1.26 4.01 4.29 1.25 2.70 
4 1.26 4.01 4.29 1.25 2.70 
5 1.26 4.01 4.29 1.25 2.70 
6 1.26 4.01 4.29 1.25 2.70 
7 1.26 4.01 4.29 1.25 2.70 
8 1.26 4.01 4.29 1.25 2.70 
9 1.26 4.01 4.29 1.25 2.70 
10 1.26 4.01 4.29 1.25 2.70 
11 1.26 4.01 4.29 1.25 2.70 
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Table 5.3 Calculated Hoek and Brown constant (sj) for all sections of the study area.  

Section 
Sj 

Eq.(5.10) Eq.(5.14) Eq.(5.17) Eq.(5.19) 
Average 

RMR Q RMi GSI 
1 2.03E-4 4.53E-2 8.94E-2 1.09E-3 3.40E-2 
2 2.33E-5 5.67E-4 5.70E-6 2.55E-6 1.50E-4 
3 7.96E-3 5.24E-2 1.39E-1 4.98E-3 5.11E-2 
4 7.96E-3 5.24E-2 1.39E-1 4.98E-3 5.11E-2 
5 7.96E-3 5.24E-2 1.39E-1 4.98E-3 5.11E-2 
6 7.96E-3 5.24E-2 1.39E-1 4.98E-3 5.11E-2 
7 7.96E-3 5.24E-2 1.39E-1 4.98E-3 5.11E-2 
8 7.96E-3 5.24E-2 1.39E-1 4.98E-3 5.11E-2 
9 7.96E-3 5.24E-2 1.39E-1 4.98E-3 5.11E-2 
10 7.96E-3 5.24E-2 1.39E-1 4.98E-3 5.11E-2 
11 7.96E-3 5.24E-2 1.39E-1 4.98E-3 5.11E-2 

5.2.3  Rock mass strength 

  The rock mass strength is one of the important parameters for the design of 

all types of underground excavation and stability analysis. A frequently applied approach 

for the estimation of the rock mass strength is through an empirical failure criterion, often 

in conjunction with rock mass classification systems. Many researchers have proposed 

several empirical equations to calculate the strength of rock mass (σcm) based on rock mass 

classification systems as follows: 

Ramamurthy (1986) proposed the following equation based on the RMR rating value: 

 σcm =  σc exp 





 −

18.75
100RMR   (5.21) 

Goel (1994) suggested the following equation based on QN: 

 σcm = 














σ
γ

0.1
c

3
1

N

B 
Q5.5   (5.22) 
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where QN is the stress free from Q (equation (2.2) in Chapter 2), γ is the unit weight of rock 

mass (t/m3), σc is the uniaxial compressive strength of intact rock (MPa) and B is the width 

of tunnel (m). 

  The main principle in the development of RMi has been focusing on the 

effects of the defects in a rock mass in reducing the strength of the intact rock. As it meant 

to express the compressive strength of the rock mass, it can be defined as (Palmstrom, 

1995):  

 σcm = RMi = σc JP  (5.23) 

where σc is the uniaxial compressive strength of intact rock and JP is the jointing 

parameter. 

 In order to apply the Hoek and Brown criterion in estimating the strength of 

rock masses, three properties of the rock mass have to be estimated. These are the uniaxial 

compressive strength of the intact rock (σc), the value of the Hoek and Brown constant (mi) 

for the intact rock and the value of GSI for the rock mass. Roc Data software version 3.0 is 

used in this research to estimate the uniaxial compressive strength of rock mass by using 

geological strength index (GSI). The calculated uniaxial compressive strength of rock mass 

for all sections of water tunnel is presented in Table 5.4. 

 To overcome the characteristic limitation of the equations, several equations 

proposed by many researchers have been used to estimate the rock mass parameters along 

the study tunnel area alignment. The average value is used as input parameter for numerical 

simulation and stability analysis. 
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Table 5.4  Calculated uniaxial compressive strength of rock mass (σcm) for all sections of 

the study area.  

Section 
From RMR From Q From RMi From GSI 

Average 
(MPa) Eq.(5.21) 

(MPa) 
Eq.(5.22) 

(MPa) 
Eq.(5.23) 

(MPa) 
RocData 4.0 

(MPa) 
1 2.464 0.950 0.470 4.143 2.007 
2 2.197 0.123 0.310 1.077 0.927 
3 12.692 0.623 11.300 9.286 8.475 
4 12.692 0.623 11.300 9.286 8.475 
5 12.692 0.623 11.300 9.286 8.475 
6 12.692 0.623 11.300 9.286 8.475 
7 12.692 0.623 11.300 9.286 8.475 
8 12.692 0.623 11.300 9.286 8.475 
9 12.692 0.623 11.300 9.286 8.475 
10 12.692 0.623 11.300 9.286 8.475 
11 12.692 0.623 11.300 9.286 8.475 

 

5.3  Stability analysis 

 The classical approach used in the design of engineering structures is to consider the 

relationship between the capacity C (strength or resisting force) of the element and the 

demand D (stress or disturbing force). The factor of safety of the structure is defined as FS 

= C/D and failure is assumed to occur when FS is less than 1. In the case of underground 

excavation, the in-situ stress is required to analyze for stability.  The stand-up time and 

estimation of maximum unsupported span are also some of the important issues for the 

safety of the underground excavation. 

5.3.1  Stand-up time and maximum unsupported span 

 The stand-up time of the rock mass and the evaluation of maximum 

unsupported span are important for the tunneling sequence and safety for the tunnel 

construction. Bieniawski (1976) proposed the relationship between the stand-up time of an 

unsupported underground excavation span and the CSIR Geomechanics Classification, rock 

mass rating system (RMR). The chart is useful to estimate the stand-up time of the rock 
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mass and maximum unsupported span. This may lead to provide effective planning of the 

excavation and supporting sequences for the tunnel construction. 

 Based on the NGI tunneling quality index (Q system), Barton et al. (1974) 

defined an additional quantity, the equivalent dimension (De), to evaluate the maximum 

unsupported span and support requirements for a particular dimension of underground 

excavation. The equivalent dimension (De) is obtained by dividing the span, diameter or 

wall height of the excavation by a quantity called the excavation support ratio (ESR) 

(equation (2.3) in Chapter 2).  For major limestone belt conveyor access adit and portal 

intersection, ESR value is 1.0. In order to estimate the maximum unsupported span of 

underground excavation, the relationship between the maximum equivalent dimension (De) 

of an unsupported underground excavation and the NGI tunneling quality index (Q system) 

was proposed by Barton et al. (1974). The estimated maximum unsupported span and 

stand-up time of the rock mass for all sections of study area are shown in Table 5.5. 

Table 5.5  Estimated maximum unsupported span and stand-up time of the rock mass 

for all sections of the study area. 

Section 

RMR Q-System 

RMR Value 
Maximum  

Unsupported 
span 

Stand-up 
time Q Value 

Maximum  
Unsupported 

span 
1 49 8.0 m 2 days 1.42 2.5 m 
2 36 4.0 m 7 hrs.  0.43 1.80 m 
3 

71 18 m 2 months 39.33 9.5 m 

4 
5 
6 
7 
8 
9 
10 
11 

 

 

 

 

 

 

 

 



49 
 

 5.3.2  In situ stress analysis and safety factor  

 The stresses naturally exist in the rock mass related to the weight of the 

overlying strata and the geological history of the rock mass. When an underground 

excavation is made in the rock, these stresses are disturbed and new stresses are re-

distributed in the rock in the immediate vicinity of the underground opening. In that case, 

failure of the rock adjacent to the excavation boundary can lead to instability.  Therefore, 

the estimation of in-situ stress at the boundary of the underground opening is required to 

control the instability problem. 

 The condition that the only stresses, which can exist at the boundary of an 

excavation, are the stresses tangential to the boundary holds true for all excavation shapes 

which are free of internal loading. The tangential stress at the boundary of the underground 

opening can be estimated by the following equations proposed by Hoek and Brown (1990): 

for the tangential stress at roof, 

 σθroof  = (A × k - 1) σv (5.24) 

for the tangential stress at side wall, 

 σθwall  = (B - 1) σv  (5.25) 

where σv is the vertical stress, k is the stress ratio (σh/σv) and, A and B are the constants. In 

the case of studied adit, modified horseshoe shape, A is 3.1 and B is 2.7. The horizontal 

stress is difficult to estimate. It is known that they are variable at shallow depth, tending to 

a hydrostatic state in deep environment. The magnitude of horizontal stress is usually more 

than vertical stress at shallow depths (less than 500 m) whereas they trend to a hydrostatic 

state at depth of about 1000 m below the surface (Hoek and Brown, 1990). In this research, 

the ratio of horizontal stress to vertical stress (k) is assumed to be 1 as suggested by Hoek 
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(2003).  The vertical stress (σv) is directly proportional to the unit weight (γ) of overlying 

rock load and the height of the overburden (H). The vertical stresses for all sections are 

calculated by the following equation: 

 σv = γ H  (5.26) 

 After estimating the overall stresses for all sections of tunnel, these results 

are summarized for the calculation of safety factor as shown in Table 5.6.  

 The safety factor is taken as the ratio between the rock mass strength and the 

stress around the underground opening. The calculated values of rock mass strength for all 

sections of the tunnel is described in Table 4.7 and the average values of rock mass strength 

are used to calculate the factor of safety. To maintain stability, the acceptable factor of 

safety should be greater than 1. 

 The results show that all sections are stable. They do not need to be 

supported to increase safety factor. However, stability problems in blocky jointed rock 

mass are generally associated with gravity falling and sliding of blocks from roof and 

sidewalls. Rock stress at shallow depth are generally low that does not control the failure 

mechanism.  
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Table 5.6  Calculated induced stress  and factor  of safety for  al l  sect ions. 

Section H  
(m) 

σv 

(MPa) 
σθroof 

(MPa)    
σθwall 

(MPa)  
σcm 

(MPa) 
FS 

(roof) 
FS 

(wall) 
1 1.00 0.03 0.06 0.04 2.01 36.34 44.90 
2 5.27 0.14 0.29 0.24 0.93 3.18 3.93 
3 25.86 0.68 1.42 1.15 8.48 5.97 7.38 
4 56.53 1.48 3.11 2.51 8.48 2.73 3.37 
5 84.47 2.21 4.64 3.76 8.48 1.83 2.25 
6 115.12 3.01 6.33 5.12 8.48 1.34 1.65 
7 121.09 3.17 6.66 5.39 8.48 1.27 1.57 
8 112.02 2.93 6.16 4.99 8.48 1.38 1.70 
9 99.63 2.61 5.48 4.44 8.48 1.55 1.91 
10 98.14 2.57 5.40 4.37 8.48 1.57 1.94 
11 97.76 2.56 5.38 4.35 8.48 1.58 1.95 

 

 

 

 

 

 

 

 

 



CHAPTER VI 

SUPPORT DESIGN 

6.1  Introduction 

 This chapter describes the estimation of support capacity and the design of support 

systems for the adit by using empirical approaches and numerical method. The performance 

of the support elements, such as rock bolt and shotcrete, is analyzed by numerical 

modeling. The design results are compared with those obtained from the empirical and 

numerical methods.  

6.2  Support capacity estimation 

The prediction of support capacity is one of the important tasks for the assessment 

of the reliable support systems for underground openings. Several relations based on rock 

mass classification systems are used to estimate the required support capacity for all 

sections of the studied adit. 

Bieniawski (1974) proposed the following equation to estimate the support pressure 

(Proof) based on the rock mass rating system (RMR): 

Proof = )Wγ
100

RMR-100(   (6.1)  

where Proof is the support pressure (kN/m2), W is the width of opening (m) and γ is 

the unit weight of overburden (kN/m3). 
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Another approach, proposed by Barton et al. (1974), is based on NGI tunneling 

quality index value (Q value) as follows: 

 Proof = 3
1

r
Q

J
2.0 −

  (6.2)  

where Proof is the roof support pressure (kN/m2) and Jr is the discontinuity roughness. 

 The support pressure is calculated by these two equations for all sections of the adit. 

The results are given in Table 6.1.  

Table 6.1 Calculated support pressure for all sections of the studied adit. 

Section 
From RMR From Q 

Eq. (6.1), kN/m2 Eq. (6.2), kN/m2 
1 67.04 1.78 
2 83.50 2.65 
3 37.98 0.10 
4 37.98 0.10 
5 37.98 0.10 
6 37.98 0.10 
7 37.98 0.10 
8 37.98 0.10 
9 37.98 0.10 
10 37.98 0.10 
11 37.98 0.10 

6.3  Support design using empirical methods 

 Empirical methods are based on rock mass classification systems: rock mass rating 

system (RMR), NGI tunneling quality index (Q system) and rock mass index (RMi). All 

systems have quantitative estimation of the rock mass quality linked with empirical design 

rules to estimate adequate rock support measures, such as rock bolt, shotcrete and steel set. 
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 6.3.1  Rock mass rating system (RMR) 

  The rock mass rating system (RMR), proposed by Bieniawski (1989), 

provides guidelines for the selection of rock reinforcement for adit. The method of 

excavation is provided based on the rock mass rating values. The suggested support system 

assessed based on rock mass rating system (RMR) are presented in Table 6.2. 

Table 6.2 Recommended support systems based on rock mass rating system (RMR). 

Section RMR 
Value 

Rock Bolt Shotcrete Steel Set 

1 49 

Systematic cable bolts 
long 4 m, spaced 1.5-2 m 
in crown and wall with 

wire mesh in crown. 

50-100 mm in 
crown and 30 mm 

in sides. 
None 

2 36 

Systematic cable bolts 4-5 
m long, spaced 1-1.5 m in 
crown and wall with wire 

mesh. 

100-150 mm in 
crown and 100 
mm in sided. 

Light ribs 
spaced 1.5 m. 

3 

71 
Locally bolts in crown, 3 

m long, spaced 2.5 m with 
occasional wire mesh. 

50 mm in crown 
where required. None 

4 
5 
6 
7 
8 
9 
10 
11 

  6.3.2  NGI tunneling quality Index (Q system) 

The NGI tunneling quality index (Q system) is related to adit support 

requirements by defining the equivalent dimensions of the excavation (De). The equivalent 

dimension is a function of both the size and the purpose of excavation as described in 

equation (2.3). The relationship between the index Q and the equivalent dimension of an 
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excavation determines the appropriate support measures.  The support elements include 

rock bolt and fiber reinforced shotcrete. The summary of the support measures for all 

sections based on Q system is given in Table 6.3 

Table 6.3 Recommended support systems based on NGI tunneling quality index (Q 

system). 

Section 
Q 

Value 
Rock bolt Shotcrete Steel Set 

1 1.42 
Bolt length 1.7-2.4 m 

spacing 1.7-2.1 m 
Un-reinforce 

Shotcrete 40-100 mm 
None 

2 0.43 
Bolt length 1.7-2.4 m 

spacing 1.5-1.7 m 
Fiber reinforce 

Shotcrete 50-90 mm 

3 

39.33 Unsupported 

4 
5 
6 
7 
8 
9 
10 
11 

6.3.3  Rock mass Index (RMi) 

  The rock mass index (RMi) provides two types of support chart, for 

discontinuous ground (jointed) and continuous ground (overstressed). For jointed rock 

(discontinuous ground), the relationship between the ground condition factor (Gc) and the 

size ratio (Sr) determines the appropriate support measures. For the continuous ground 

(overstressed), the required support is found in special support chart using the competency 

factor (Cg). 

  In this study, the RMi support spreadsheet, version 3.1 (Palmström, 2001) is 

used to get direct assessment of support types for all sections of the adit. The support 
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measures evaluated based on rock mass index (RMi) is summarized in Table 6.4. The 

suggested support types based on rock mass index (RMi) include rock bolts and fiber 

reinforced shotcrete. 

Table 6.4 Recommended support systems based on rock mass index (RMi). 

Section 
RMi 
value 

Rock bolt Shotcrete 

1 0.47 
Systematic bolt spacing 2 x 2 
m for roof and systematic bolt 
spacing 2.5 x 2.5 m for walls. 

Fibre reinforced shotcrete 
thickness 80-100 mm for roof 
and 60-80 mm for walls. 

2 0.31 
Systematic bolt spacing 3 x 3 
m for roof and systematic bolt 
spacing 2.5 x 2.5 m for walls. 

Reinforced shotcrete 
thickness 60 mm for roof. 

3 

11.30 
Systematic bolt spacing 2 x 2 
m for roof and systematic bolt 
spacing 2.5 x 2.5 m for walls. 

Fibre reinforced shotcrete 
thickness 60 mm for roof and 
shortcrete 50-60 mm for 
walls. 

4 
5 
6 
7 
8 
9 
10 
11 

6.4  Support design using numerical method 

 The Universal Distinct Element Code (UDEC) is a two-dimensional numerical 

program based on the distinct element method for discontinuum modeling. UDEC 

simulates the response of discontinuous media subjected to either static or dynamic loading. 

The discontinuous medium is represented as an assemblage of discrete blocks. The 

discontinuities are treated as boundary conditions between blocks; large displacements 

along discontinuities and rotations of blocks are allowed. Individual blocks behave as either 

rigid or deformable material. Deformable blocks are subdivided into a mesh of finite-

difference elements, and each element responds according to a prescribed linear or non-
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linear stress-strain law. The relative motion of the discontinuities is also governed by linear 

or non-linear force-displacement relations for movement in both the normal and shear 

directions. UDEC has several built-in material behavior models, for both the intact blocks 

and the discontinuities, which permit the simulation of response representative of 

discontinuous geologic. UDEC is well-suited to model the large movements and 

deformations of a blocky system. 

An important aspect of the geomechanical analysis and design is the use of 

structural support to stabilize a rock mass. The term support describes engineered materials 

used to restrict displacements in the immediate vicinity of an opening. The support systems 

are composed of reinforcement and surface support. Reinforcement consists of bolts 

installed in holes drilled in the rock mass. Reinforcement acts to conserve inherent rock 

mass strength so that it becomes self-supporting. Surface support consists of shotcrete that 

are placed on the surface of an excavation, the weights of individual blocks isolated by 

discontinuities or zones of loosened rock. For this study, boundary conditions are defined 

as restrained X and Y for both sides boundary. The finite element mesh and boundary 

conditions for the analysis sections show in Figure 6.1. 

For the numerical simulations in study area, 11 sections were done with four types 

of models, unsupported and supported by RMR, Q, and RMi suggested are simulated for 

each section of the adit. The rock mass parameters calculated by empirical methods, 

described in Chapter 5, are used as input parameters in numerical simulations. 
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 The maximum displacement vectors of the adit before support and support by RMR, 

Q, and RMi suggested given in Table 6.5.  

aaaa 

(m) 

(m) 

Figure 6.1 Finite element mesh and boundary conditions for the analysis. 
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Table 6.5 UDEC simulation results for maximum displacements vector before support and 

support by empirical suggested. 

Section 
Unsupported 

(m) 
RMR 

supported (m) 
Q supported 

(m) 
RMi 

supported (m) 

1 0.058 0.020 0.026 0.024 
2 23.45 0.606 6.184 6.126 
3 

0.008 0.004 - 0.005 

4 
5 
6 
7 
8 
9 
10 
11 17.53 0.099 - 0.120 

Because UDEC is a two-dimensional program, the three-dimensional effect of 

regularly spaced elements is accommodated by scaling their material properties in the out-

of-plane direction. In the case of adit support design in this study area, it considered only 

the magnitude of displacement. After support installation, the maximum displacement 

vectors as shown in Figures 6.2 through 6.29.  
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Figure 6.2 Joint sets and excavation boundary for section 1. 

Figure 6.3 Maximum displacement vectors unsupported for section 1. 
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for section 1.  

Figure 6.4 Structure adit supported as RMR suggested for section 1. 

 

Figure 6.5 Maximum displacement vectors supported as RMR suggested for section 1. 
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Figure 6.6 Structure adit supported as Q suggested for section 1. 

 

Figure 6.7 Maximum displacement vectors supported as Q suggested for section 1.  
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Figure 6.8 Structure adit supported as RMi suggested for section 1. 

Figure 6.9 Maximum displacement vectors supported as RMi suggested for section 1.  
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Figure 6.10 Joint sets and excavation boundary for section 2. 

Figure 6.11 Maximum displacement vectors unsupported for section 2. 
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for section 2.  

Figure 6.12 Structure adit supported as RMR suggested for section 2. 

 

Figure 6.13 Maximum displacement vectors supported as RMR suggested 
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Figure 6.14 Structure adit supported as Q suggested for section 2. 

Figure 6.15 Maximum displacement vectors supported as Q suggested for section 2. 
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Figure 6.16 Structure adit supported as RMi suggested for section 2. 

 

Figure 6.17 Maximum displacement vectors supported as RMi suggested for section 2. 
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Figure 6.18 Joint sets and excavation boundary for section 3-10. 

 

Figure 6.19 Maximum displacements vector unsupported for section 3-10. 
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Figure 6.20 Structure adit supported as RMR suggested for section 3-10. 

Figure 6.21 Maximum displacement vectors supported as RMR suggested for section 3-10. 
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Figure 6.22 Structure adit supported as RMi suggested for section 3-10. 

Figure 6.23 Maximum displacement vectors supported as RMi suggested for section 3-10. 
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Figure 6.24 Joint sets and excavation boundary for section 11. 

 

Figure 6.25 Maximum displacement vectors unsupported for section 11. 
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Figure 6.26 Structure shaft supported as RMR suggested for section 11. 

Figure 6.27 Maximum displacement vectors supported as RMR suggested for section 11. 
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Figure 6.28 Structure shaft supported as RMi suggested for section 11. 

Figure 6.29 Maximum displacement vectors supported as RMi suggested for section 11.  
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6.5  Comparisons 

 The estimation of reliable support system is one of the most difficult tasks in rock 

engineering. Several systems have been developed to estimate the support system. In the 

case of this study, the empirical methods and numerical method are used to assess the 

reliable support system and the comparison is made each other. The comparison of the 

empirical is shown in Table 6.5 

The rock mass rating system suggests longer rock bolts than other empirical 

methods. The support systems suggested by NGI tunneling quality index (Q system) has 

thinner shotcrete thickness than other empirical methods. The rock mass index (RMi) 

suggests overestimated support systems than other methods. Kaiser and Gale (1985) 

indicated that the Q system gave a better forecast of support quantities. The results from the 

rock mass rating system and NGI tunneling quality index (Q system) agree reasonably well 

with the numerical method.  

The UDEC program is used to calculate the maximum displacement vectors and the 

results of calculations were compared. The comparison of the support suggestions shows 

that the RMi gives the maximum results, RMR and Q-systems show similar results.  The 

results are summarized in Table 6.6. 
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Table 6.6 Comparison of the support suggestions from empirical methods in study area. 

Section RMR Q-System RMi 

1 

Systematic cable bolts 
long 4 m, spaced 1.5-2 
m in crown and wall 

with wire mesh in 
crown. Shortcrete 50-
100 mm in crown and 

30 mm in sides. 

Bolt length 1.7-2.4 m 
and spacing 1.7-2.1 m. 
Un-reinforce shotcrete 

40-100 mm. 

Systematic bolt spacing 
2 x 2 m for roof and 

systematic bolt spacing 
2.5 x 2.5 m for walls. 

Fibre reinforced 
shotcrete thickness 80-

100 mm for roof and 60-
80 mm for walls. 

2 

Systematic cable bolts 
4-5 m long, spaced 1-1.5 

m in crown and wall 
with wire mesh. 

Shortcrete 100-150 mm 
in crown and 100 mm in 
sided. Light ribs spaced 

1.5 m. 

Bolt length 1.7-2.4 m 
and spacing 1.5-1.7 m. 

Fiber reinforce shotcrete 
50-90 mm. 

Systematic bolt spacing 
3 x 3 m for roof and 

systematic bolt spacing 
2.5 x 2.5 m for walls. 
Reinforced shotcrete 
thickness 60 mm for 

roof. 

3 

Locally bolts in crown, 
3 m long, spaced 2.5 m 

with occasional wire 
mesh. Shortcrete 50 mm 

in crown where 
required. 

Unsupported 

Systematic bolt spacing 
2 x 2 m for roof and 

systematic bolt spacing 
2.5 x 2.5 m for walls. 

Fibre reinforced 
shotcrete thickness 60 

mm for roof and 
shortcrete 50-60 mm for 

walls. 

4 

5 
6 

7 
8 
9 
10 

11 
 

 

 

 

 

 

 

 

 



CHAPTER VII 

DISCUSSIONS, CONCLUSIONS, AND 

RECOMMENDATIONS FOR FUTURE STUDIES 

7.1  Discussions 

 In this study, empirical methods are applied along with the numerical method to 

assess the performance of support systems for the Siam City Cement Public Company 

Limited (SCCC) portal and shaft with depth of about 100 m and adit is 450 m long. The 

RMR system considers the orientation of discontinuities and material strength, which are 

not directly included in the Q system. The Q system considers stresses and the joint set 

numbers of the rock mass, which are only indirectly considered in the RMR system. Both 

systems include conditions of discontinuities and groundwater. The largest difference 

between the RMR and Q systems is the lack of stress parameters in the RMR system. The 

RMi system has similar input parameters with those of the Q system. The RMi system is 

most suitable to massive, jointed and crushed rock masses where the joints in various sets 

have similar properties. The GSI system is based on the visual inspection of the rock 

structure, in terms of blockiness, and the surface condition of the discontinuities indicated 

by joint roughness and alternation. All empirical methods have their characteristic 

limitations to achieve their objectives, therefore, to overcome these limitations, the rock 

mass strength parameters along the adit alignment studied here are estimated by four 

different empirical methods and their average values are used as input parameters for the 

finite element analysis.   
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For the rock support system in the study area, it is recommended to use the RMR 

support system. The RMR support system suggests the longest rock bolts, with the 

shotcrete thickness of about 30-150 mm, and installed wire mesh and light rib. The support 

system results from the UDEC. It is a two-dimensional program, the three-dimensional 

effect of regularly spaced elements is accommodated by scaling their material properties in 

the out-of-plane direction. In the case of adit support design in this study area, it considers 

only the magnitude of displacement. The recommended supports are shown in Table 7.1 

Table 7.1 Final recommended support systems for the portal adit and shaft support in 

study area. 

Section Rock Bolt Shotcrete Steel Set 

1 
Systematic cable bolts long 4 m, 

spaced 1.5-2 m in crown and wall 
with wire mesh in crown. 

50-100 mm in crown 
and 30 mm in sides. None 

2 
Systematic cable bolts 4-5 m long, 
spaced 1-1.5 m in crown and wall 

with wire mesh. 

100-150 mm in crown 
and 100 mm in sided. 

Light ribs 
spaced 1.5 m. 

3 

Locally bolts in crown, 3 m long, 
spaced 2.5 m with occasional wire 

mesh. 

50 mm in crown where 
required. 

None 

4 
5 
6 
7 
8 
9 
10 
11 

7.2  Conclusions 

Rock masses along the study adit alignment and shaft are characterized by means of 

rock mass classification systems based on the field mapping, vertical borehole data, 
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engineering geological observations and laboratory test results. According to the results 

acquired from the rock mass characterizations and stability analysis. The empirical 

methods, rock mass classification systems, are also employed to estimate support 

requirements and required support capacities for the underground raw material access adit. 

The numerical models are developed for using with the Universal Distinct Element Code 

(UDEC) to determine the displacements around the opening to evaluate the performance of 

the support system recommended by the empirical methods.  

The strength parameters required for the UDEC analysis are estimated from the rock 

mass classification systems, including rock mass rating system (RMR), NGI tunneling 

quality index (Q system), rock mass index (RMi) and geological strength index (GSI). The 

support components used here are cable bolt, rock bolts, shotcrete, steel rib, and the special 

support as proposed by the empirical methods. The properties of support elements 

including length, pattern of bolts, thickness of shotcrete and the steel rib spacing are 

proposed by RMR system and Q system. The distinct element analysis is performed to 

assess the more appropriate support elements. It leads to the final reasonable estimate of 

tunnel support systems. When the recommended support systems have been applied, the 

displacements are reduced significantly in the numerical analysis. These results indicate 

that the recommended applied support systems are adequate to obtain underground 

openings stability. They also prove that the empirical methods reasonably agree with the 

numerical method. 

 In many underground openings support designs, empirical methods are widely used 

due to their simplicity, however, they fail to predict interaction between the surrounding 

rock mass and the supporting system. Based on the findings here, it can be postulated that 

empirical methods should be applied together with numerical method for the safe 
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underground openings support design. A great deal of judgment may be needed in the 

application of all types of rock mass classification systems in the support design. 

7.3   Recommendations for future studies 

 Hoek and Brown failure criterion has been used in this research. This failure 

criterion is widely accepted and has been used in a large number of projects around the 

world. In addition, the use of the Mohr-Coulomb criterion with strength parameters 

(cohesion and friction angle) is desirable to assess the effects of discontinuity conditions. 

The friction angle of the rock mass can be interpreted as the friction resistance along pre-

existing discontinuities and asperities on these discontinuities (overriding of asperities). 

The cohesion can be thought of as the shear resistance of intact rock bridges in the rock 

mass, or the shear resistance of asperities on a discontinuity surface (shear through 

asperities). Therefore, studying the application of Mohr-Coulomb criterion for the 

estimation of underground support systems should be conducted. Moreover, the validity of 

the proposed support systems, obtained from combination of empirical and numerical 

method, should be verified by comparing predictions of the rock mass quality with the 

actual measurements carried out during construction.  
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APPENDIX B1: UNIAXIAL COMPRESSIVE STRENGTH TEST  
(ASTM D7012-04) 

 
 
 

              
 
 
 
 
  

Figure B1-2: Rock Samples 

Figure B1-1: UCS Machine 
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Table B1-1: Testing Results of Spatic limestone 
 

Sample No. Diameter 
(mm) 

Length 
(mm) 

Weight  
(g) 

Density 
(g/cc) σc (MPa) E (GPa) 

Spatic(UCS-01-01) 53.90 126.87 766.96 2.65 46.0 7.2 
Spatic(UCS-01-02) 53.91 129.95 786.52 2.65 48.2 10.1 
Spatic(UCS-01-03) 53.91 127.55 775.56 2.67 67.9 9.9 
Spatic(UCS-01-04) 53.85 127.01 772.94 2.67 57.1 12.4 
Spatic(UCS-02-01) 53.89 131.27 807.73 2.70 78.9 14.1 

   Average 2.67 59.6 10.7 
   S.D. 0.02 13.8 2.6 

Table B1-2: Testing Results of Bedded limestone 
 

Sample No. Diameter 
(mm) 

Length 
(mm) 

Weight 
(g) 

Density 
(g/cc) σc (MPa) E (GPa) 

Bedded(UCS-01-01) 53.93 116.64 713.39 2.68 43.8 6.7 
Bedded(UCS-01-02) 53.88 120.25 732.74 2.67 30.7 4.1 
Bedded(UCS-01-03) 53.81 118.99 726.25 2.69 30.7 5.3 
Bedded(UCS-01-05) 53.98 120.26 736.90 2.68 37.6 8.1 
Bedded(UCS-02-07) 53.61 121.23 733.98 2.68 44.3 8.2 

   Average 2.68 37.4 6.5 
   S.D. 0.00 6.6 1.8 

Table B1-3: Testing Results of Thrust fault 
 

Sample No. Diameter 
(mm) 

Length 
(mm) 

Weight 
(g) 

Density 
(g/cc) 

σc 
(MPa) E (GPa) 

Fault(UCS-02-04) 53.99 119.37 729.29 2.67 63.3 7.7 
Fault(UCS-02-05) 53.91 117.40 720.49 2.69 50.4 6.1 
Fault(UCS-01-08) 53.77 121.40 727.40 2.64 68.2 10.8 
Fault(UCS-01-07) 53.77 122.69 749.05 2.69 83.5 10.7 
Fault(UCS-01-08) 53.77 124.80 733.61 2.59 68.2 9.4 

   Average 2.66 66.7 8.9 
   S.D. 0.04 11.9 2.0 
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Conclusions: 
• Uniaxial compressive strengths of Spatic limestone is 59.6±13.8 MPa, Bedded 

limestone is 37.4±6.6 MPa and Thrust fault is 66.7±11.9 MPa. 
• Young’s modulus of Spatic limestone is 10.9±2.6 GPa, Bedded limestone is 6.5±1.8 

GPa and Thrust fault is 8.9±2.0 GPa . 
• Poisson ratio of Spatic limestone is 0.27, Bedded limestone is 0.29 and Thrust fault 

is 0.25. 
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Figure B1-3: Stress-Strain plot of testing results 
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APPENDIX B2: DIRECT SHEAR TEST (ASTM D5607-08) 
 
 

 
 
 
 
 
                
 

 
 

 
 

Figure B2-1: Direct Shear Machine 
 

Figure B2-2: Rock Samples 
 

 

 

 

 

 

 

 

 



 100 

0.0

0.5

1.0

1.5

2.0

0 1 2 3 4 5
Displacement (mm)

Sh
ea

r S
tre

ss
 (M

Pa
)

σn = 0.35 MPa

σn = 0.70 MPa

σn = 1.34 MPa

σn = 2.06 MPa

τ = 0.036 + σn tan 37 

0

0.5

1

1.5

2

2.5

3

0 0.5 1 1.5 2 2.5 3
Normal Stress (MPa)

Sh
ea

r S
tre

ss
 (M

Pa
)

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure B2-3: Testing Results of Bedded limestone 
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Figure B2-4: Testing Results of Thrust fault 
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Conclusions: 
• Friction angle of Spatic limestone is 38 degrees, Bedded limestone is 37 degrees 

and Thrust fault is 40 ̊. 
• Cohesion of Spatic limestone is 0.049 MPa, Bedded limestone is 0.036 MPa and 

Thrust fault is 0.012 MPa. 
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Figure B2-5: Testing Results of Spatic limestone 
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APPENDIX B 

ROCK MASS CLASSIFICATION 
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Table A.1 Geomechanics classification parameters and their ratings  

(After Bieniawski, 1998). 
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Figure A.1 Relationship between the stand-up time of an unsupported underground 

excavation span and the CSIR Geomechanics Classification Proposed by 

Bieniawski (1976). 
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Table A.2 Guidelines for excavation and support of 10 m span rock tunnel in accordance 

with the RMR system (After Bieniawski, 1989). 
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Table A.3 Classification of individual parameters used in the NGI tunneling quality index 

(After Barton et al., 1974) 
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Table A.3 (continuity) 
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Table A.3 (continuity) 
 

 
 

Table A.4 The relationship between ESR value and excavation category (Barton et al., 

1974). 
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Figure A.2 Estimated support categories based on the tunnelling quality index Q (After 

Grimstad and Barton, 1993, reproduced from Palmstrom and Broch, 2006). 
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Figure A.3 Relationship between the maximum equivalent dimension De of an 

unsupported underground excavation and the NGI tunneling quality index Q 

(After Barton, Lien and Lunde, 1974) 
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Table A.5 The input parameters table of RMi-cal, versoin 2 to calculate RMi index 

(Palmstrom, 2002) (www.rockmass.net). 
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Table A.6 The input parameters table and output table for support design of RMi support, 

versoin 3.1 (Palmstrom, 2008) (www.rockmass.net). 
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Figure A.4 RMi support chart for discontinuous ground (Palmström, 1995). 

 

Figure A.4 RMi support chart for continuous ground (Palmström, 1995). 
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Table A.7 The modified quantitative GSI system (Sonmez, 2001). 
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Table A.8 Field estimates of uniaxial compressive strength of intact rock (Marinos and 

Hoek, 2000) 
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Table A.9. Values of the constant mi for intact rock (Marinos and Hoek, 2000) 
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