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CHAPTER 6
   

ROCK TUNNELING 
 

6.1  INTRODUCTION 
 
Chapters 6 through 10 present design recommendations and requirements for mined and bored road 
tunnels in all types of grounds.  Chapter 6 addresses analysis, design and construction issues for rock 
tunneling including rock failure mechanism, rock mass classification, excavation methods, excavation  
supports, and design considerations for permanent lining, groundwater control, and other ground control  
measures.  Chapter 10 addresses the design of various types of permanent lining applicable for rock 
tunnels. 
 
Because of the range of behavior of tunnels in rock, i.e., from a coherent continuum to a discontinuum,  
stabilization measures range from no support to bolts to steel sets to heavily reinforced concrete lining 
and numerous variations and combinations in between.  Certainly these variations are to be expected  
when going from one tunnel to another but often several are required in a single tunnel because the 
geology and/or the geometry change.  Thus, the engineer must recognize the need for change and prepare  
the design to allow for adjustments to be made in the field to adjust construction means, methods, and 
equipment to the challenges presented by the vagaries of nature.  This chapter provides the engineer with  
the basic tools to approach the design, it is not a cookbook that attempts to give instantaneous 
solutions/designs for the novice designer. 
 
The data needed for analysis and design rock tunnels and the investigative techniques to obtain the data 
are discussed in Chapter 3.  The results of the analysis and design presented hereafter are typically  
presented in the geotechnical/technical design memorandum (Chapter 4) and form the basis of the 
Geotechnical Baseline Report (Chapter 4).  Readers are referred to Chapter 7 for tunneling issues in soft 
ground. Problematic ground condition such as running sand and very soft clays are discussed in Chapter 
8. Mining sequentially based on the sequential excavation method (SEM) principles is discussed in  
Chapter 9. 
 
6.2  ROCK FAILURE MECHANISM 
 
Only in the last half-century has rock mechanics evolved into a discipline of its own rather than being a 
sub-set of soil mechanics.  At the same time there was a “merging of elastic theory, which dominated the 
English language literature on the subject, with the discontinuum approach of the Europeans” (Hoek,  
2000). These two phenomena have also occurred during a time of ever-increasing demand for economical  
tunnels. Hence, design and construction of rock tunnels have taken on a new impetus and importance in  
the overall field of heavy construction as it applies to infrastructure. 
 
Understanding the failure mechanism of a rock mass surrounding an underground opening is essential in  
the design of support systems for the openings. The failure mechanism depends on the in situ stress level 
and characteristics of the given rock mass. At shallow depths, where the rock mass is blocky and jointed,  
the stability  problems are generally associated with gravity falls of wedges from the roof and sidewalls  
since the rock confinement is generally low. As the depth below the ground surface increases, the rock  
stress increases and may reach a level at which the failure of the rock mass is  induced. This rock mass  
failure can include spalling, slabbing, and major rock burst. 
 
Conversely, excavation of an underground opening in an unweathered massive rock mass may be the 
most ideal condition.  When this condition, paired together with relatively low stresses, exists, the  
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excavation will usually not suffer from serious stability problems, thus support requirement will be 
minimal. 
 
6.2.1  Wedge Failure 
 
Due to the size of tunnel openings (relative to the rock joint spacing) in most infrastructure applications, 
the rock around the tunnel tends to act more like a discontinuum.  Behavior of a tunnel in a continuous  
material depends on the intrinsic strength and deformation properties of that material whereas behavior of  
a tunnel in a discontinuous material depends on the character and spacing of the discontinuities.  Design 
of the former lends itself more naturally to analytical modeling (similar to most tunnels in soil) whereas 
design of the latter requires consideration of possible block or wedge movement or failure wherein the 
design approach is to hold the rock mass together. By doing so, the rock is forced to form  a “ground 
arch” around the opening and hence to redistribute the forces such that the ground itself carries most of  
the “load”. 
 
To stabilize blocks or wedges, and hence the opening, the first step is to determine the number,  
orientations and conditions of the joints. The Q system, described in 6.3.4 gives the basic information  
required for the joint sets: 
 
•  Number of joints 
•  Joint roughness 
•  Joint alteration 
•  Joint water condition 
•  Joint stress condition 
 
With these parameters defined, analyses can be made of the block or wedge stability and of the support 
required to increase that stability to a satisfactory level.  For small tunnels of ordinary geometry the initial 
analysis (if not the final) can be estimated from a simple free-body approach. 
 
For larger tunnels with complicated geometry and/or a more complicated joint system, it is recommended  
that a computer program such as Unwedge be used to analyze the opening.  Once the basic parameters of  
the problem  are input to the program, a series of runs can be made to evaluate the impact of such  
variations on the calculated support required for the opening. A design practice using Unwedge will be 
introduced in  Section 6.6.2.  
 
As indicated earlier, except for a small tunnel in  very  massive rock, the concept of “solid rock” is usually  
a misconception.  As a result, the behavior of the ground around a rock tunnel is usually the combination  
of that of a blocky medium and a continuum.  Hence, the “loads” on the tunnel support system are usually  
erratic and nonuniform.  This is in contrast to soft ground tunnels where the ground may sometimes be 
approximated by elastic or elastic-plastic assumptions or where the parameters going into numerical  
modeling are significantly  more amenable to rational approximations.   
 
In its simplest terms the challenge to supporting a tunnel in rock is to prevent the natural tendency  of the 
rock to “unravel”.  Most failures in rock tunnels are initiated by a block (called “keyblocks” by Goodman, 
1980) that wants to loosen and come  out.  When that block succeeds, others tend to loosen and follow.  
This can continue until the tunnel completely collapses or until the geometry and stress conditions come 
to equilibrium and the unraveling stops.  Contrarily, if that first block can be held in place the stresses  
rearrange themselves into the ground arch around the tunnel and stability is attained. Figure 6-1 illustrates 
how detrimental blocky behavior propagates while Figure 6-2 shows how holding the key block in place 
can stabilize the opening (After Deere 1969). 

 
FHWA-NHI-09-010 6  – Rock Tunneling  
Road Tunnel Manual  6-2     March 2009  



 

 
 

 

 

 

6.2.2 Stress Induced Failure  

As the depth of a tunnel becomes greater or where adjacent underground structures exist and the ground 
condition becomes less favorable, the stress within the surrounding rock mass increases and failure occurs 
when the stress exceeds the strength of the rock mass. This failure can range from minor spalling or 
slabbing in the rock surface to an explosive rockburst where failure of a significant volume of rock mass 
occurs. 
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Step 1- Block A drops down 
Step 2- Block B rotates counterclockwise and drops out 
Step 3- Block C rotates counterclockwise and drops out 
Step 4- Block D drops out followed by block E 
Step 5- Block E drops out followed by block F 
Step 6- Block F rotates clockwise and drops out 

Figure 6-1 Progressive Failure in Unsupported Blocky Rock 

 
 

   
    

 
 

 

Shotcrete 

Rock Bolts 

Step 1- Block A and C are held in place by rock bolts and shotcrete 
Step 2- Block B is held in place by Blocks A and C 
Step 3- Block D is held in place by Blocks A, B, and C 
Step 4- Blocks E and F are held in place by Blocks A, B, and D assisted by rock bolts and shotcrete 

Figure 6-2 Prevention of Progressive Failure in Supported Blocky Rock 

 
The stress induced failure potential can be investigated using the strength factor (SF) against shear failure 
defined as (σ 1 f −σ 3 )/(σ 1 −σ3 ) , where (σ 1 f −σ3 ) is the strength of the rock mass and (σ 1 −σ3 )  is the  
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induced stress, σ1 and σ3 are major and minor principal stresses, and σ1f is major principal stress at 
failure. A SF greater than 1.0 indicates that the rock mass strength is greater than the induced stress, i.e., 
there is no overstress in the rock mass. When SF is less than 1.0, the induced stresses are greater than the 
rock mass strength, and the rock mass is overstressed and likely to behave in the plastic range. 

6.2.3 Squeezing and Swelling 

Squeezing rock is associated with the creation of a plastic region around an opening and severe face 
instability. From a tunnel design point of view, a rock mass is considered to be weak when its in-situ 
uniaxial compressive strength is significantly lower than the natural and excavation induced stresses 
acting upon the rock mass surrounding a tunnel. Hoek et. al. (2000) proposed a chart to predict squeezing 
problems based on strains with no support system as shown in Figure 6-3.  As a very approximate and 
simple estimation, Figure 6-3 can be directly used to predict squeezing potential by comparing rock mass 
strength and in-situ stress. If finite element analysis results are available, one can simply predict the 
squeezing potential based on the calculated strains from the FE analysis. For example, the squeezing 
problems, if a tunnel is excavated at the proposed depth, are severe when the calculated strains from FE 
analysis is 2.5% or higher. It should be noted that strains in Figure 6-3 are based on tunnels with no 
support installed. 

Figure 6-3	 A Relationship between Strain and Squeezing Potential of Rock Mass (Hoek, et. al., 
2000) 

 
Swelling rock, in comparison, is associated with an increase in moisture content of the rock.  Swelling  
rock can sometimes be associated with squeezing rock, but may occur without formation of a plastic zone.   
The swelling is usually associated with clay minerals, indurated to shale or slate or not, imbibing water 
and expanding. A relatively simple swell test in the laboratory will allow prediction of the swell and will  
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also provide the “swelling pressure”, where the swelling pressure is defined as that pressure that must be  
applied to the rock to arrest the swelling. Obviously, the support system has to resist at least the full  
swelling pressure to arrest the swelling movement. Montmorillinitic shales, weathered nontronite basalts,  
and some salts found in evaporate deposits are typical swelling rocks.  Chapter 8 provides more detailed 
discussions about problematic squeezing and swelling ground. 
 
 
6.3  ROCK MASS CLASSIFICATIONS 
 
6.3.1  Introduction 
 
Rock mass classification schemes have been developed to assist in (primarily) the collection of rock into  
common or similar groups.  The first truly organized  system was proposed by  Dr. Karl Terzaghi (1946)  
and has been followed by a number of schemes proposed by others. Terzaghi’s system  was mainly  
qualitative and others are more quantitative in nature.  The following subsections explain three systems 
and show how they can be used to begin to develop  and apply numerical ratings to the selection of rock  
tunnel support and lining. This section discusses various rock mass classification systems mainly used for 
rock tunnel design and construction projects. 
 
6.3.2  Terzaghi’s Classification 
 
Today rock tunnels are usually designed considering  the interaction between rock and ground, i.e., the  
redistribution of stresses into the rock by forming the rock arch.  However, the concept of loads still exists 
and may be applied early in a design to “get a handle” on the support requirement.  The concept is to 
provide support for a height of rock (rock load) that tends to drop out of the roof of the tunnel (Terzaghi, 
1946).  Terzaghi’s qualitative descriptions of rock classes are summarized in Table 6-1.  

Table 6-1 Terzaghi’s Rock Mass Classification 

Rock Condition  Descriptions 
Intact rock Contains neither joints nor hair cracks. Hence, if it breaks, it breaks 

across sound rock. On account of the injury to the rock due to blasting, 
spalls may drop off the roof several hours or days after blasting. This is 
known as a spalling condition. Hard, intact rock may also be 
encountered in the popping condition involving the spontaneous and 
violent detachment of rock slabs from the sides or roof 

Stratified rock  Consists of individual strata with little or no resistance against 
 separation along the boundaries between the strata. The strata may or 

 may not be weakened by transverse joints. In such rock the spalling 
condition is quite common 

Moderately jointed rock Contains joints and hair cracks, but the blocks between joints are locally 
grown together or so intimately interlocked that vertical walls do not 

  require lateral support. In rocks of this type, both spalling and popping 
conditions may be encountered 

Blocky and seamy rock   Consists of chemically intact or almost intact rock fragments which are 
entirely separated from each other and imperfectly interlocked. In such 
rock, vertical walls may require lateral support 

Continued on next page 
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Table 6-1 (Continued)  Terzaghi’s Rock Mass Classification 

Rock Condition  Descriptions 
 Crushed but chemically  Has the character of crusher run. If most or all of the fragments are as 

intact rock small as fine sand grains and no recementation has taken place, crushed 
rock below the water table exhibits the properties of a water-bearing 
sand 

Squeezing rock Slowly advances into the tunnel without perceptible volume increase. A 
prerequisite for squeeze is a high percentage of microscopic and sub

 microscopic particles of micaceous minerals or clay minerals with a low  
 swelling capacity 

 Swelling rock Advances into the tunnel chiefly on account of expansion. The capacity 
to swell seems to be limited to those rocks that contain clay minerals  

 such as montmorillonite, with a high swelling capacity 
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6.3.3 RQD 

In 1966 Deere and Miller developed the Rock Quality Designation index (RQD) to provide a systematic 
method of describing rock mass quality from the results of drill core logs.  Deere described the RQD as 
the length (as a percentage of total core length) of intact and sound core pieces that are 4 inches (10 cm) 
or more in length.  Several proposed methods of using the RQD for design of rock tunnels have been 
developed. However, the major use of the RQD in modern tunnel design is as a major factor in the Q or 
RMR rock mass classification systems described in the following sub-sections.  Readers are referred to 
Subsurface Investigation Manual (FHWA, 2002) for more details. 

6.3.4 Q System 

On the basis of an evaluation of a large number of case histories of underground excavations, Barton et al. 
(1974) of the Norwegian Geotechnical Institute proposed a Tunneling Quality Index (Q) for the 
determination of rock mass characteristics and tunnel support requirements. According to its developer: 
“The traditional application of the six-parameter Q-value in rock engineering is for selecting suitable 
combinations of shotcrete and rock bolts for rock mass reinforcement, and mainly for civil engineering 
projects”. The numerical value of the index Q varies on a logarithmic scale from 0.001 to a maximum 
of 1,000 and is estimated from the following expression (Barton, 2002): 

Where RQD  is Rock Quality Designation, Jn is joint set number, Jr  is joint roughness number, Ja is joint  
alteration number, Jw is joint water reduction factor, and SRF is stress reduction factor. It should be noted  
that RQD/Jn is a measure of block size, Jr/Ja is a measure of joint frictional strength, and Jw/SRF is a 
measure of joint stress. 
 
Table 6-2 (6-2.1 through 6-2) gives the classification of individual parameters used to obtain the  
Tunneling Quality Index Q for a rock mass. It is to be noted that Barton has incorporated evaluation of  
more than 1,000 tunnels in developing the Q system. 
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Table 6-2  Classification of Individual Parameters for Q System (after Barton et al, 1974) 
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Table 6-2 (Continued) Classification of Individual Parameters for Q System 
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Table 6-2 (Continued) Classification of Individual Parameters for Q System 

Evaluation of these Q-parameters and the use of Table 6-2 can be illustrated considering a reach of tunnel 
with the following properties: 

Parameter Description Value Table 
RQD 75 to 90 RQD = 80 6-2.1 
Joint Sets Two joint sets plus random joints Jn = 6 6-2.2 
Joint roughness Smooth, undulating Jr  = 2 6-2.3 

Joint alteration Slightly altered joint walls, non-softening mineral 
coatings, sandy particles, clay-free disintegrated rock, etc. Ja = 2 6-2.4 

Joint water 
reduction factor Medium inflow with occasional outwash of joint fillings Jw = 0.66 6-2.5 

Stress 
reduction factor Medium stress, favorable stress condition SRF = 1.0 6-2.6 
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With the parameters established, Q is calculated: 

⎡ RQD ⎤ ⎡ Jr ⎤ ⎡ J ⎤ 80 2 0.66Q = ⎢ ⎥ × ⎢ ⎥ × w =  ⎥  × × =⎢  9 
⎣ Jn ⎦ ⎣ Ja ⎦ ⎣ SRF ⎦ 6 2 1 

Refer to Figure 6-25 for guidance in using Q to select excavation support.  It should be noted, however, 
that “the Q-system has its best applications in jointed rock mass where instability is caused by rock falls. 
For most other types of ground behavior in tunnels, the Q-system, like most other empirical 
(classification) methods has limitations.  The Q support chart gives an indication of the support to be 
applied, and it should be tempered by sound and practical engineering judgment” (Palmstream and Broch, 
2006). The Q-system was developed from over 1000 tunnel projects, most of which are in Scandinavia 
and all of which were excavated by drill and blast methods.  When excavation is by TBM there is 
considerably less disturbance to the rock than there is with drill and blast.  Based upon study of a much 
smaller data base (Barton, 1991) it is recommended that the Q for TBM excavation be increased by a 
factor of 2 for Qs between 4 and 30. 

6.3.5 Rock Mass Rating (RMR) System 

Z.T. Bieniawski (1989) has developed the Rock Mass Rating (RMR) system somewhat along the same 
lines as the Q system.  The RMR uses six parameters, as follows: 

•  Uniaxial compressive strength of rock 
•  RQD 
•  Spacing of discontinuities 
•  Condition of discontinuities 
•  Groundwater condition 
•  Orientation of discontinuities 

 
The ratings for each of these parameters are obtained from Table 6-3. The sum of the six parameters 
becomes the basic RMR value as demonstrated in the following example. Table 6-9 presents how the 
RMR can be applied to determining support requirements for a tunnel with a 33 ft (10 m) width span. 
 
Determination of the RMR value using Table 6-3 can be demonstrated in the following example: 

Parameter Description Table 
6-3 

Value 

Rock Strength 20,000 psi = 138 MPa A1 12 

RQD 75 to 90 A2 17 

Spacing of Discontinuities 4 ft –- 1.2M A3 15 

Condition of Discontinuities Slightly rough, slightly 
weathered 

A4 25 

Groundwater Dripping A5 4 

Discontinuity Orientation Fair B -5 

Total Rating Class II, Good Rock C 68 
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 Table 6-3 Rock Mass Rating System (After Bieniawski, 1989)  
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Bieniawski, Barton and others have suggested various correlations between RMR and other parameters. 
For the purpose of this manual, the most applicable correlation between Q and RMR is given in: 

RMR−50 
15 6-2Q = 10  

6.3.6 Estimation of Rock Mass Deformation Modulus Using Rock Mass Classification 

The in situ deformation modulus of a rock mass is an essential parameter for design, analysis and 
interpretation of monitored data in any rock tunnel project. Evaluation of the stress and deformation 
behavior of a jointed rock mass requires that the modulus and strength of intact rock be reduced to 
account for the presence of discontinuities such as joints, bedding, and foliation planes within the rock 
mass. Since the in situ deformation modulus of a rock mass is extremely difficult and expensive to 
measure, engineers tend to estimate it by indirect methods. Several attempts have been made to develop 
relationships for estimating rock mass deformation modulus using rock mass classifications. 

The modulus reduction method using RQD requires the measurement of the intact rock modulus from 
laboratory tests on intact rock samples and subsequent reduction of the laboratory value incorporating the 
in-situ rockmass value. The reduction in modulus values is accomplished through a widely used 
correlation of RQD (Rock Quality Designation) with a modulus reduction ratio, EM/EL, where EL 
represents the laboratory modulus determined from small intact rock samples and EM represents the rock 
mass modulus, as shown in Figure 6-4.  This approach is infrequently used directly in modern tunnel final 
design projects. However, it is still considered to be a good tool for scoping calculations and to validate 
the results obtained from direct measurement or other methods. 

Figure 6-4 Correlation between RQD and Modulus Ratio (Bieniawski, 1984) 
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Based on the back analyses of a number of case histories, several methods have been propounded to 
evaluate the in situ rock mass deformation modulus based on rock mass classification. The methods are 
summarized in Table 6-4. 

Table 6-4 Estimation of Rock Mass Deformation Modulus Using Rock Mass Classification 

Rock Mass Deformation Modulus (MPa) Reference 
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= −+ /1125751 

/ 21100000 GSIDm e 
DE ** Hoek and Diederichs (2006) 

1002 −= RMREm  for RMR ≥ 50 Bieniawski (1978) 

( )[ ] GPaERMRRMREE iim 50/ 22.82 ,0.9exp/100 0.0028 2 =+= 
Nicholson and Bieniawski (1990) 

( /10)30.1 RMREm = Read et. al. (1999) 

* GSI represents Geological Strength Index. The value of GSI ranges from 10, for extremely po or rock mass, to 100 for intact 

rock. (GSI = RMR76 = RMR89  – 5 = 9LogeQ + 44) 

** D is a factor which depends  upon the degree of disturbance due to blast damage and stress relaxation. It varies from 0 for 

undisturbed in situ rock masses to 1 for very  disturbed rock masses. Guidelines for the selection of D are presented  in Table 6-5. 

 
 
6.4  ROCK TUNNELING METHODS 
 
6.4.1  Drill and Blast 
 
When mankind first started excavating underground, the choices of tools were extremely limited – bones, 
antlers, wood and rocks, along with a lot of muscle power.  Exactly when and where black powder was 
first used has been lost in history but it is generally  agreed that progress was quite slow until the early  
1800’s.  Then, in the mid 1800’s, Alfred Nobel invented dynamite and we began to make significant 
progress in excavations for mining, civil, and military applications.  For the reader who wants to pursue 
this interesting topic, see Hemphill (1981). 
 
Modern drill  and blast excavation for civil projects is still very much related to mining and is a mixture of 
art and science. The basic approach is to drill a pattern of small holes, load them with explosives, and  
then detonate those explosives thereby creating an opening in the rock.  The blasted and broken rock  
(muck) is then removed and the rock surface is supported so that the whole process can be repeated as 
many times as necessary to advance the desired opening in the rock. 
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 Table 6-5 Estimation of Disturbance Factor, D 

Appearance Description of Rock Mass Suggested Value 

Excellent quality controlled blasting or excavation by Tunnel 
Boring Machine results in minimal disturbance to the confined 
rock mass surrounding a tunnel. 

D = 0 

Mechanical or hand excavation in poor quality rock masses (no 
blasting results in minimal disturbance to the surrounding rock 
mass. 

Where squeezing problems result in significant floor heave, 
disturbance can be severe unless a temporary invert, as shown in 
the paragraph, is placed. 

D = 0 

D = 0.5 
No invert 

Very poor quality blasting in a hard rock tunnel results in severe 
local damage, extending 2 or 3m, in the surrounding rock mass. D = 0.8 

Small scale blasting in civil engineering slopes results in modest 
rock mass damage, particularly if controlled blasting is used as 
shown on the left hand side of the paragraph. However, stress 
relief results in some disturbance. 

D = 0.7 
Good blasting 

D = 1.0 
Poor blasting 

Very large open pit mine slopes suffer significant disturbance 
due to heavy production blasting and also due to stress relief 
from overburden removal. 

In some softer rocks excavation can be carried out by ripping 
and dozing and he degree of damage to the slope is less 

D = 1.0 
Production 
blasting 

D = 0.7 
Mechanical 
excavation 

By its very nature this process leaves a rock surface fractured and disturbed.  The disturbance typically  
extends one to two meters into the rock and can be the initiator of a wedge failure as discussed previously.   
As a minimum this usually results in an opening larger than needed for its service requirement and in the  
need to install more supports than would be needed if  the opening could be made with fewer disturbances.  
To reduce the disturbance “Controlled Blasting” technique as discussed in Section 6.4.1.1 can be applied.  
 
6.4.1.1  Controlled Blasting Principles 
 
Explosives work by a rapid chemical reaction that results in a hot gas with much larger volume than that 
occupied by the explosive.  This is possible because the explosive contains both the fuel and the oxidizer.  
When the explosive detonates, the rapidly expanding gas performs two functions: applying a sharp  
impulse to the borehole wall (which fractures the rock) and permeating the new fractures and existing 
discontinuities (which pries the fragments apart).  To deliver this one-two punch effectively, the explosive  
is distributed through the rock mass, by  drilling an array of boreholes that are then loaded with explosives 
and fired in an orderly sequence.   
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6.4.1.2 Relief 

In order to effectively fragment the rock, there must be space for the newly created fragments to move 
into. If there is not, the rock is fractured but not fragmented, and this unstable mass will remain in place. 
Therefore the geometry of the array of boreholes must be designed to allow the fragments to move.  This 
is optimum if there is more than one free face available.  Creating an artificial “free face” is discussed in 
Section 6.4.1.5.  

6.4.1.3 Delay Sequencing 

To optimize the relief, internal free faces must be created during the blast sequence.  To do this, 
millisecond delay detonators separate the firing times of the charges by very short lengths of time. 
Historically, because of scatter in the firing times of pyrotechnic detonators, “long” period delays between 
holes (on the order of hundreds of milliseconds) have been used in tunnel and underground mining, 
resulting in blasts that last several seconds.  This is changing as more accurate electronic detonators are 
developed. 

6.4.1.4 Tunnel Blast Specifics 

As mentioned, tunnel blasting (like underground mine blasting) differs from surface blasting in that there 
is usually only one free face that provides relief.  To blast some large tunnels, an upper heading is blasted 
first, and the rest of the rock is taken with a bench blast.  Often, though, the whole face is drilled and 
blasted in one event. An array of blastholes is drilled out using drilling equipment that can drill several 
holes at once.  The pattern of drill holes is determined before the blast, taking into account the rock type, 
the existing discontinuities in the rock (joints, fractures, bedding planes), and of course the desired final 
shape of the tunnel.  Figure 6-5 shows a rather simplified example of a full-face tunnel round, with the 
various types of holes.  The sequence of firings is Burn Cut (the holes in the neighborhood of the Open 
Cut Holes shown in the diagram), Production Holes (the holes in the “Blasthole Slash Area”), and the 
Smoothwall Holes (at the perimeter of the round). 

Figure 6-5 Example of a Full-face Tunnel Blast 
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6.4.1.5 Burn Cut 

Because the start of each cut with a solid face has no relief, several extra holes are usually drilled and not 
loaded with explosives in the immediate neighborhood of the initiation point.  These burn holes are 
generally larger than the explosively loaded holes, requiring an additional operation beyond the normal 
drilling. Many different geometries of burn holes are used to optimize the cut, depending on the rock type 
and joint patterns in a specific tunnel geology.  These holes are fired first, with enough firing time to 
allow the creation of a free face for the following holes to expand into. 

Production Holes The mass of the rock, following the initiation of the burn cut, are fired in a sequence so 
that the rock moves in a choreographed sequence, moving into the area opened up by the burn cut, and 
out into the open space in front of the blast. 

Wiring up the charges in the right sequence can be a challenging task in the confined environment of a 
tunnel. Figure 6-6 shows the hook-up of a rather complex blast round, with the surface connectors shown 
in red, and the period (corresponding to a specific delay time) next to each blast hole. 

Figure 6-6 Complex Round Hook-up 

The desired sequence will fire holes so that there is enough time for rock to move out of the way (create 
relief) but not so much time that the rock surrounding unfired blast holes will fracture (creating a cutoff).   
 
Perimeter Control It is important to blast so that the final wall is stable and as close to the designed 
location as possible. The final holes are loaded more lightly, and called “perimeter holes” or “smoothwall  
holes”, and fired with some extra delay so that there is sufficient time for rock to fracture cleanly and 
create little damage to the rock outside of the “neat” line (such damage is called overbreak).  Typical blast  
charges for these smoothwall holes are shown in Figure 6-7. 
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Figure 6-7 Typical Blast Charges 

Though fired after the Production Holes have been detonated, the Smoothwall Holes are often fired on the 
same delay period, creating a “zipper” effect of the holes generating a smooth fracture on the perimeter. 
 
Environmental Effects – Vibration and Airblast  Not all of the energy from blasting goes into fragmenting 
rocks – some of it is unavoidably wasted as vibration that propagates away from the blast area.  This  
vibration can be cause for concern both for the stability  of the tunnel itself, as well as neighboring 
underground and surface structures.   
 
Airblast is an air pressure wave that propagates away from the blast site, due to movement of the rock  
face and also possible venting of explosive gases from the boreholes.  This is not so much a problem in  
tunneling, where personnel are evacuated from the blast area before a blast, but still must be taken into 
account. 
 
Both of these issues are covered in more  detail in Chapter 15, Instrumentation.  
 
6.4.1.6  Blasting – Art vs. Science 
 
As mentioned earlier, explosives have been used for  a long time to excavate rock.  With the passage of  
time, engineers have studied the scientific relationships between the properties of explosives, the 
controllable variables such as the geometry of a blast and the timing, and uncontrollable variables such as 
variations in rock type and existing jointing and fracturing.  Many relationships can show the most 
appropriate configuration of the blastholes, timing, and explosive type.  However, as can be seen from the  
Figure 6-8 of actual drilling for a tunnel blast, the ideal is difficult to achieve. 
 
Holes are marked out with spray paint on an irregular surface, and drilled in a dirty, often wet 
environment.  The roof is supported with rock bolts (shown by the red squares in Figure 6-8) and meshes.  
Lighting is limited.  Overall, this makes for a very challenging work environment. 
 
Experience, or the “art” of blasting, comes into play in implementing the desired blast design.  Choice of 
an experienced and capable blasting contractor, as well as a blast consultant to advise the contractor, is 
important to obtain the desired results. 
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Figure 6-8 Drilling for a Tunnel Blast 

6.4.2 Tunnel Boring Machines (TBM) 

While progress and mechanization continued to be applied to drill and blast excavation well into the 
1960’s, the actual advance rates were still quite low, usually measured in feet per day. Mechanized 
tunneling machines or tunnel boring machines had been envisioned for over a century but they had never 
proven successful. That began to change in the 1960’s when attempts were made to apply oil field 
drilling technology. Some progress was made, but it was slow because the physics were wrong – the 
machines attempted to remove the rock by grinding it rather than by excavating it.  All of that changed in 
the later 1960’s with the introduction of the disk cutter, see Figure 6-9.  The disk cutter causes the rock to 
fail in shear, forming slabs (chips) of rock that are measured in tens of cubic inches rather than small 
fractions of a cubic inch. Much of the credit for this development, which now allows tunnels to advance 
at 10’s or even 100’s of feet per day, belongs to The Robbins Co. 

Figure 6-9 Chipping Process between Two Disc Cutters (After Herrenknecht, 2003) 
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Today, tunnel boring machines (TBM) excavate rock mass in a form of rotating and crushing by applying 
enormous pressure on the face with large thrust forces while rotating and chipping with a number of disc 
cutters mounted on the machine face (cutterhead) as shown in Figure 6-10.  Design of disc cutters RPM, 
geometry, spacing, thrust level, etc. are beyond the scope of this manual.  

Figure 6-10 Rock Tunnel Boring Machine Face with Disc Cutters for Hard Rock, Australia. 

6.4.2.1  Machine Types and Systems 
 
Tunnel Boring Machines (TBMs) nowadays are full-face, rotational (with cutter heads) excavation 
machines that can be generally classified into two general categories: Gripper and Segment as shown in  
Figure 6-11.  Based on Figure 6-11, there are three general types of TBMs suitable for rock tunneling 
including Open Gripper/Main Beam, Closed Gripper/Shield, and Closed Segment Shield, as shown within 
the dashed box on the Figure. 
 
The open gripper/beam type of TBMs are best suited for stable to friable rock with occasional fractured 
zones and controllable groundwater inflows.  As shown in Appendix D, three common types of TBMs 
belong to this category including Main Beam (Figure 6-12), Kelly Drive, and  Open Gripper (without a 
beam or Kelly).    
 
The closed shield type of TBMs for most rock tunneling applications are suitable for friable to unstable 
rocks which cannot provide consistent support to the gripper pressure.  The closed shield type of TBMs  
can either be advanced by pushing against segment, or gripper.  Note that although these machines are  
classified as a closed type of machine, they are not pressurized at the face of the machine thus cannot 
handle high external groundwater pressure or water inflows.  Shielded TBMs for rock tunneling include:  
Single Shield (Figure 6-13), Double Shield (Figure 6-14), and Gripper Shield. 
 
The typical machine elements and backup system for each category are discussed in the following section.  
Pressurized-face Closed Shield TBMs are predominantly utilized in tunneling in soft ground and are 
discussed in Chapter 7. Appendix D presents descriptions for various types of TBMs.  
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Figure 6-11 Classification of Tunnel Excavation Machines 

6.4.2.2  Machine Main and Support Elements  
 
A TBM is a complex system  with a main body  and other supporting elements to be made up of 
mechanisms for cutting, shoving, steering, gripping,  shielding, exploratory drilling, ground control and 
support, lining erection, spoil (muck) removal, ventilation and power supply.  As shown in Figures 6-12, 
6-13 and 6-14, the main body  of a typical rock TBM (either open or closed) includes some or all of the 
following components: 
 
•  Cutterhead and Support 
•  Gripper (Except Single Shield TBM) 
•  Shield (Except Open TBM) 
•  Thrust Cylinder 
•  Conveyor 
•  Rock Reinforcement Equipment 
 
In addition, the main body of a TBM is supported with a trailing system for muck and material  
transportation, ventilation,  power supply, etc.  A fully  equipped TBM can occupy over 1000 ft of tunnel.     
 
Appendix D includes detailed descriptions for each of the above TBM types.  
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Figure 6-12 Typical Diagram for a Open Gripper Main Beam TBM (Robbins). 

Figure 6-13 Typical Diagram for Single Shield TBM (Robbins) 

Figure 6-14 Typical Diagram for Double Shield TBM (Robbins) 
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6.4.2.3  Compatible Ground Support Elements 
 
Most ground  support elements discussed in Section 6.5 can be specified with the use of hard rock TBMs,  
especially if the TBMs are manufactured specifically for the project.   
 
•  Rock reinforcement by roof bolting 
•  Spiling/forepoling 
•  Pre-injection 
•  Steel ring beams with or without lagging  (wire mesh, timber, etc.) 
•  Invert segment 
•  Shotcrete 
•  Precast concrete segmental lining 
•  Others 
 
Details of the above support measures are discussed in Section 6.5 of this Chapter, and Chapter 10 Tunnel 
Lining. 
 
6.4.2.4  TBM Penetration Rate 
 
With a rock TBM, the penetration rate is affected by the following factors (from  Robbins, 1990): 
 
•  Total machine thrust 
•  Cutter spacing 
•  Cutter diameter and edge geometry  
•  Cutterhead turning speed (revolutions per minute) 
•  Cutterhead drive torque 
•  Diameter of tunnel 
•  Strength, hardness, and abrasivity  of the rock 
•  Jointing, weathering and other characteristics of the rock. 
 
However, penetration rate (an instantaneous parameter) by itself does not assure a high average advance 
rate. The latter requires a good combination of penetration rate and actual cutting time.  In turn, actual 
cutting time is affected by the following factors: 
 
•  Learning (start-up) curves 
•  Downtime for changing cutters 
•  Downtime for other machine repairs/maintenance 
•  Overly complex designs 
•  Back-up (trailing) systems 
•  Tunnel support requirements 
•  Muck handling 
•  Water handling 
•  Probe hole drilling, grouting 
•  Available time (total and shift) 
 
The bottom line is that actual utilization typically runs  in the range of 50% as shown by Figure 6-15.  
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Figure 6-15 TBM Utilization on Two Norwegian Tunnels (After Robbins, 1990)  
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6.4.3 Roadheaders 

Typical TBM’s cut circular tunnels which are the most practical cross section but not always the cross 
section that provides the most useable volume as a proportion of the total volume excavated.  The 
Japanese and others have developed specialized machines with multiple heads that cut “slots” or other 
shapes that can be more efficient in providing useable volume.   

Another approach to cutting an opening closer to some actual required section is the roadheader.  The 
basic cutting tool for a roadheader is a very large milling head mounted on a boom, which boom, in turn, 
is mounted on tracks or within a shield.  Figure 6-16 shows a large size roadheader.  Corners must be cut 
to the curvature of the milling head, but the rest of the walls, crown and invert can be cut to almost any 
desired shape. In addition and in contrast to a TBM, a single roadheader can cut variable or odd shapes 
that otherwise would require TBM excavation in combination with drill and blast or drill and blast itself. 
Because of their adaptability, availability (a few months rather than a year or longer), and lower cost, 
roadheaders also are the method of choice for relatively short tunnels, say less than one mile in length. 

Figure 6-16 AM 105 Roadheader, Australia 
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On the negative side, roadheaders are far less efficient on longer drives and in hard rock.  The picks on  
the roadheader are something like 10% as efficient as TBM disks at removing rock, must be replaced very 
frequently and simply may not be effective in rock with an unconfined compressive strength greater than  
20,000 psi (140MPa).  Changes and improvements in roadheader design are on-going, however, and it is 
expected that this will result in constant improvements in these limitations.   
 
The following is a general list when roadheaders may be considered: 
 
•  Rock strength below about 20000 - preferably  below 15000. 
•  Short runs, one of a kind openings 
•  Odd, non-circular shapes 
•  Connections, cross passages, etc 
•  Low to moderate abrasivity  
•  Preferably self supporting rock 
•  No or small inclusions - chert etc 
•  Nominal water pressure 

 
6.4.4  Other Mechanized Excavation Methods 
 
Other mechanized excavation methods are being developed by specialized equipment manufacturers to  
address specific issues in mining and civil applications.  A good example of such developments is the 
“Mobile Miner” developed by Robbins as a “non-circular hard rock cutting system to be applied to 
underground mine development” (Robbins, 1990).  The mobile miner is described as follows: 
 
“A boom  mounts a large cutter wheel with a transverse axis having rows of cutters arranged only on the 
periphery of the wheel.  As the boom is swung from side to side an excavated shape is generated with a 
flat roof and floor and curved walls. Although the prototype machines have operated only with this side-
swinging action, in order to cut openings which are better suited to vehicular tunnels the cutterhead boom 
must be elevated up and  down and at the same time swung from side to side.  In this way a horseshoe-
shaped excavation can be generated. 
 
To date such machines have had some  success in excavating openings approaching a horseshoe or slot  
configuration, but they are not commonly used.  However, they  do illustrate the points that shapes other 
than circular can be cut and that inventive and special-purpose machines are constantly being developed. 
 
6.4.5  Sequential Excavation Method (SEM)/ New Austrian Tunneling Method (NATM) 
 
In actual practice, the Sequential Excavation Method (SEM)/New Austrian Tunneling Method (NATM) 
has been adapted from its original concept, which applied to rock  tunnels only,  to a more general concept 
that applies to tunnels in either soil or rock.  Readers are referred to Chapter 9 “SEM Tunneling” for more 
detailed discussion. 
 
 
6.5  TYPES OF ROCK REINFORCEMENT AND EXCAVATION SUPPORT 
 
6.5.1  Excavation Support Options 
 
The purpose of an initial support (sometimes called temporary lining, or temporary support of excavation)  
in rock tunneling is to keep the opening open, stable and safe until the final lining is installed and 
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construction is complete.  As a consequence the initial support system in a rock tunnel can be one or a  
combination of a number of options: 
 
•  Rock reinforcement (i.e., rock dowels, rock bolts, rock anchors, etc.)  
•  Steel ribs 
•  Wood or other lagging 
•  Lattice girders 
•  Shotcrete 
•  Spiles or forepoling 
•  Concrete 
•  Re-steel mats  
•  Steel mats  
•  Cables 
•  Precast concrete segments  
•  Others 

 
The first five above are the most common on US projects, and of those, a combination of rock bolts or  
dowels and shotcrete is the single most common.  Especially in good (or better) rock tunnels, modern  
rock bolting machines provide rapid and adjustable “support” close to the heading by knitting and holding  
the rock (ground) arch in place, thus taking maximum advantage of the rock’s ability to support itself.  
Preferably, shotcrete is added (if needed) a diameter or so behind the face where its dust and grit and 
flying aggregate is not the problem for both workers and equipment that it is at the heading.  Where there  
is a concern with smaller pieces of rock falling, the system can be easily modified by adding shotcrete 
closer to the face or more usually, by embedding any  of a number of types of steel mats in the shotcrete. 
 
Where the rock quality is lower there is currently  a movement toward replacing steel ribs by lattice 
girders – perhaps somewhat more so in Europe than in the US.  Like steel ribs, the lattice girders form a  
template of sorts for the shotcrete and for spiling.  However, the lattice girders are lighter and can be  
erected faster. To provide the same support capacity, the lattice girder system may require nominally  
more shotcrete (e.g., an additional ½ to 1 inch) but that is more than compensated for by the easier and  
faster erection.  A second new trend is the use of steel fiber reinforced shotcrete.  The fiber doesn’t  
change the compressive strength significantly  but does produce a significant increase in the toughness or 
ductility of the shotcrete.  Chapter 9 provides more detailed discussion about shotcrete and lattice girder. 
 
6.5.2  Rock Reinforcement 
 
Rock reinforcement including rock dowels and bolts are used to hold loose (key)  blocks in place and/or to  
knit together the rock (ground) arch that actually provides the support for an opening in rock.  Dowels and  
bolts are very similar but the differences in their behavior can be quite significant. 
 
6.5.2.1  Rock Dowel  
 
Rock dowels as shown in Figure 6-17a, are passive  reinforcement elements that require some ground 
displacement to be activated.  Similar to passive concrete reinforcement, the reinforcement effect of 
dowels is activated by the movement of the surrounding material.  In  particular, when displacements 
along discontinuities occur, dowels are subject to both shear and tensile stresses (Figure 6-17b).  The level 
of shear and tensile stress and the ratio between them  occurring during a displacement is dependent on the 
properties of the surrounding ground, the properties of the grout material filling the annular gap between  
the dowel and the ground and the strength and ductility  parameters of the dowel itself.  Also, the degree 
of dilation during shear displacement influences the level of stress acting within the dowel.  Table 6-6  
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describes various types of rock dowels.  In addition, Table 9-5 summarizes commonly used rock dowels 
and application considerations for the installation as part of initial support in SEM tunneling in rock. 

For example a #9 dowel 10 ft. long will have to elongate almost 0.2 inch before it develops its full design 
capacity of 40,000 lb.  This may not be a concern in most applications where there is some interlocking 
between rock blocks due to the natural asperities on discontinuity surface.   

 
             

                                                                                
 

 
   

 

 
 

(a) 

 (b) 

Figure 6-17 (a) Temporary Rock Dowel; (b) Schematic Function of a Rock Dowel under Shear 

6.5.2.2  Rock Bolts 
 
Rock bolts (Figure 6-18) have a friction or grout anchor in the rock and are tensioned as soon as that  
anchorage is attained to actively  introduce a compressive force into the surrounding ground. This axial 
force acts upon the rock mass discontinuities thus increasing their shear capacity and is generated by pre-
tensioning of the bolt.  The system requires a ‘bond length’ to enable the bolt to be tensioned. Rock bolts  
frequently are fully bonded to the surrounding ground after tensioning, for long-term load transfer 
considerations. They may or may not be grouted full  length.  In any case, bolts begin to support or knit  
the rock as soon as they are tensioned, that is, the rock does not have time to begin to move before the 
bolt becomes effective. Table 6-6 describes various types of rock bolts.  In addition, Table 9-5 
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summarizes commonly used rock bolts and application considerations for the installation as part of initial 
support in SEM tunneling in rock. 

Figure 6-18 Typical Section of Permanent Rock Bolt 

Table 6-6 Types of Rock Bolts 

Type Description Illustration 
Resin Grouted 
Rock Bolt 

• Additional capacity due to side friction 
• develops after setting of the second resin 
• Good for soft and hard rocks 
• Withstands blasting vibrations 

Expansion shell 
rock bolt 

• Post grouted expansive bolt 
• Good for relatively good rocks 
• Fully grouted 
• Corrosion protection 

Continued on next page 
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 Table 6-6 (continued) Common Types of Rock Bolts 

Type Description Illustrations 
Split set stabilizers • Slotted bolt is inserted into a slightly 

smaller diameter hole 
• Induced radial stress, anchors the system 

in place by friction 
• Mainly for mining, and under mild rock 

burst conditions 
• It slips instead of suddenly failing 
• Limited load handling 

Swellex • Length up to 12 m 
• Hole diameter =32-52 mm 
• Tensile load= 100 -240 kN 
• Inflation pressure ≈ 30 Mpa 
• Instant full load bearing capacity 
• Fast application 
• Not sensitive to blasting 
• Elongation range: 20-30% 

Self Drilling • Drilling, installation, and injection in one 
Anchor single operational step  

• No pre-drilling of a borehole by using a 
casing tube and extension rods with 
subsequent anchor installation necessary  

• Minor space requirement for anchor 
installation 

• Optimized machinery and manpower 
requirements  

Cablebolt • Primarily used to support large 
reinforcement underground structures, i.e mining 

applications, underground power caverns 
etc. 

• Can handle high loads 
• Tendons are grouted with concrete mix 
• At very high loads the governing 

parameter is most often the bond between 
the tendon and the grout 

• Cable capacity is confining stress 
dependent 



 

 
 

 
 

 

 
 
 

 

 
 

 
 
 
 

6.5.3 Ribs and Lagging 

Ribs and lagging (Figure 6-19) are not used as much now as they were even a couple of decades ago. 
However, there are still applications where their use is appropriate, such as unusual shapes, intersections, 
short starter tunnels for TBM, and reaches of tunnel where squeezing or swelling ground may occur. 

In 1946, Proctor and White (with major input from Dr. Karl Terzaghi) wrote the definitive volume “Rock 
Tunneling with Steel Supports”.  Their design approach assumes the ribs are acted upon by axial thrust 
and by bending moments, the latter a function of the spacing of the lagging or blocking behind the ribs. 
This approach is still valid when wood or other blocking is used with steel ribs and hence will not be 
repeated here.  In today’s applications, steel ribs are often installed with shotcrete being used instead of 
wood for the blocking (lagging) material.  When shotcete is used, it often does not fill absolutely the 
entire void between steel and rock.  Hence, with properly applied shotcrete it is recommended that the 
maximum blocking point spacing be taken as 20 in. and the design proceed according to the Proctor and 
White procedure. 

Figure 6-19 Steel Rib Support  
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6.5.4  Shotcrete 
 
Shotcrete is simply concrete sprayed into place through a nozzle.  It contains additives to gain strength  
quicker and to keep it workable until it is sprayed.  Shotcrete can be made with or without the addition of  
reinforcing fibers and can be sprayed around and through reinforcing bars or lattice girders.  Both the 
quality and properties of shotcrete can be equal to those of cast in place concrete but only  if proper care  
and control of the total placement procedure is maintained throughout.  The reader is referred to Section 
9.5.1 for more details related to the design and use of shotcrete as a support and lining material.   
 
6.5.5  Lattice Girder 
 
Lattice girders are support members made up of steel reinforcement bars laced together (usually) in a 
triangular pattern (see  
Figure 6-20) and rolled to match the shape of the opening.  Because their area is typically very small  
compared to the surrounding shotcrete, lattice girders do not, by themselves, add greatly to the total 
support of an opening.  However, they do provide two significant benefits: 
 
1. 	 They are typically spaced similarly to rock bolts, thus they quickly provide temporary support to  

blocks having an immediate tendency to  loosen and fall 
2. 	 They  provide a ready template for assuring that a sufficient thickness of shotcrete is being applied 

 

 

 

 

 
 

(a) 

(b) 

Figure 6-20 (a) Lattice Girder Configuration (Emilio-2-2901-1997); (b) Estimation of Cross Section 
for Shotcrete-encased Lattice Girders (Emilio-2-2901-1997) 
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Generally, lattice girders are used much more frequently in tunnels driven by the sequential excavation 
method. Therefore, the reader is directed to Chapters 9 for further discussion of these supports.   

6.5.6 Spiles and Forepoles 

Spiles and forepoles (Figure 6-21) are used interchangeably to describe support elements consisting of 
pipes or pointed boards or rods driven ahead of the steel sets or lattice girders.  These elements (herein 
called spiles) provide temporary overhead protection while excavation for and installation of the next set 
or girder is accomplished.  Typically, spiles are driven in an overlapping arrangement as shown in Figure 
6-21 so that there is never a gap in coverage. Design of spiles is best described as “intuitive” as it must be 
kept flexible and constantly adjusted in the field as the ground behavior is observed during the 
construction.  A working first approximation of design load might be a height of rock equal to 0.1B to 
0.25B, where B is the width of the opening.  Section 9.5.4.1 provides discussions for pre-support 
measures involving spiling or grouted pipe arch canopies that bridge over the unsupported excavation 
round. 

Figure 6-21 Spiling (Forepoling) Method of Supporting Running Ground 

6.5.7  Precast Segment Lining  
 
Tunnel lining consisting of precast segments may  be used in single-pass or double pass lining systems to  
support rock loadings and water pressures. Generally the concrete segments are reinforced either with 
reinforcement bar or fiber. The segment ring usually consists of five to seven segments with a key  
segment. The ring division and the segment dimension have to be optimized according to project specific 
requirements such as tunnel diameter, maximum size for transport  and installation (erector), and number 
of thrust jacks and their distribution over the range of the ring. Figure 6-22 illustrates a typical seven ring 
plus one key segment concrete lining. A typical circumferential dowel (Figure 6-22a) and radial bolt  
(Figure 6-22b) are also presented. 
 
The precast segment concrete lining is mostly used in TBM tunnel construction projects and, at this time,  
more frequently  in soft ground tunnels. The segmental ring is erected in the TBM tail shield and during  
the advance, the rams act on the ring. The ring never can be independent from the TBM, hence the design 
of the TBM and the segmental ring must be harmonized. Rams must act on prepared sections of the ring, 
rolling of the tunnel shield and the ring must be taken into account. The ram axis should be identical with 
the ring axis. The ring taper should be designed according to the TBM curve drive capabilities and not 
only according to the designed tunnel axis. Details of design considerations for precast segment lining 
will be discussed in Chapter 10. 
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6.6 DESIGN AND EVALUATION OF TUNNEL SUPPORTS 

There exists a wide range of tunnel support systems as shown in previous sections. In recent years the 
tunneling community has moved away from support to reinforcement as the basic approach.  That is, from 
providing heavy structures, primarily ribs and lagging, to using rock bolts and dowels, spiling, lattice 
girders and shotcrete. In all of these latter systems the goal is to keep the rock from moving and blocks 
from loosening thereby keeping a large dead load of rock from coming onto the support system; that is 
holding the rock together and causing the ground around the opening to form a natural and self supporting 
ground arch around the opening. 

      
 

 
  

 

(a) 	 (b) 
Figure 6-22	 A Typical Seven Segment and a Key Segment Precast Segment Lining: (a) Circumferential 

Dowel; (b) Radial Bolt 
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This trend was started in the U.S. on the Washington D.C. subway system where on two successive 
sections the amount of structural steel support was reduced by three quarters.  This was accomplished by 
holding the rock in place with rock bolts until the final lining of shotcrete with light ribs at four foot 
centers could be installed and become effective in causing the rock to help support itself.  In contrast, the 
previous section relied upon steel ribs to carry the dead (rock) loads and thus required twice the weight of 
steel members at one-half the spacing. 

Tunnel support design is an iterative process including assumptions on support type installed and 
evaluating the support pressure it provides. Table 6-7 lists typical tunnel support systems used in the 
current practice for various ground conditions. This table can be used for the initial selection of the 
support system to initiate the interaction and iteration. 

Table 6-7 Typical Initial Support and Lining Systems Used in the Current Practice (TRB, 2006) 

Ground Rock bolts 
Rock bolts 
with wire 

mesh 

Rock bolts 
with 

shotcrete 

Steel ribs 
and lattice 
girder with 
shotcrete 

Cast-in
place 

concrete 

Concrete 
segments 

Strong rock 

Medium Rock 

Soft Rock 

Soil 

O O 
O O 
O O O 

O O O 
O O O 
O O O 
O O O 

In making the selection of support measures for a given project, however, the full range of possible 
support system  should be considered simply because each project is unique.  Factors to be considered  
include the following: 
 
1.	  Local custom: contractors like to use systems with which they are familiar. 
2.	  Relative costs: for example, is it cost effective to design bolts with suitable corrosion resistance to 

assure their permanence. 
3.	  Availability of materials 
 
This Section introduces design practice and evaluation of initial tunnel supports, including empirical, 
analytical and numerical methods. Design of underground structures can be based largely on previous 
experience and construction observations to assess expected performances of specified ground support  
systems.  
 
6.6.1  Empirical Method 
 
Terzaghis’s tunnelman’s classification (Table 6-1) of rock condition and recommended rock loadings,  
expressed as a function of tunnel size are presented in Table 6-8.  These recommendations sprang from 
Terzaghi’s observations in the field and his trap door  experiments in the laboratory.    
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 Table 6-8 Suggested Rock Loadings from Terzaghi’s Rock Mass Classification 

Rock condition Rock Load, Hp (ft) Remarks 

Hard and intact Zero Light lining, required only if spalling or 
popping occurs 

Hard stratified or schistose 0 to 0.5 B Light support. Load may change erratically 
from point to point Massive, moderately jointed 0 to 0.25 B 

Moderately blocky and seamy 0.25B to 0.35 
(B + Ht) 

No side pressure 

Very blocky and seamy (0.35 to 1.10) 
(B + Ht) 

Little or no side pressure 

Completely crushed but 
chemically intact 1.10 (B + Ht) 

Considerable side pressure. Softening effect 
of seepage towards bottom of tunnel requires 
either continuous support for lower ends of 
ribs or circular ribs 

Squeezing rock, moderate 
depth 

(1.10 to 2.10) 
(B + Ht) Heavy side pressure, invert struts required. 

Circular ribs are recommended Squeezing rock, great depth (2.10 to 4.50) 
(B + Ht) 

Swelling rock 
Up to 250ft. 
irrespective of value of  
(B + Ht) 

Circular ribs required. In extreme cases use 
yielding support 

As a first approximation to rock bolt or dowel selection, Cording et al. (1971) provides a compilation of 
case histories for underground rock excavations based on excavation sizes (span width and height), as 
shown in Figure 6-23 and Figure 6-24, the following are recommended by Cording et al. (1971): 
 
•  A crown support pressure equal to a rock load having a height of 0.3B. 
•  A sidewall support pressure of 0.15H. 
•  A crown bolt length of 0.33B. 
•  A sidewall bolt length of 0.33H. 
 
where B is the opening width.  In rock with an RQD greater than 75%, it is expected that the sidewall  
pressure typically will be smaller (often zero) than estimated above and only spot bolts to hold obvious 
wedges will be required. 
 
Two most widely  used rock mass classifications, RMR and Q, incorporate geotechnical, geometrical, and  
engineering parameters. Using rock mass classifications and equivalent dimension of the tunnel, which is  
defined as ratio of dimension of tunnel and ESR (Excavation Support Ratio), Barton et al. (1974)  
proposed a number of support categories and the chart was updated by Grimstad and Barton (1993). The  
updated chart using the Q system is presented in Figure 6-25. Table 6-9 presents how the RMR is applied 
to support design of a tunnel with 10 m span. 
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(a) 

(b) 

Figure 6-23 Support Pressures (a) and Bolt Lengths (b) Used in Crown of Caverns (Cording, 1971) 
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(a) 

(b) 

Figure 6-24 Support Pressures (a) and Bolt Lengths (b) Used on Cavern Walls (Cording, 1971) 
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Reinforcing Categories: 
(1) Unsupported 
(2) Spot Bolting 
(3) Systematic Bolting 
(4) Systematic bolting with 40-100 mm unreinforced shotcrete 
(5) Fiber reinforced shotcrete, 50 - 90 mm, and bolting 
(6) Fiber reinforced shotcrete, 90 - 120 mm, and bolting 
(7) Fiber reinforced shotcrete, 120 - 150 mm, and bolting 
(8) Fiber reinforced shotcrete, > 150 mm with reinforced ribs of shotcrete and bolting 
(9) Cast concrete lining 

Figure 6-25 Rock Support Requirement using Rock Mass Quality Q System 

 
It should be noted that “the Q-system  has its best applications in jointed rock mass where instability is 
caused by rock falls.  For most other types of ground behavior in tunnels the Q-system, like most other 
empirical (classification) methods has limitations.  The Q support chart gives an indication of the support 
to be applied, and it should be tempered by sound and practical engineering judgment” (Palmstream  and 
Broch, 2006).  
 
Also note that the Q-system was developed from over 1000 tunnel projects, most of which are in 
Scandinavia and all of which were excavated by drill and blast methods.  When excavation is by TBM  
there is considerably less disturbance to the rock than there is with drill and blast.  Based upon study of a 
much smaller data base, Barton (1991)  recommended that the Q for TBM excavation be increased by a 
factor of 2 for Qs between 4 and 30. 
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 Table 6-9 Guidelines for Excavation and Support of 10 m Span Rock Tunnels in Accordance with 
the RMR System (after Bieniawski, 1989) 

Rock mass 
class Excavation 

Rock bolts (20 mm 
diameter, fully 
grouted) 

Shotcrete Steel sets 

I – very good 
rock 
RMR: 81-100 

Full face 
3 m advance 

Generally no support required except spot bolting 

II – Good rock Full face, 1-1.5 m advance. Locally, bolts in 50 mm in None 
RMR: 61-80 Complete support 20 m from 

face 
crown 3 m long, 
spaced 2.5 m with 
occasional wire mesh 

crown where 
required 

III – Fair rock Top heading and bench 1.5-3 Systematic bolts 4 m 50-100 mm None 
RMR: 41-60 m advance in top heading.  

Commence support after each 
blast. Complete support 10 m 
from face 

long spaced 1.5-2 m 
in crown and walls 
with wire mesh in 
crown 

in crown and 
30 mm in 
sides 

IV – Poor rock Top heading and bench 1.0 Systematic bolts 4-5 100-150 mm Light to 
RMR: 21-40 1.5 m advance in top heading.  

Install support concurrently 
with excavation, 10 m from 
face 

m long, spaced 1-1.5 
m in crown and walls 
with wire mesh 

in crown and 
100 mm in 
sides 

medium ribs 
spaced 1.5 m 
where 
required 

V – Very poor Multiple drifts Systematic bolts 5.6 150-200 mm Medium to 
rock RMR: < 20 0.5-1.5 m advance in top m long, spaced 1-1.5 in crown, 150 heavy ribs 

heading. Install support m in crown and walls mm in sides, spaced steel 
concurrently with excavation.  with wire mesh.  Bolt and 50 mm lagging and 
Shotcrete as soon as possible invert. on face forepoling if 
after blasting. required. 

Close invert. 
Note Table 6-9 above assumes excavation  by drill and  blast. 
 
Barton et al. (1980) proposed rock bolt length, maximum unsupported spans and roof support  pressures to  
supplement the support recommendations. The length of rock bolts, L can be estimated from the 
excavation width, B and the Excavation Support Ratio (ESR) as follow: 
 

        
The maximum unsupported span can be estimated from: 
 

Maximum Unsupported Span = 2  ESR  Q0.4 , in meters 6-4
 
Grimstad and Barton (1993) proposed a relationship between Q value and the permanent roof support  
pressure, Proof as follow: 
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The value of Excavation Support Ratio (ESR) is related to the degree of security which is demanded of 
the support system installed to maintain stability of the excavation. Barton et al. (1974) suggested ESR 
values for various types of underground structures as presented in Table 6-10. An ESR value of 1.0 is 
recommended for civil tunnel projects. 

Table 6-10 Excavation Support Ratio (ESR) Values for Various Underground Structures  
 (Barton et al., 1974) 

Excavation Category Suggested ESR 
Value 

A Temporary mine openings 3 – 5 

B Permanent mine openings, water tunnels for hydro power (excluding high 
pressure penstocks), pilot tunnels, drifts and headings for large excavations. 1.6 

C Storage rooms, water treatment plants, minor road and railway tunnels, 
surge chambers, access tunnels 1.3 

D Power stations, major road and railway tunnels, civil defense chambers, 
portal intersections 1.0 

E Underground nuclear power stations, railway stations, sports and public 
facilities, factories 0.8 

6.6.2  Analytical Methods  
 
The state of stress due to tunnel excavation can be calculated from analytical elastic closed form 
solutions. Kirsch’s elastic closed form  solution is one of the commonly used analytical solutions and is  
presented in Appendix E. The closed form solution is restricted to simple geometries and material models,  
and therefore often of limited practical value.  However, the solution is considered to be a good tool for a 
“sanity check” of the results obtained from numerical analyses. 
 
The interaction between rock support and surrounding ground is well described by the ground reaction 
curve (Figure 6-26), which relates internal support pressure to tunnel wall convergence. General 
description of ground reaction curve is well described Hoek (1999).    

  
                                                                

 

(a) (b) 


Figure 6-26 Ground Reaction Curves between Support Pressure and Displacement (Hoek et al., 1995) 
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As shown in Figure 6-26a, zero displacement occurs when the support pressure equals in-situ stress, i.e., 
Pi = Po. When the support pressure is greater than critical support pressure and less than in-situ stress, i.e., 
Po >Pi  >Pcr, elastic displacement occurs. When the support pressure is less than the critical support 
pressure, i.e., Pi < Pcr, plastic displacement occurs. Once the support has been installed and is in full and 
effective contact with the surrounding rock mass, the support starts to deform elastically.  Maximum 
elastic displacement which can be accommodated by the support system is usm and the maximum support 
pressure, Psm is defined by the yield strength of the support system. As shown in Figure 6-26b, the tunnel 
wall displacement has occurred before the support is installed and stiffness and capacity of support 
system controls the wall displacement. 

Hoek (1999) proposed a critical support pressure required to prevent failure of rock mass surrounding the 
tunnel as follow: 

 2Po −σ cm 1+ sinφPcr = , k = 6-6
1+ k 1− sinφ 

        
Where: 

Pcr   = Critical support pressure 
Po   = Hydrostatic stresses 
σcm   = Uniaxial compressive strength of rock mass 
φ    = Aangle of friction of the rock mass 

 
If the internal support pressure, Pi is greater than the critical support pressure Pcr, no failure occurs and the 
rock mass surrounding the tunnel is elastic and the inward displacement of tunnel is controlled.  
 
A more realistic design, especially for large tunnels and large underground excavations, is based on the  
true behavior of rock bolts: to act as reinforcement of the rock arch around the opening. This rock 
reinforcement increases the thrust capacity of the rock arch.  The design objective is to make that increase  
in thrust capacity equivalent to the internal support that would be calculated to be necessary to stabilize 
the opening. 
 
The increase in unit thrust capacity (ΔTA) of the reinforced zone (rock arch) shown in Figure 6-27 is given 
by the equation (see Figure 6-27) developed by Bischoff and Smart (1977):   
 

 
   

 Figure 6-27 A Reinforced Rock Arch (After Bischoff and Smart, 1977) 

FHWA-NHI-09-010 6  – Rock Tunneling  
Road Tunnel Manual  6-40 March 2009  
  



 

 
 

 2 ⎛ o φ ⎞ T A
ΔTA = Tan ⎜45 + ⎟ b 

2 
b t 6-7 

⎝ 2 ⎠ S 
     

 
 

 
 

 
 

  

 

  

 

  

 

 

 

 

   

where ΔTA is increase in unit thrust capacity of the rock arch, φ is effective friction angle of the rock 
mass, Tb is stress at yield of the rock reinforcement steel (fully grouted rock bolts), Ab is cross-sectional 
area of the reinforcement steel, S is spacing of the reinforcement steel, in both directions, t is effective 
thickness of the rock arch (= L – S), and L is length of the reinforcement steel. 

Analytical solutions to calculate support stiffness and maximum support pressure for concrete/shotcrete, 
steel sets, and ungrouted mechanically or chemically anchored rock bolts/cables are summarized in Table 
6-11. 

Table 6-11 Analytical Solutions for Support Stiffness and Maximum Support Pressure for Various 
Support Systems (Brady & Brown, 1985) 

Support System Support stiffness (K) and maximum support pressure (Pmax) 
Concrete /Shotcrete lining ( )[ ] 
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Ungrouted mechanically or 
chemically anchored rock bolts or 
cables 
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NOTATION: K = support stiffness; Pmax c c

lining thickness (Figure 6-28a); ri = internal tunnel radius (Figure 6-28a); σcc = uniaxial compressive strength  of 
concrete or  shotcrete;  W = flange  width  of  steel set and side length of square block;  X  = depth  of section of steel set;  
As = cross section area of steel set; Is = second moment of area of steel set; Es = Young’s modulus of steel; σys = 
yield strength  of steel; S = steel set spacing along the tunnel axis; θ= half angle between blocking points in radians 
(Figure 6-28b);  tB = thickness of block;  EB = Young’s modulus of block material;  l = free bolt or cable length;  db = 
bolt  diameter or equivalent cable diameter;  Eb = Young’s modulus of bolt or cable; Tbf  = ultimate failure load in  pull
out test; sc = circumferential bolt spacing; sl = longitudinal bolt spacing;  Q = load-deformation constant for anchor  
and head. 
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(a) (b) 

Figure 6-28 Support Systems: (a) Concrete / Shotcrete Lining, (b) Blocked Steel Set  
 

 

 
  

 
 

The size and shape of wedges formed in the rock mass surrounding a tunnel excavation depend upon 
geometry and orientation of the tunnel and also upon the orientation of the joint sets. The three 
dimensional geometry problems can be solved by computer programs such as UNWEDGE (Rocscience 
Inc.). UNWEDGE is a three dimensional stability analysis and visualization program for underground 
excavations in rock containing intersecting structural discontinuities. UNWEDGE provides enhanced 
support models for bolts, shotcrete and support pressures, the ability to optimize tunnel orientation and an 
option to look at different combinations of three joint sets based on a list of more than three joint sets. In 
UNWEDGE, safety factors are calculated for potentially unstable wedges and support requirements can 
be modeled using various types of pattern and spot bolting and shotcrete. Figure 6-28 presents a wedge 
formed by UNWEDGE on a horse-shoe shape tunnel. 

         
                                                          

 
  

(a) (b) 

Figure 6-29 UNWEDGE Analysis: (a) Wedges Formed Surrounding a Tunnel; (b) Support 
Installation 
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6.6.3  Numerical Methods  
 
Another powerful design tool is an elasto-plastic finite element or finite difference stress analysis. Finite 
element or finite difference analysis has been used for a wide range of engineering projects for the last 
several decades. Complex,  multi-stage models can be  easily created and quickly analyzed. The analyses  
provide complex material modeling options and a wide variety  of support types can be modeled. Liner 
elements, usually modeled as beam elements, can be applied in the modeling of shotcrete, concrete layers, 
and steel sets. A typical finite element analysis layout to design support system is presented in Figure  
6-30. 

 
 

 Figure 6-30 Design of Support System in FE Analysis (o: Yield in Tension, x: Yield in Compression) 

Almost every project undertaken today requires numerical modeling to predict behavior of structures and 
the ground, and there is no shortage of numerical analysis programs available to choose from.  
Perspectives on numerical modeling in tunneling fields have changed dramatically during the last several 
decades. In the past, numerical modeling was generally thought to be either irrelevant or inadequate. The 
focus has now shifted to numerical computations as numerical techniques advance.  There are a number 
of commercial computer programs available in the market—the problem is in knowing how to use these 
programs effectively and in having an understanding of their strengths and weaknesses.   
 
All the programs require the user to have a sound understanding  of the underlying numerical models and 
constitutive laws. The user interface is improving with the most recent Windows programs, although the 
learning curve for all the programs should not be underestimated. A number of numerical methods have 
been developed in civil engineering practice.  The methods include finite element method (FEM), finite  
difference method (FDM), boundary element method (BEM), discrete element method (DEM) and 
hydrocodes. The numerical modeling programs commercially available in tunnel design and analysis are 
briefly introduced in Table 6-12. 
 
Continuum Analysis FEM, FDM and BEM are so-called continuum analysis methods, where the domain  
is assumed to be a homogeneous media. These methods are used extensively for analysis of underground 
excavation design problems. To account for the presence of discontinuities, mechanical and hydraulic 
properties of rock mass were reduced from those measured from intact samples. (Refer to section 6.3.6) 
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Table 6-12 Numerical Modeling Programs used in Tunnel Design and Analysis 
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Programs Descriptions Applications 
FLAC  •   A two-dimensional finite difference code  • Mechanical behavior of soils and rock 
FDM  • Widely used in general analysis and as a  mass 
 

 • 

 • 

 • 

design tool applied to a broad range of 
problems 
Using user-defined constitute models and 
FISH functions, it is well suited for 
modeling of several stages, such as 
sequential excavation, placement of supports 
and liners, backfilling and loading.  
As an option, this program enables dynamic 
analysis, thermal analysis, creep analysis, 
and two-phase flow analysis.  
The explicit solution process of finite 
difference code enables numerical 
calculations stable, however, requires high 

 running time when complex geometry 
and/or sequence modeling is involved. 

 • 

 • 

 • 

 • 

Coupling of hydraulic and mechanical 
behavior of soils 
Well suited for tunneling or 
excavation in soil 
Global overview of engineering 
solution in rock mass, where 
equivalent properties of the rock mass 
should be properly evaluated 
Seismic analysis 

FLAC 3D  • Three-dimensional version of FLAC  • Complex three-dimensional behavior 
FDM  • Meshing generation software is 

recommended for complicated geometry.  • 
of geometry  
Suitable for interaction study for 
crossing tunnels 

PLAXIS  • A finite element packages for two  • Tunneling and excavations in soil 
FEM 

 • 
 • 

dimensional and three-dimensional analysis 
Automatic finite element mesh generator  
User Friendly 

 • 

 • 

Coupling of hydraulic and mechanical 
behavior 
Modeling of hydrostatic and non-
hydrostatic pore pressures in the soil 

PHASE2  • Two-dimensional elasto-plastic finite  • Tunneling and excavations in rock  
FEM 

 • 
 • 
 • 

element stress analysis 
Well suited for rock engineering 
Automatic finite element mesh generator 
Easy-to-use 

 • Global overview of engineering 
solution in rock mass 

SEEP/W  • A finite element code for analyzing  • Steady state and transient 
 groundwater seepage and excess pore-water groundwater seepage analysis for 
 

 • 

 • 
 
 
  
 
 
 
 

pressure dissipation problems within porous 
materials 

 Available from simple, saturated steady-
state problems to sophisticated, saturated-
unsaturated time-dependent problems 
Both saturated and unsaturated flow 

 • 
tunnels and excavations 
Equivalent properties of the rock mass 
should be properly evaluated 
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Table 6-12 Continued 
MODFLOW • A modular finite difference groundwater 
FDM flow model  

• Most widely used tool for simulating 
groundwater flow 

• To simulate aquifer systems in which (1) 
saturated flow conditions exist, (2) Darcy’s 
Law applies, (3) the density of groundwater 
is constant, and (4) the principal directions 
of horizontal conductivity or transmissivity 
do nor vary within the system 

• Three-dimensional steady state and 
transient flow 

• Modeling of heterogeneous, 
anisotropic aquifer system  

• Fate and transport modeling for 
geoenvironmental problems with 
available package 

UDEC • A two-dimensional discrete element code 
DEM • Well suited for problems involving jointed 

rock systems or assemblages of discrete 
blocks subjected to quasi-static or dynamic 
conditions 

• Modeling of large deformation along the 
joint systems  

• The intact rock (blocks) can be rigid or 
deformable blocks 

• Full dynamic capability is available with 
absorbing boundaries and wave inputs 

• Joints data can be input by statistically-
based joint-set generator 

• Coupling of hydraulic and mechanical 
modeling  

• Tunneling and excavation in jointed 
rock mass 

• Well suited if dominating weak planes 
are well identified with their 
properties properly quantified  

• Hydrojacking potential analysis for 
pressure tunnels, which requires 
details of joint flow, aperture and 
disclosure relationships 

• Seismic analysis 

3DEC • Three-dimensional extension of UDEC • Complex three-dimensional behavior 
DEM • Specially designed for simulating the quasi-

static or dynamic response to loading of rock 
mass containing multiple, intersecting joint 
systems 

• Full hydromechanical coupling is available 

of geometry 
• Suitable for interaction study for 

crossing tunnels in jointed rock mass 
• Hydrojacking potential analysis for 

pressure tunnels 
UNWEDGE • Pseudo-three-dimensional wedge generation 

and stability analysis for tunnels 
• Simple safety factor analysis 
• Three joint sets are required to form wedges 

• Conceptual analysis tool for tunnel 
support design 

• A parametric study for wedge loading 
diagrams for tunnel 

SWEDGE • Pseudo-three-dimensional surface wedge 
analysis for slopes and excavations 

• An easy to use analysis tool for evaluating 
the geometry and stability of surface wedges 

• Wedges formed by two intersecting 
discontinuity planes and a slope surface 

• Conceptual design of slopes  
• A parametric study for wedge loading 

diagrams for slopes and excavations 



 

 
 

 
 

 

 

 
 
 
 

 

 
 

 

  
 

 
 
 
 

 

 
 

 

 

 

 
 

 

Table 6-12 Continued 
LSDYNA • A general purpose transient dynamic finite 

element program 
• It is optimized for shared and distributed 

memory Unix-, Linux-, and Windows-based 
platforms 

• Coupling of Euler-Lagrange non-linear 
dynamic analysis 

• Widely used in impact and dynamic analysis 

• Impact analysis 
• Blast/explosion analysis 
• Seismic/vibration analysis 
• Modeling of computational fluid 

dynamics 

AUTODYN • A finite difference, finite volume and finite 
element-based Hydrocode 

• Coupling of Euler-Lagrange non-linear 
dynamic analysis 

• Convenient material library 
• Widely used in dynamic analysis 

• Blast/explosion analysis 
• Impact analysis 
• Seismic/vibration analysis 
• Modeling of computational fluid 

dynamics 

The continuum analysis codes are sometimes modified to accommodate discontinuities such as faults and 
shear zones transgressing the domain. However, inelastic displacements are mostly limited to elastic 
orders of magnitude by the analytical principles exploited in developing solution procedures. FLAC, 
PHASES, PLAXIS, SEEP/W, and MODFLOW are widely used programs for continuum analyses. 
Figure 6-31 presents an example of contour plot on the strength factor (SF) on a circular tunnel in gneiss 
from Finite Element Analysis (Choi et. al., 2007). Based on SF contour plots presented in Figure 6-31, the 
minimum SF against shear failure near the tunnel is 40, which means the rock mass strength is 40 times 
the induced stresses, indicating that the entire domain is not over-stressed and no stress-induced stability 
problems are anticipated. 

Figure 6-31 Strength Factor Contours from Finite Element Analysis (from Choi et. al., 2007) 

Discrete Element Analysis If the domain contains predominant weak planes and those are continuous and  
oriented unfavorably to the excavation, then the analysis should consider incorporating specific 
characteristics of these weak planes.  In this case, mechanical stiffness (force/displacement  
characteristics) or hydraulic conductivity (pressure/flow rate relationship) of the discontinuities may be  
much different from those of intact rock.  Then, a discrete element method (DEM) can be considered to  
solve this type of problems. Unlike continuum analysis, the DEM permits a large deformation and finite  
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strain analysis of an ensemble of deformable (or rigid) bodies (intact rock blocks), which interact through 
deformable, frictional contacts (rock joints). In hydraulic analysis, the DEM permits flow-networking 
analysis, which is suitable in ground water flow analysis in jointed rock mass. 

The coupled hydromechanical analysis is another powerful strength of DEM analysis because a flow in 
jointed rock mass is closely related to applied loading.  This type of analysis requires details of joint flow, 
aperture and closure relationships and is suitable only if dominating weak planes are well identified with 
their properties properly quantified. UDEC and 3DEC are the most predominant programs, while 
UNWEDGE and SWEDGE are good alternatives for conceptual design purposes. An example of discrete 
element analysis is presented in Figure 6-32.  

Figure 6-32 Graphical Result of Discrete Finite Element Analysis 

6.6.4  Pre-Support and Other Ground Improvement Methods 
 
Pre-support is used in both rock and soil tunnels, perhaps somewhat more frequently in soil tunnels.  In 
rock tunnel applications pre-support may  be called for when the tunnel encounters zones of badly 
weathered and/or broken rock.  In such rock, the stand up time may be too short to install the usual  
support system. 
 
Pre-support may include a number of techniques. For example, spiles and forepoling typically are 
installed through and ahead of the tunnel face. These members are driven or drilled as shown 
schematically in Figure 6-21 and pass over the support nearest the face and under or through the next  
support back from the face. Thus, overlapping “cones” of spiles are formed and this results in a sawtooth  
pattern to the opening profile. These spiles are usually selected based upon experience and judgment as 
there is no known design method.  Therefore, successful application usually rests on the workers in the 
field because they are at the face and have to make  the decisions in real time and in short time as the 
ground is exposed and its behavior observed. 
 
6.6.5  Sequencing of Excavation and Initial Support Installation 
 
As shown in Section 6.4, the three principal excavation methods for rock tunnels are as follows: 
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• 	 Drill and blast (including SEM/NATM) for full face or  multiple heading advance of any shape in any  
rock. 

• 	 Roadheader for full face or multiple heading advance of a shape in rock up to moderate strength. 
•	  TBM for full face (generally round only) in any rock. 
 
When an excavation is made in intact rock by any method there is an adjustment (or redistribution) in the  
stresses and strains around that excavation. This adjustment, however, quickly dissipates such that the  
change is only about six percent at a clear distance of three radii from the wall of the opening.  The insitu  
stresses in the rock are generally low for most highway tunnels because those tunnels are at relatively  
shallow depth.  Thus, in intact rock the (“elastic”) stresses resulting from this redistribution do not exceed  
the rock strength so stability is not a concern. 
 
However, rock in reality is a jointed (blocky) material and it is the behavior of a blocky mass that nearly  
always governs the behavior of the tunnel.  Evert Hoek describes this behavior as follows (Hoek, 2000): 
“In tunnels excavated in jointed rock mass at relatively shallow depth, the most common types of failure 
are those involving wedges falling from the roof or sliding out of the sidewalls of the openings. These 
wedges are formed by intersecting structural features, such as bedding planes and joints, which separate 
the rock mass into discrete but interlocked pieces.  When a free face is created by the excavation of the  
opening, the restraint from the surrounding rock is removed.  One or more of these wedges can fall or 
slide from the surface if the bounding planes are continuous or rock bridges along the discontinuities are 
broken. 
 
Unless steps are taken to support these loose wedges, the stability of the back and walls of the opening 
may deteriorate rapidly.   Each wedge, which is allowed to fall or slide, will cause a reduction in the  
restraint and the interlocking of the rock mass and this, in turn, will allow other wedges to fall. This  
failure process will continue until natural arching in the rock mass prevents further unraveling or until the  
opening is full of fallen material. 
 
The steps which are required to deal with this problem are: 
 
Step 1: Determination of average dip and dip direction of significant discontinuity sets. 

Step 2: Identification of potential wedges which can slide or fall from the back or walls. 

Step 3: Calculation of the factor of safety of these wedges, depending upon the mode of failure. 

Step 4: Calculation of the amount of reinforcement required to bring the factor of safety of individual   

             wedges up to an acceptable level.” 
 
The concepts for and applications of sequencing of excavation and initial support installation are 
generally based on drill and blast excavation, but also apply to roadheader excavation.  These concepts 
can be summarized in “one sentence” as follows:  do not excavate more than can be quickly  removed and  
quickly supported so that ground control is never compromised. 
 
6.6.6  Face Stability 
 
In general, face stability  is not as great a concern in rock tunnels as in soil tunnels because the rock 
stresses tend to arch to the sides and ahead of the face.  However, in low strength rock, in areas where the  
rock is broken up or where the rock is extremely weathered face stability may  be an issue.  As discussed  
in Chapter 7 and in Section 6.6.5 the secret to successful tunneling where face stability may be an issue is  
to assure that individual headings are never so large that they cannot be quickly excavated and quickly  
supported.  In addition, where groundwater exists it should be drawn down or otherwise controlled 
because, as noted by Terzaghi, unstable ground is usually associated with or  aggravated by groundwater  
under pressure. 
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6.6.7 Surface Support 

Surface support in a rock tunnel may be supplied by ribs and lagging as discussed above, or, more 
frequently now, by shotcrete in combination with rock bolts or dowels, steel sets, lattice girders, wire 
mesh or various types of reinforcement mats.  For the most part modern rock tunnels are supported by 
shotcrete and either rock bolts or lattice girders. 

Either system provides a flexible support that takes advantage of the inherent rock strength but that can be 
stiffened simply and quickly by adding bolts, lattice girders and/or shotcrete.  In addition, lattice girders 
provide a simple template by which to judge the thickness of shotcrete.  For other situations wire mesh or 
reinforcement mats have proven to successfully arrest and hold local raveling until sufficient shotcrete 
can be applied to knot the whole system together and hold it until the shotcrete attains its strength. 

6.6.8 Ground Displacements 

For the most part, ground displacements around a rock tunnel can be estimated from elastic theory or 
calculated using any of a number of computer programs. Elastic theory allows an approximate calculation 
of the ground displacements around a round tunnel in rock, as shown in Figure 6-33. The approximate 
radial displacement at a point directly around a tunnel in elastic rock is given by: 

 P (1+ν ) a2 

u = z 6-8 
E r 

     
Where: 

u = Radial movement, in. 
Pz = Stress in the ground 
ν   = Poisson’s ratio 
E   = Rock mass modules 
a    = Radius of opening 
r   = Radius to point of interest as presented in Figure 6-33. 

Figure 6-33 Elastic Approximation of Ground Displacements around a Circular Tunnel in Rock 

For any shape other than circular, one can usually sketch a circle that most nearly approximates the true  
opening and use the radius of that circle in the above solution for an approximate displacement. However,  
in the rare case where the precise value of movement might be a concern, then it should be determined by  
numerical analysis. Displacement contours induced  by two tunnel excavation, calculated by Finite 
Element Method, are presented in Figure 6-34. 
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Figure 6-34 Ground Displacement Contours Calculated by Finite Element Method 

 
6.7  GROUNDWATER CONTROL DURING EXCAVATION 
 
Groundwater control in rock can take many forms depending on the nature and extent of the problem. In  
fact, for many cases experience has proven that a combination of control methods may  be the best 
solution.  For a given tunnel it may also be found that different solutions apply  at different locations along  
the alignment.  
 
6.7.1  Dewatering at the Tunnel Face 
 
Dewatering at the tunnel face is the most common method of groundwater control. This consists simply 
of allowing the water to drain into the tunnel through the face, collecting the water, and taking it to the 
rear by channels or by pumping. It then joins the  site water disposal system. Note that if there are 
hydraulic or other leaks or spills at the TBM or other equipment in the tunnel such contaminants are in  
this water. 
 
6.7.2  Drainage Ahead of Face from Probe Holes 
 
Probe holes ahead of the tunnel may  be placed to verify the characteristics of the rock and hence to  
provide information for machine operation and control.  These holes will also predrain the rock and  
provide warning of (and drain) any methane, hydrogen sulfide or any other gas, petroleum, or 
contaminant that may be present. In areas where there are such known deposits of gas or other  
contaminants it is common (and recommended) practice to keep one or more probe holes out in front of  
the machine. When such materials are encountered, the probes alert the workers to the need to increase 
the frequency of gas readings, to increase the volume of ventilation or to take other steps as required to  
avoid the problem of unexpected or excessive gas in the tunnel. 
 
6.7.3  Drainage from Pilot Bore/Tunnel 
 
Pilot tunnels can provide a number of benefits to a larger tunnel drive, including:  
 
•  Groundwater drainage 
•  Gas or other contaminant drainage 
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•  Exploratory information on the geology  
•  Grouting or bolting galleries for pre-support of a larger opening  
•  Rock behavior/loading information for design of the larger opening  
 
The question of location and size of pilot tunnel always leads to a spirited discussion such that no two are 
ever the same. They are typically six to eight feet in general size and may be located at one or more of 
several locations. As one example, on the H-3 project in Hawaii there was concern that huge volumes of 
water might be encountered.  This is a 36 ft + highway through the mountain to the opposite side of the 
island.  Borings were limited, but did  not indicate huge volumes of water.  However it was common  
knowledge that similar sites contained water-filled cavities large enough for canoe navigation and there  
was concern that a similarly large volume would be found in the H-3 tunnel.  The pilot tunnel, proved that 
water was not a major concern and at the same time provided a second, unexpected benefit: by  being able  
to see and analyze the rock for the whole tunnel bore, the winning contractor determined that he could 
perform major parts of the excavation by ripping with state-of-the-art large rippers in lieu of using drill  
and blast techniques. Because of this evaluation he was able to shave off millions of dollars in his bid and 
accelerate the construction schedule by several weeks. As an added benefit, the pilot tunnel was enlarged 
slightly and now is the permanent access (by way  of special drifts) for maintenance forces to access the  
entire length of tunnel with small pickups without using the active traffic lanes. 
 
6.7.4  Grouting 
 
Groundwater inflow into rock tunnels almost exclusively comes in at joints, bedding planes, shears, fault 
zones and other fractures.  Because these can be identified grouting is the most commonly used method of  
groundwater control.  A number of different grout materials are used depending  on the size of the opening 
and the amount of the inflow.  
 
The design approach is first to detect zones of potentially high groundwater inflow by drilling probe holes 
out in front of the tunnel face.  Second, the zones are characterized and, hopefully, the major water  
carrying joints tentatively defined.  Then, third, a series of grout holes are drilled out to intercept those  
joints 10 feet to a tunnel diameter beyond the tunnel face or wall.  Fourth, using tube-a-machetes, cement  
and/or water reactive grouts are injected to seal off the water to a level such that succeeding holes are  
drilled as the fifth step and injected with finer, more penetrating grouts such as micro-fine or ultra-fine 
cements and/or sodium silicate can be injected to complete the sealing off process.  Based on evaluation  
of the grouting success additional holes and grouting may be required to finally reduce the inflow to an  
acceptable level.    Typically it will be found that steps four and five must be repeated, trial and error, 
until the required reduction in flow is achieved. 
 
6.7.5  Freezing 
 
On rare occasions, it may  become necessary to try  freezing for groundwater control in a tunnel in rock.  
This might occur, for example, at a shaft where it was necessary to control the groundwater locally for a 
breakout of a TBM into the surrounding rock.  If upon beginning excavation of the TBM launch chamber 
it were found that the water inflow was too great the alternative control methods would be to grout as 
discussed above or perhaps to freeze. 
 
The authors are not aware of any examples in the U.S. where freezing has been used in a rock tunnel, 
probably for a very simple reason that high inflow encountered into a rock tunnel would be concentrated  
at the joints present in the rock.  The concentration would usually result in a relatively  high velocity  of  
flow. Such velocity would typically exceed six feet per day, the maximum  groundwater velocity for 
which it is feasible to perform  effective freezing.  Thus, for the most part freezing would not be used in  
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rock tunneling except very locally, as discussed above, and even then it might be necessary to use liquid 
nitrogen to perform the freezing. 
 
6.7.6  Closed Face Machine 
 
A closed face machine could be used for rock tunneling in high groundwater flow conditions over short 
lengths. In reality such a machine would be more like an earth pressure balance (EPB) machine with 
sufficient rock cutters installed to excavate the rock.  For any extended length (greater than a few hundred  
feet) this would typically be uneconomical.  The machine would have to grind up the rock cuttings and 
mix, the resulting “fines” with large quantities of conditioners and the existing water to result in a plastic 
material.  This is necessary for the EPB to control the face in front of the bulkhead and to bring the 
material from its pressurized state at the face down to ambient by means of the EPB screw conveyor (See 
Chapter 7). 
 
For these reasons, one would not normally  plan to build a closed face rock machine but to equip an EPB 
with rock cutters for driving short stretches in rock within a longer soft ground tunnel.  An exception to  
this general statement would be a rock tunnel in weak or soft rock such as chalk, marl, shale, or sandstone  
of quite low strength such that it essentially behaved as high strength soft ground. 
 
6.7.7  Other Measures of Groundwater Control 
 
The groundwater control methods discussed above probably account for more than 95% of the cases  
where such control is required in a tunnel in rock.  For the odd tunnel (or shaft) where something else is 
required the designer may have to rely on experience and or ingenuity to come up with the solution.  A 
few suggestions are given here, but really inventive solutions may  have to be developed on a case-by-case 
basis. 
 
Compressed Air once was a mainstay for control of groundwater or flowing or squeezing ground 
conditions but it is used very infrequently in modern construction.  Where the tunnel (or shaft) can be 
stabilized by relatively low pressures (say 10 psi or less) it may still be used.  However, it requires 
compressor plants, locks, special medical emergency preparation and decompression times. 
 
Panning may be attractive in some cases where the water inflow is not too excessive and is concentrated  
at specific points and/or seams.  In this case pans are placed over the leaks and shotcreted into place.   
Water is carried in chases or tubes to the invert and dumped into the tunnel drainage system  
 
Drainage Fabric is now frequently used in rock tunnels.  These geotechnical fabrics can be put  in over the 
whole tunnel circumference or, more often, in strips on a set pattern or where the leaks are occurring.  
Fastened to the surface of the rock with the waterproof membrane portion facing into the tunnel, this 
fabric is then sandwiched in place by the cast-in-place concrete lining.  The fibrous portion of the fabric  
provides a drainage pathway around and down the tunnel walls and into a collection system at the tunnel  
invert. 
 
6.8  PERMANENT LINING  DESIGN ISSUES 
 
6.8.1  Introduction 
 
For many tunnels the principle purpose of the final lining is to  prepare the tunnel for its end use, for  
example, to improve its aesthetics for people or its flow characteristics for water conveyance.  Thus, the 
final lining may consist of cast-in-place concrete, precast concrete panels, or shotcrete. 
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On the Washington DC subway for example both cast-in-place concrete and precast concrete panels were 
used. For downtown stations a variety of initial support schemes were used but a final lining of cast-in
place concrete, with a “waffle” interior finish was used for final support and lining.  For outlying stations 
both initial support and the final structural lining were provided by rock bolts, embedded steel sets and 
shotcrete all installed as the stations were excavated.  The precast concrete segmental inner lining (with 
waffle finish) that was installed at the outlying stations is architectural only – it carries no rock load. 
Precast concrete segments are more common in soil than in rock tunnels because in soil they are both 
initial and (sometimes) final support and they provide the reaction for propelling the machine forward.  In 
rock tunnels the machine typically propels itself by reaction against grippers set against the rock. 

6.8.2 Rock Load Considerations 

As discussed in section 6.6, rock loads can be evaluated empirically or analytically. The calculated rock 
loads are often times described as roof load, side load, and eccentric load, where roof load and side load 
are uniformly distributed (Figure 6-35). It is recommended that the permanent lining is designed based on 
the uniform loads (roof and side loads) and checked by eccentric load case. Detailed load considerations 
are presented in Chapter 10 “Tunnel Lining”. 

 
 

 

                

  

 
                                                                                              
 

 
 

Roof Load 
Side Load 

Eccentric Load 

40°

 (a) 	 (b) 

Figure 6-35	 Rock Loads for Permanent Lining Design: (a) Uniform Roof and Side Loads; (b) 
Eccentric Load 

The question  of what “loads” to use for  design of the  permanent lining of a tunnel in rock always raises  
interesting challenges. Fundamentally, three conditions are possible: 
 
1. 	 If initial support(s) are installed early and correctly, it can be showned, that they will not deteriorate 

within the design life of the structure, and if the opening is stable, then a structural final lining is not  
required. (Figure 6-36). 
 

2. 	 If initial support(s) are installed early and correctly, the opening is stable (with no continuing 
loosening), but it cannot be demonstrated that the initial supports will remain completely effective for 
the design life of the structure, then the load(s) on the final lining may be essentially equal to those of  
the initial support. An example of this situation is the H-3 tunnel in Hawaii where initial support is  
provided by  14-ft rock bolts and the load on the final lining was assumed to be 14 feet of rock,  
analyzed in three ways: 
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Figure 6-36 Unlined Rock Tunnel in Zion National Park, Utah  

 
•	  Uniform load across the entire tunnel width 
• 	 Uniform load across half of the tunnel width 
• 	 Triangular load across the entire tunnel width with the maximum  at the centerline. 

 
3.	  If initial support(s) are providing a seemingly stable opening but it is known that additional support is  

required for long term  stability then that support must be provided by the final lining.  An example of 
this situation is the Superconducting Super Collider where tunnels in chalk were initially stabilized by  
pattern rock bolts in the crown and spot bolts elsewhere.  Months later, however, slaking (and  perhaps 
creep) resulted in linear wedges (with dimensions up to approximately by  one-third the tunnel  
diameter) “working” and sometimes falling into tunnels driven and supported months earlier.  To be  
stable long-term, a lining  or additional permanent rock bolts capable of supporting these wedges or 
blocks would have been necessary.   

  
 As illustrated by the above, determination of the requirement for and value of “loads” to be used for 

design of final linings in  tunnels cannot be prescribed in the manner that is possible for structural 
beams and columns.  Rather, the vagaries of nature must be understood and  applied by all on the 
design and construction team.   

 
 
6.8.3  Groundwater Load Considerations 
 
For conventional tunnels, the groundwater table is lowered by tunnel excavation, because the tunnels act  
as a drain. When the undrained system is considered, the groundwater lowering measures are disrupted 
after the final lining is placed and the groundwater table will reestablish its original position. For a  
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drained system, the groundwater is lowered and will lowered so long as rainfall or at the project site 
seepage is not sufficient to raise the groundwater table. For underwater tunnels, the groundwater table 
keeps constant due to the water body  above the tunnels and full hydrostatic water pressure should be 
considered with an undrained system unless an intensive grouting program is implemented in the 
surrounding ground. 
 
This section discusses factors affecting groundwater flow regime and interaction with concrete lining, and  
methods to estimate groundwater loadings in the lining design including empirical method, analytical 
solution, and numerical method. 
 
6.8.3.1  Factors on the Lining Loads due to Water Flow  
 
Groundwater loadings on the underwater tunnel linings can be reduced with a drained system while the 
groundwater table keeps constant. The main factors that affect water loads on the underwater tunnel 
linings due to water flow are: (1) relative ground-lining permeability; (2) relative ground-lining stiffness; 
and (3) geometric factors such as depth below the water body.  
 
The water loads on the lining are greatly dependent  on the relative permeability between the lining and 
surrounding ground. For a tunnel where the lining has a relatively  low permeability when compared to the 
surrounding ground, the lining will behave almost as impermeable and almost no head will be lost in the 
surrounding ground resulting in hydrostatic water pressures applied directly on the lining.   
 
A relatively  permeable lining, on the other hand, will behave as a drain and almost no head will be lost  
when the water flows through the lining and no direct loads will act on the lining. The loads due to the 
groundwater will only act on the lining indirectly through the loads applied by the seepage force onto the 
surrounding ground. 
 
The influence of the relative stiffness is well visualized for the tunnels in a stiff rock mass, where the 
linings are not designed for the full hydrostatic water pressures by using drained systems. For tunnels in 
soft ground, the linings are normally designed to withstand a full hydrostatic load. 
 
6.8.3.2  Empirical Groundwater Loads 
 
The empirical groundwater loading conditions used for the design of tunnel  linings in New York are 
shown in Figure 6-37 and are based on empirical data. As indicated in Figure 6-37, the groundwater 
loading diagram follows hydrostatic pressure to a maximum near the tunnel springline (head of Hs), is  
held constant over a sidewall area of 1/3Hsw, then decreases to 10 percent of hydrostatic pressure at the 
invert (0.1Hw). 
 
The empirical loads shown in Figure 6-37 are based on the assumptions that the drainage system is to be  
comprised of a wall drainage layer (filter fabric), invert drainage collector pipes placed behind the wall  
and below the cavern floor, and a drainage blanket developed by  covering the entire invert with a gravel 
layer. The water load at the invert level is reduced to 10 percent of hydrostatic water pressure at the invert  
level with a well-sized and designed  gravel drainage bed and  drain pipe(s) in the invert (including 
appropriate provisions and follow up actions for long term  maintenance). Under other circumstances, 25  
percent of hydrostatic water pressure is recommended at the invert level. The empirical loads are probably  
conservative but address concerns that groundwater percolating through the wall rock over time could 
possibly clog the drainage layer (fabric) placed outside the concrete wall causing a buildup of 
groundwater pressure beyond that assumed under the assumption that the thick invert drainage blanket 
and collector drains should continue to function. 
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6.8.3.3  Analytical Closed-Form  Solution 
 
An analysis of the interaction between a liner and the surrounding rock mass needs to be carried out to  
evaluate the rate of leakage and the hydraulic head  drop across the liner. Fernandez (1994) presented a  
hydraulic model for the analysis of the hydraulic interaction between the lining and the surrounding 
ground.  
 
When a tunnel is unlined, the hydrostatic water pressure is exerted directly on the tunnel boundary. When  
a liner is placed, the total head loss across the liner-rock system, Δhw , is composed of head losses across  
the liner, ΔhL, head losses across the grout zone if any, ΔhG, and head losses across the medium, Δhm. The 
head loss across the liner is systemically presented in Figure 6-38.   

 
 

 
 

Hydrostatic Pressure Line 

10% or 25% of Hydrostatic Pressure at Invert Level 

Figure 6-37 Empirical Groundwater Loads on the Underground Structures 
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Figure 6-38 Head Loss across the Lining and Surrounding Ground 
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Fernandez (1994) indicated that the head loss across the liner normalized by the total head loss across the 
system is expressed by: 
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where kL and km are the permeability of the liner and surrounding ground, respectively, and b and a1 are 
outside and inside radii of the lining, respectively. L can be estimated as twice the depth of the tunnel 
below the groundwater level unless a drainage gallery is excavated parallel to the tunnel. If a drainage 
gallery is drilled parallel to the tunnel, the value of L can be adjusted and set equal to the center to center 
distance between the pressure tunnel and the gallery. In common engineering practice, the hydraulic head 
loss across the liner could be 80-90 % of the net hydraulic head for relatively impermeable liners, with 
kL/km approximately equal to 1/80 to 1/100. 
 
6.8.3.4 Numerical Methods 
 
A finite element seepage analyses can be used to predict hydraulic response of the ground in the vicinity 
of the tunnel construction (Figure 6-39). In the finite element analysis, both the tunnel liner and 
surrounding ground are idealized as isotropic and homogeneous media. The actual flow regime through 
the jointed rock mass and cracked concrete may be a fluid flow through the fracture networks; therefore, 
the absolute value of the hydraulic and mechanical response of the rock mass and concrete liner may 
differ from the prediction based on the assumption of isotropic, homogeneous, porous media.  
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Figure 6-39 Two Dimensional Finite Element Groundwater Flow Model Analysis 
 

 
It should be noted that this Finite Element Method analysis was focused on the global behavior of the 
rockmass, treating the rockmass as a porous, continuum, isotropic rather than discrete (i.e., blocky) 
material. The finite element approach (i.e., rock mass rather than discrete rock blocks) considers the 
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equivalent rockmass permeability, where the effects of hydraulic characteristics of fluid flow through 
rock joints are accounted for and approximated by the equivalent rockmass permeability. This approach 
has been used frequently for groundwater flow problems in the field of tunnel engineering. However, 
estimating the equivalent rock mass permeability closer than an order of magnitude is a great challenge 
and certainly requires special attention. 

Use of discrete element analysis is sometimes very difficult because it requires detailed input parameters 
of the rock joints such as joint attitudes, joint spacing, joint connectivity, hydraulic apertures of the joints, 
normal and shear stiffness. Coupling effect of the mechanical and hydraulic behavior of rock joints also 
requires understanding of the relationship between mechanical closure and hydraulic aperture of the 
joints. Without proper input parameters, the results from the discrete element analysis would not be 
reliable. 

6.8.4 Drained Versus Undrained System 

Drained Waterproofing System Drained waterproofing systems reduce hydrostatic loads on structures, 
enabling thinner and more lightly reinforced liners to be designed.  In a fractured rock mass, high 
groundwater inflows often enter drained systems (even after rock mass grouting) resulting in increased 
pumping costs.  High inflows can also increase the deposition of calcium precipitate in pipes.  Under 
these conditions, an undrained system may be more efficient. 

In the drained waterproof systems, the pipes and drainage layers are required to remain open and flowing 
to prevent the build-up of hydrostatic pressures. Regular inspections and maintenance of the drainage 
system are required to prevent hydrostatic loads rising to a level that could exceed the capacity of the 
structure. Figure 6-40 presents the cross-sectional layout for typical drained waterproofing system.  

Allowable water infiltration rate varies depending upon the purpose of tunnel, tunnel dimension and local 
environmental law requirements. The rate of allowable infiltration acceptable to the owner shall be as 
specified in the contract documents. Some owners have used a rate of 1 gallon/minute per 1000 ft of 
tunnel length. The local infiltration limit is 0.25 gallon per day for 10 square feet of area, and 1 drip per 
minute at any location.  

Figure 6-40 Drained Waterproofing System 
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Undrained Waterproofing System Undrained waterproofing systems incorporate a membrane that extends 
around the entire tunnel perimeter with the aim of excluding groundwater completely. Final linings are 
designed for full hydrostatic water pressures.  Thus, flat-slab walls or inverts are generally thick, whereas 
curved liners generally require less strength enhancement.  The increased volume of excavation to create 
a curved or thicker invert is offset by reduced excavation for a gravel invert and sidewall pipes. Figure 
6-41 presents the cross-sectional layout for typical undrained waterproofing system. 

Figure 6-41 Undrained Waterproofing System 

No groundwater drainage system is provided in the undrained system, resulting in cost savings from 
eliminating perforated sidewall pipes, porous concrete, transverse pipes and the gravel layer.  If initial  
construction is of a high quality, operations and maintenance costs are low, because there is reduced  
pumping and without groundwater entering the tunnel drainage system, calcite deposits accumulate much  
more slowly.  Reducing the inflow and drawdown also  minimizes the chance of having to deal with  
contaminated water.   
 
6.8.5  Uplift Condition 
 
The question of uplift forces on the tunnel lining must also be considered for tunnels in rock, especially if 
the tunnel is to be undrained.  When squeezing or swelling conditions are encountered they act upwards 
on the invert just as they act anywhere else around the perimeter.  When the tunnel is first driven, these 
forces may be at least partially relieved by the act  of excavation and also somewhat reduced because  
gravity works in opposition to these upward forces.  As time passes, however, the upward forces from 
swelling and/or squeezing come into full effect, that is, equal to those occurring anywhere else around the  
opening.  Even if these rock loads should not be developed, the water head on an undrained tunnel will  
certainly be equal to the in-situ groundwater pressure.  
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Whether it is swelling, squeezing, water pressure or any combination thereof the invert of the tunnel will 
be subjected to upward forces.  Typically, this means that the invert should be modified to a curved 
geometry to react to these upward forces – it is far easier to develop a stable curved structure than it is to 
permanently  stabilize a flat invert.  Even without squeezing or swelling the uplift water load can be quite 
expensive to resist with a flat invert as compared to a curved one.   Thus, the most economical solution is  
usually to go directly to a curved configuration wherein the curved shape (when supported  by steel ribs) 
will carry almost twice the load it will carry with a straight invert or straight sides (Proctor, 1968). 
 
6.8.6  Waterproofing 
 
For the most part tunnels in rock are waterproofed by a sandwich consisting of: 
 
• 	 A geotechnical drainage fabric that is put in place directly against the rock either continuously or in 

strips. This may be held in place by pins or nails driven or shot into the rock. 

• 	 Next a continuous waterproof membrane is installed.  This membrane may be high density 
polyethylene (HDPE) or polyvinylchloride (PVC) or other similar material.  To be continuous the 
membrane has to be cut and fit to all strange shapes and corners encountered and welded together (by  
heat) to make a continuous waterproofing membrane within the tunnel.  Successful installation is 
quite dependent upon workmanship in three areas: 

o	  Avoiding puncturing, tearing and the like of the membrane. 
o	  Correctly making and testing all joints. 
o	  Connecting the waterproof membrane to the wall without introducing leaks. 

 
• 	 Finally a cast in place lining of concrete is placed to hold the sandwich together and to provide the  

desired inner surface of the tunnel. Of course, the challenge is to get the concrete placed without 
damaging the membrane(s), this is especially challenging when the cast in place concrete must be  
reinforced. 

 
Unlined and partial lined tunnels are common in many short mountainous tunnels in competent rock and 
stabilized with or without patterned rock bolts on  the exposed rock (Figure 6-37).  Groundwater inflows 
are tolerated and collected.  See Chapter 16 for groundwater control measures. 
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Appendix D – TUNNEL BORING MACHINES (TBM)  
 
D.1 Introduction 
 
A Tunnel Boring Machine (TBM) is a complex system with a main body and other supporting elements 
to be made up of mechanisms for cutting, shoving, steering, gripping, shielding, exploratory drilling, 
ground control and support, lining erection, spoil (muck) removal, ventilation and power supply.  Figure 
6-11 shows a general classification of various types of tunnel boring machines for hard rock and soft 
ground. 
 
 

 
 
Figure D-1 Classification of Tunnel Boring Machines (Figure 6-11) 

This Appendix is intended to demonstrate the components and excavation sequences of common types of 
tunnel boring machines (TBM) applicable for hard rock and soft ground conditions.  The Principal 
Investigators appreciate Karin Bäppler and Michael Haßler of Herrenknecht AG (Herrenknecht), and Lok 
Home of The Robbins Company (Robbins) for generously providing excellent illustrations, and 
photographs and information for large-diameter TBM applications.  
 
D.2 Hard Rock TBM 
 
As shown in Figure 6-11 above, tunnel boring machines (TBM) suitable for rock tunneling nowadays are 
full-face, rotational (types of cutter head) excavation machines and can be generally classified into two 
general categories: Gripper and Segment based on the machine reaction force.  Three common types of 
hard rock TBMs are described hereafter: 
 

 Open Gripper Main Beam TBM (Open Gripper Type) 
 Single Shield TBM (Closed Segment-Shield Type) 
 Double Shield TBM (Closed Gripper/Segment-Shield Type) 
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D.2.1 Open Gripper Main Beam TBM 
 
The open gripper-beam category of TBMs is suited for stable to friable rock with occasional fractured 
zones and controllable groundwater inflows.   Figure D-2 (Robbins) illustrates a typical diagram of a 
modern open gripper main beam TBM and highlights the major components including: 
 

• Cutterhead (with disc cutters) and Front Support 
• Main Beam 
• Thrust (propel) Cylinder  
• Gripper 
• Rear Support 
• Conveyor 
• Trailing backup system for muck and material transportation, ventilation, power supply, etc. 

 
(a) 

 

 
 
 

(b) 
 
Figure D-2 Typical Diagram for an Open Gripper Main Beam TBM (Robbins). 
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The front of the gripper TBM is a rotating cutterhead that matches the diameter of the tunnel (Figure D-
3). The cutterhead holds disc cutters. As the cutterhead turns, hydraulic propel cylinders push the cutters 
into the rock. The transfer of this high thrust through the rolling disc cutters creates fractures in the rock 
causing chips to break away from the tunnel face (Figure 6-9). A floating gripper system pushes on the 
sidewalls and is locked in place while the propel cylinders extend, allowing the main beam to advance the 
TBM. The machine can be continuously steered while gripper shoes push on the sidewalls to react the 
machine's forward thrust. Buckets in the rotating cutterhead scoop up and deposit the muck on to a belt 
conveyor inside the main beam. The muck is then transferred to the rear of the machine for removal from 
the tunnel. At the end of a stroke the rear legs of the machine are lowered, the grippers and propel 
cylinders are retracted. The retraction of the propel cylinders repositions the gripper assembly for the next 
boring cycle. The grippers are extended, the rear legs lifted, and boring begins again.  
 

 
 
Figure D-3 Herrenknecht S-210 Gripper TBM (Herrenknecht) 
 

Figure D-3 shows the front of the Herrenknecht S-210 Gripper TBM used in the construction for the 
Gotthard Base Tunnel, Switzerland.  See Table D-1 for more data about the machine (Herrenknecht).   
Although uncommon, hard rock gripper TBMs with a diameter over 46’ (145m) have been made, and this 
limit is constantly being challenged and extended for new mega projects. 
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D.2.2 Single Shield TBM 
 

 
 
 
Notes: 
(1) Shield; (2) thrust cylinders; (3) segmental lining; (4) cutterhead; (5) muck bucket; and (6) conveyers 
 
Figure D-4 Typical Diagram of Single Shield TBM (Herrenknecht)  

 

As shown in Figure D-4, the Single Shield TBMs are fitted with an open shield (unpressurized face) to 
cope with more brittle rock formations or soft rock.  The TBM is protected by the shield (1), and extended 
and driven forward by means of hydraulic thrust cylinders (2) on the last completed segment ring (3). The 
rotating cutterhead (4) is fitted with hard rock disk cutters, which roll across the tunnel face, cutting 
notches in it, and subsequently dislodging large chips of rock (Figuer 6-9). Muck bucket (5), which are 
positioned at some distance behind the disks, carry the dislodged rock pieces behind the cutterhead. The 
excavated material is brought to the surface by conveyers (6). 
 
Figure D-5 illustrates a simplified cross section of Single Shield TBM. 

 
 
Figure D-5 Typical Diagram for Single Shield TBM (Robbins) 
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Figure D-6 above shows the cutterhead of the Herrenknecht S-256 Single Shield TBM used in the 
construction of the Islisberg tunnel, Switzerland, which on completion will be the longest underground 
section of the western Zurich bypass, will be directing transit traffic to central Switzerland around the 
city.   The diameter of the cutterhead is about 38’ (11.8 m).  See Table D-1 for more data about the 
machine (Herrenknecht).    
 
D.2.3 Double Shield TBM 
 
A Double Shield TBM (Figure D-7) consists of a rotating cutterhead mounted to the cutterhead support, 
followed by three shields: a telescopic shield (a smaller diameter inner shield which slides within the 
larger outer shield), a gripper shield and a tail shield.  

 
 
Figure D-7 Overview of a Double Shield TBM (Herrenknecht) 
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Figure D-8 Typical Diagram of a Double Shield TBM (Robbins). 
 

In double shield mode, the gripper shoes are energized, pushing against the tunnel walls to react the 
boring forces just like the open gripper TBM. The main propel cylinders are then extended to push the 
cutterhead support and cutterhead forward. The rotating cutterhead cuts the rock. The telescopic shield 
extends as the machine advances keeping everything in the machine under cover and protected from the 
ground surrounding it.  
 
The gripper shield remains stationary during boring. A segment erector is fixed to the gripper shield 
allowing pre-cast concrete tunnel lining segments to be erected while the machine is boring. The 
segments are erected within the safety of the tail shield. It is the Double Shield's ability to erect the tunnel 
lining simultaneously with boring that allows it to achieve such high performance rates. The completely 
enclosed shielded design provides the safe working environment.  
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If the ground becomes too weak to support the gripper shoe pressure, the machine thrust must be reacted 
another way. In this situation, the machine can be operated in "single shield mode". Auxiliary thrust 
cylinders are located in the gripper shield. In single shield mode they transfer the thrust from the gripper 
shield to the tunnel lining. Since the thrust is transferred to the tunnel lining, it is not possible to erect the 
lining simultaneously with boring. In the single shield mode, tunnel boring and tunnel lining erection are 
sequential operations.  
 

 
 

Figure D-9 above shows the cutterhead (about 40’ diameter) of the Herrenknecht S-376 Double Shield 
TBM which is being used for the construction of Brisbane North-South Bypass Tunnel  See Table D-1 for 
more data about the machine (Herrenknecht).    
 
 
D.3 Pressurized Face Soft Ground TBM 
 
As shown in Figure 6-11 above, various types of tunnel boring machines (TBM) are suitable for soft 
ground tunneling in different conditions.   Chapter 7 presents briefly the history and development of 
shield tunneling machines. Table 7-4 (reproduced below) lists various types of shield tunneling methods 
in soft ground. 
 
Nowadays modern pressurized-face closed shield TBMs are predominantly utilized in large diameter soft 
ground tunneling.  Section 7.3 describes the principles of the two common types: earth pressure balance 
(EPB) machines and slurry face machines (SFM) , and offers guidelines for selecting between EPB and 
SFM.  This appendix presents the components of each type of TBM and describes the construction 
sequences. 
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Table 7-4   Shield Tunneling Methods in Soft Ground (Modified from Hitachi Zosen, 1984) 

Type Description Sketch 

Blind shield 

• A closed face (or blind) shield used in very soft clays and silts   
• Muck discharge controlled by adjusting the aperture opening 

and the advance rate 
• Used in harbor and rive crossings in very soft soils.  Often 

results in a wave or mound of soil over the machine 
 

Open face, 
hang-dug 
shield 

• Good for short, small tunnels in hard, non-collapsing soils 
• Usually equipped with face jacks to hold breasting at the face 
• If soil conditions require it, this machine may have movable 

hood and/or deck 
• A direct descendent of the Brunel shield  

Semi-
mechanized 

• The most common shield 
• Similar to open face, but with a back hoe or boom cutter 
• Often equipped with “pie plate” breasting and one or more 

tables 
• May have trouble in soft, loose, or running ground 
• Compressed air may be used for face stability in poor ground 

 

 

Mechanized 

• A fully mechanized machine 
• Excavates with a full face cutter wheel and pick or disc cutters 
• Manufactured with a wide variety of cutting tools 
• Face openings (doors, guillotine, and the like) can be adjusted 

to control the muck taken in versus the advance of the machine 
• Compressed air may be used for face stability in poor ground 

 

Slurry face 
Machine 

• Using pressurized slurry to balance the groundwater and soil 
pressure at the face 

• Has a bulkhead to maintain the slurry pressure on the face 
• Good for water bearing silts and sands with fine gravels.  
• Best for sandy soils; tends to gum up in clay soils; with coarse 

soils, face may collapse into the slurry 

Earth pressure 
balance (EPB) 
machine 

• A closed chamber (bulkhead) face used to balance the 
groundwater and/or collapsing soil pressure at the face 

• Uses a screw discharger with a cone valve or other means to 
form a sand plug to control muck removal from the face and 
thereby maintain face pressure to “balance” the earth pressure 

• Good for clay and clayey and silty sand soils, below the water 
table 

• Best for sandy soils, with acceptable conditions  
 

Earth pressure 
balance (EPB) 
high-density 
slurry machine 

• A hybrid machine that injects denser slurry (sometimes called 
slime) into the cutting chamber 

• Developed for use where soil is complex, lacks fines or water 
for an EPB machine, or is too coarse for a slurry machine 
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D.3.1 Earth Pressure Balance Machine 
 
As discussed in Section 7.3, earth pressure balance machines (EPB) (Figure D-10) are pressurized face 
shield machines specially designed for operation in soft ground especially where the ground is silty and 
has a high percentage of fines both of which will assist the formation of a plug in the screw conveyor and 
will control groundwater inflows. 

 
 

 
 
 
Notes: 
(1) Cutterhead; (2) excavation chamber; (3) bulkhead; (4) thrust cylinders; (5) screw conveyor; (6) 
segment erector; and (7) Segmental Lining 
 
Figure D-10 Overview of Earth Pressure Balance Machine (EPB) 
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The EPB machine continuously supports to the tunnel face by balancing the inside earth and water 
pressure against the thrust pressure of the machine. The working area inside the EPB machine is 
completely sealed against the fluid pressure of the ground outside the machine.  
 
As shown in Figure D-10, the soil is excavated (loosened) by the cutterhead (1) serves to support the 
tunnel face. The area of the shield in which the cutterhead rotates is known as an excavation chamber (2) 
and is separated from the section of the shield under atmospheric pressure by the pressure bulkhead (3).  
The excavated soil falls through the openings of the cutterhead into the excavation chamber and mixes 
with the plastic soil already there. Uncontrolled penetration of the soil from the tunnel face into the 
excavation chamber is prevented because the force of the thrust cylinders (4) is transmitted from the 
pressure bulkhead onto the soil. A state of equilibrium is reached when the soil in the excavation chamber 
cannot be compacted any further by the native earth and water pressure.  
 
The excavated material is removed from the excavation chamber by a screw conveyor (5). The amount of 
material removed is controlled by the speed of the screw and the cross-section of the opening of the upper 
screw conveyor driver. The pressure in the excavation chamber is controlled by balancing the rate of 
advance of the machine and the rate of extraction of the excavated material by the screw conveyor.  The 
screw conveyor conveys the excavated material to the first of a series of conveyor belts. The excavated 
material is conveyed on these belts to the so-called reversible conveyor from which the transportation 
gantries in the backup areas are loaded when the conveyor belt is put into reverse.  
  
The tunnels are normally lined with reinforced precast lining segments (7), which are positioned under 
atmospheric pressure conditions by means of erectors (6) in the area of the shield behind the pressure 
bulkhead and then temporarily bolted in place. Grout is continuously injected into the remaining gap 
between the segments' outer side and the surrounding medium injection openings in the tailskin or 
openings directly in the segments.  
 
Manual or automatic operation of the EPB system is possible through the integrated PLC and computer-
control systems.  
 
As discussed above, the EPB machines support the tunnel face with pressure from the excavated (and 
remolded) soil within the excavation chamber and crew conveyor.  Therefore, EPB machines perform 
more effectively when the soil immediately ahead of the cutterhead and in the excavation chamber forms 
a plastic plug, which prevents water inflow and ensures face support.  This is accomplished by 
conditioning the soils ahead of the cutterhead with foams and.or polymers.  O’Carroll 2005 lists the 
benefits of soil conditioning for the EPB machine operation including: 
 

 Improved ground control 
 Torque and power requirement reduction 
 Abrasion reduction 
 Adhesion (stickiness) reduction, and 
 Permeability reduction. 

 
Figure D-11 shows the front of the Herrenknecht S-300 EPB TBM used in the construction of the M30-
By-Pass Sur Tunel Norte project in Madrid, Spain.   The diameter of the cutterhead is almost 50’ (15.2 
m).  See Table D-1 for more data about the machine (Herrenknecht). 
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Figure D-11 The EPB Machine for the M30-By-Pass Sur Tunel Norte project in Madrid. 
 

D.3.2 Slurry Face Machine 
 
As discussed in Section 7.3, slurry face machine (SFM) are pressurized face shield machines specially 
designed for tunneling in soft ground especially where the ground is loose waterbearing granular soils that 
are easily separated from the slurry at the separation plant.  The SFM provides stability at the face 
hydraulically by bentonite slurry kept under pressure to counteract the native earth and groundwater 
pressure, and to prevent an uncontrolled penetration of soil or a loss of stability at the tunnel face.  
 
Figure D-12 shows typical diagrams of Herrenknecht’s mixshield machine which employs the slurry face 
support principle.  At the mixshield machine face the soil is loosened by the cutterhead (1) rotating in the 
bentonite suspension. The soil then mixes with the bentonite suspension.  The area of the shield in which 
the cutterhead rotates is known as the excavation chamber (2) and is separated by the pressure bulkhead 
(3) from the section of the shield under atmospheric pressure.  
 
The bentonite suspension supplied by the feed line (4) is applied in the excavation chamber via an air 
cushion (5) at a pressure equaling the native soil and water pressure, thus preventing an uncontrolled 
penetration of the soil or a loss of stability at the tunnel face.    For this reason the excavation chamber 
behind the cutting wheel is separated from the pressure bulkhead by a so-called submerged wall (6). The 
area of the submerged wall and pressure bulkhead is known as the pressure/working chamber. Note that 
unlike the typical slurry shield machines, in the mixshield machines. the support pressure in the 
excavation chamber is not directly controlled by suspension pressure but by a compressible air cushion 
between the pressure bulkhead and the submerged wall. 
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The loosened soil mixed with the suspension is pumped through the feeding circuit to the separation plant 
outside the tunnel. In order to prevent blockages to the feeding circuit and to ensure trouble-free operation 
of the discharge pumps, a sieve of largish stones and clumps of soil is placed in front of the suction pipe 
to block the access to the suction channel.  

 

 
 
Notes: 
(1) Cutterhead; (2) excavation chamber; (3) bulkhead; (4) slurry feed line; (5) air cushion; (6) wall; (7) 
Segmental Lining; and (8) segment erector 
 
Figure D-12 Overview of Slurry Face Machine (SFM) (Herrenknecht’s Mixshield Machines) 
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Figure D-13 shows the Herrenknecht S-317 Mixshield TBM used in the construction of the Shanghai 
Changjiang Under River Tunnel Project  in China.  The diameter of the cutterhead is over 50’ (15.4 m).  
See Table D-1 for more data about the machine (Herrenknecht). 

 
 
Figure D-13  Photograph of Herrenknecht S-317 Mixshield TBM 
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Appendix E – Analytical Closed Form Solutions 
 
E.1 Analytical Elastic Closed Form Solutions for Rock Tunnels 
 
As discussed in Section 6.6.2, the state of stress due to tunnel excavation can be calculated from 
analytical solutions or using numerical analysis. Kirsch’s elastic closed form solution is one of the 
commonly used analytical solutions and is presented in Figure E-1.   The closed form solution is 
restricted to simple geometries and material models, and therefore often of limited practical value.  
However, the solution is considered to be a good tool for a “sanity check” of the results obtained from 
numerical analyses. 
 

 

 
Figure E-1 Kirsch’s Elastic Solution (Kirsch, 1898) 
 

Section 6.6.2 also describes other common analytical solutions proposed by Hoek et al. (1995), Bischoff 
and Smart (1977), and Brady & Brown (1985). 
 
Analytical solutions to calculate support stiffness and maximum support pressure for concrete/shotcrete, 
steel sets, and ungrouted mechanically or chemically anchored rock bolts/cables are summarized in Table 
E-1. 
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Table E-1 Analytical Solutions for Support Stiffness and Maximum Support Pressure for Various 
Support Systems (Brady & Brown, 1985) 

 
Support System Support stiffness (K) and maximum support pressure (Pmax) 

2 2E [r − (r − t ) ]c i i cK =  2 2(1+ν ) ([1− 2ν )r + (r − t ) ]Concrete /Shotcrete lining c c i i c
2 σ ⎡ (r − t ) ⎤cc i cP =max ⎢1− ⎥  22 ⎢ r⎣ i ⎥⎦

31 Sr Sr ⎡θ (θ + sinθ cosθ )⎤ 2S tθi i B= + +  2 2K E A E I ⎢⎣s s s s 2sin θ ⎥⎦Blocked steel sets EBW
 3A I σs s ysP =  max 2Srθ{3I + XA [r − (t + 0.5X )](1− cosθ )i s s i B

1 s s ⎛ 4l ⎞c lUngrouted mechanically or = ⎜ +Q⎟  ⎜ 2 ⎟K d Echemically anchored rock bolts or ri ⎝ π b b ⎠
cables TbfP =   max scsl

NOTATION: K = support stiffness; Pmax = maximum support pressure; Ec = Young’s modulus of concrete; tc = 
lining thickness; ri = internal tunnel radius; σcc = uniaxial compressive strength of concrete or shotcrete; W = flange 
width of steel set and side length of square block; X = depth of section of steel set; As = cross section area of steel 
set; Is = second moment of area of steel set; Es = Young’s modulus of steel; σys = yield strength of steel; S = steel set 
spacing along the tunnel axis; θ= half angle between blocking points in radians; tB = thickness of block; EB = 
Young’s modulus of block material; l = free bolt or cable length; db = bolt diameter or equivalent cable diameter; Eb 
= Young’s modulus of bolt or cable; Tbf = ultimate failure load in pull-out test; sc = circumferential bolt spacing; sl = 
longitudinal bolt spacing; Q = load-deformation constant for anchor and head. 
 
E.2 Analytical Elastic Closed Form Solutions for Ground Support Interaction 
 
Analytical solutions for ground-support interaction for a tunnel in soil are available in the literatures. The 
solutions are based on two dimensional, plane strain, linear elasticity assumptions in which the lining is 
assumed to be placed deep and in contact with the ground (no gap), i.e., the solutions do not allow for a 
gap to occur between the support system and ground.  The background information for the common 
closed form models are presented in Appendix B of the FHWA Tunnel Design Guidelines (2004) which 
is reproduced here in Section E.3 for convenience. 
 
Early analytical solutions by Burns and Richard (1964), Dar and Bates (1974), and Hoeg (1968) were 
derived for the overpressure loading, while solutions by Morgan (1961), Muir Wood (1975), Curtis 
(1976), Rankin, Ghaboussi and Hendron (1978), and Einstein et al. (1980) were for excavation loading. 
Solutions are available for the full slip and no slip conditions at the ground-lining interface. Appendix E 
present the available published analytical solutions in Table E-2.  A sample analysis is presented in Table 
E-3 to illustrate the applications of various closed-form solutions for a 22ft diameter circular tunnel with 
1.5 ft thick concrete lining. The tunnel is located at 105 ft deep from the ground surface to springline and 
groundwater table is located 10 ft below the ground surface. Details of input parameters are shown in 
Table E-3a.  The calculated lining loads from various analytical solutions are presented in Table E-3b.  
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Table E-2  Analytical Solutions for Soil – Liner Interaction 
Analytical 
Solutions Thrust  Moment 
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    = ⎡0.5 (1⋅ + k 1⋅ − a⎣ 0 ) ( 0 )
Thrust at Springline 
   = ⎡0.5 (1⋅ + k ⋅ 1−a +⎣ 0 ) ( 0 )

− (0.5 (1⋅ −

(0.5 (1⋅ − k0

k 1⋅ +0 ) (

) (1⋅ + 2 ⋅

2 ⋅

a4

 a ⎤ ⋅ γ ⋅h d⋅ / 24 )) (⎦ m )

 )) (⎤ ⋅ γ ⋅h D⋅ / 2⎦ m )

= − ⎡0.25⎢⎣
⋅ (1− k0 ) (⋅ 1− 2 ⋅h + 2 ⋅b2 ) ⋅ (γ ⋅h ⋅ (D / 2 2)  )

 0a C F= ⋅ ⋅(1− mν ) / (F C+ + (C F⋅ ⋅ (1− mν )))
2a = (F + ) (6 1⋅ − mν ) (/ 2 ⋅F ⋅ (1− mν ) + (6 ⋅ (5− 6 ⋅ mν

4a β= ⋅ 2b

β = ((F + ) (6 1⋅ − mν ) (+ 2 ⋅F C⋅ )) (/ 3⋅F + 3⋅C + 2 ⋅
                              

)))

C F⋅ ⋅ (1− mν ))      

2b

C

F
    

=

=

=

⎡C ⋅ (1− ⎤ ⎡⎣ mν ) / 2 ⋅ (C ⋅ (1−⎦ ⎣ mν

2⎡(d / 2) ⋅ ⋅ − ⎤ ⎡
⎣ mE (1 Lν ) / E⎦ ⎣ L ⋅

3 2(d / 2) ⋅ mE ⋅ (1− Lν ) / (EL ⋅ I

) + 4 ⋅ mν − 6 ⋅ β −3⋅ β ⋅
2( ⋅ − ⎤

LA / Lw ) (1 mν )⎦
21⋅ ( m−ν ))

C ⋅ (1− mν )

 

Peck, Hendron & 
Moharaz (1972) 

 
overburden 

Thrust at Crown 
 = 0.5 ⋅ ⎡(1+ k ⋅b⎣ 0 ) 1   

Thrust at Springline 
 = 0.5 ⋅ ⎡(1+ k ⋅b⎣ 0 ) 1   

−

+

0.3333

0.3333

⋅

⋅

(1

(1

−

−

k0

k0

)

)

⋅

⋅

b2

b2

⎤⎦

⎤⎦

γ⋅ s

⋅γ s

⋅

⋅

h

h

⋅

⋅

(

(

d

d

/ 2

/ 2

)  

)  

 (1= − k0 ) ⋅b2 γ⋅ s ⋅h ⋅ (d / 2)2 / 6  

 b1 1= − a1 2b (1 3= + ⋅ 2a − 4 ⋅ 3a )
a1 (1 2= − ⋅ mν ) (⋅ C − )1 / ((1− 2 ⋅ mν ) ⋅C + )1     2a

 
= ((2 ⋅F ) +1− 2 ⋅ mν ) (/ 2 ⋅F + 5− 6 ⋅ mν )    3a = (2 ⋅F ) (/ 2 ⋅F + 5− 6 ⋅ mν )  
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Overpressure 

(no slip) 

Thrust at Crown 
   = (γ ⋅ ⋅(h d / 2)) ⋅ (
Thrust at Springline 
   = (γ ⋅ ⋅(h d / 2)) ⋅ (

(

(

(1

(1

+

+

k0

k0

) (⋅ 1

) (⋅ 1

−

−

Ln

Ln

)

)

)

)

−

+

(

(

(1

(1

−

−

k0

k0

) (⋅ 1

) (⋅ 1

+

+

J

J

n

n

)

)

)

)

 )

 )

Moment at Crown 
2= (γ ⋅ ⋅(h d / 2) / 2) ⋅ ⎡(1+⎣ 0k ) (1⋅ − 2 ⋅ mν

Moment at Springline 
2= (γ ⋅ ⋅(h d / 2) / 2) ⋅ ⎡(1+ k⎣ 0 ) (⋅ 1 2− ⋅ mν

)

)

⋅

⋅

(

(

C

C

(/ 6

(/ 6

⋅

⋅

F

F

)) (1⋅ −

)) ⋅(1−

nL

nL

)

)

−

+

(

(

(1−

(1−

k

k

)

)

/ 2) (1⋅ −

/ 2) ⋅ (1−

Jn

Jn

− 2 ⋅

2− ⋅

N

N

 ⎤⎦

 ⎤⎦

Overpressure 
(full slip) 

Thrust at Crown 
   = ((1+ k ⋅ 1− L0 ) ( f

Thrust at Springline 
   = ((1+ k 1⋅ − L0 ) ( f

) − (1

) (+ 1

−

−

k0

k0

)

)

⋅ (1−

(1⋅ −

J

J

f

f

))

))

⋅γ ⋅

⋅γ ⋅

h

h

⋅

⋅

(

(

d

d

/ 4  )

/ 4  )

Moment at Crown 
   2= ⋅ ⋅ ⋅ ⎡(γ (h d / 2) / 2) (1+⎣
Moment at Springline 
   2= ⋅ ⋅ ⋅ ⎡(γ (h d / 2) / 2) (1+⎣

0k

k0

) (⋅ 1−

) (1⋅ −

2

2

⋅ mν

⋅ mν

)

)

⋅

⋅

(C

(C

(/ 6

(/ 6

⋅

⋅

F

F

)) (1⋅ −

)) (1⋅ −

Lf

nL

) (− 1− k

) (+ 1− k

) (1⋅ −

) (1⋅ −

J

J

 )⎤⎦

 )⎤⎦

Excavation 
(No Slip) 

Thrust at Crown 
*   = ((1+ k 1⋅ − L0 ) ( n

Thrust at Springline 
*   = ((1+ k 1⋅ − L0 ) ( n

)

)

−

+

(1

(1

−

−

k0

k0

)

)

(1⋅ −

(1⋅ −

J

J

*
n

*
n

)

)

)

)

γ⋅ ⋅

γ⋅ ⋅

h

h

⋅

⋅

(

(

d

d

/ 4  )

/ 4  )

Moment at Crown 
   2= ⋅ ⋅ ⋅ ⎡(γ (h d / 2) / 2) (1⎣
Moment at Springline 
   2= ⋅ ⋅ ⋅ ⎡(γ (h d / 2) / 2) (1⎣

+

+

0k

k0

)

)

⋅

⋅

(

(

*
nL

*
nL

(/ 6

(/ 6

⋅

⋅

F

F

)

)

)

)

−

+

(

(

0.5

0.5

⋅

⋅

(1

(1

−

−

0k

k0

)

)

⋅

⋅

(1

(1

+

+

J

J

−

−

N

N

⎤  ))⎦
⎤  ))⎦

Excavation 
(Full Slip) 

Thrust at Crown 
   *= ((1+ k 1⋅ − L0 ) ( f

Thrust at Springline 
   *= ((1+ k ⋅ 1− L0 ) ( f

) (− 1−

) + (1−

k0

k0

) (1⋅ −

) ⋅ (1−

2 ⋅

2 ⋅

J

J

* γ⋅ ⋅h ⋅ df )) (

* γ⋅ ⋅h ⋅ df )) (

/ 4)

/ 4  )

` 
Moment at Crown 

2   = (γ ⋅ ⋅ (h d / 2) / 2) ⋅
Moment at Springline 

2   = (γ ⋅ ⋅ (h d / 2) / 2) ⋅

⎡(1+⎣

⎡(1+⎣

k0

k0

)

)

⋅

⋅

(

(

Lf

Lf

*

*

(/ 6

(/ 6

⋅

⋅

F

F

))

))

−

+

((1−

((1−

k0

k0

) (⋅ 1−

) ⋅(1−

2 ⋅

2 ⋅

J

J

⎤  ))⎦
⎤  ))⎦

nL (1 2= − ⋅ mν ) (⋅ C − ) (1 / 1+ (1 2− ⋅ mν )⋅C )
Jn (1 2= − ⋅ mν ) (⋅ 1−C ) ⋅F − (0.5 ⋅ (1 2− ⋅ mν )⋅C + 2)  

*
nL (1 2= − ⋅ mν ) ⋅C (/ 1+ (1− 2 ⋅ mν ) ⋅C )

*J = ⎡n (2 ⋅⎣ mν + (1− 2 ⋅ mν ) ⋅C ) ⋅F + (1− mν ) (⋅ 1− 2 ⋅ mν ) ⋅C  

/ ⎡((3 2− ⋅⎣ mν ) (+ 1 2− ⋅ mν ) ⋅ )C F⋅ + (0.5 ⋅ (5− 6 ⋅ mν )) (⋅ 1 2− ⋅ mν ) ⋅C + (6−8 ⋅ mν )⎤⎦ / ⎡((3 2 ν− ⋅ + ν− ⋅ ⋅C F⋅ + ⋅ − ν⋅ ⋅ ν⎣ m ) (1 2 m ) ) (0.5 (5 6 m )) (1 2− ⋅ m ) ⋅C + (6−8 ⋅ ⎤⎦

Nn = (( + (1 1 2− ⋅ mν ) ⋅C ) ⋅F − (0.5 ⋅ (1 2− ⋅ mν ) ⋅C ) − 2)
 

/ ⎡((3 2− ⋅⎣ mν ) (+ 1 2− ⋅ mν ) ⋅ )C F⋅ + (0.5 ⋅ (5− 6 ⋅ mν )) (⋅ 1

L = − ν⋅ ⋅ C − + − ν⋅ ⋅Cf (1 2 m ) ( ) (1 / 1 (1 2 m ) )
 

J = ⋅F + − ν⋅ ⋅F + − ν⋅f (2 (1 2 m )) (/ 2 (5 6 m ))
N = ⋅F − ⋅F + − ν⋅f (2 ) (1 / 2 (5 6 m ))

2− ⋅ mν ) ⋅C + (6−8 ⋅ mν )⎤⎦

*N = ⎡n (3 2+ (1⋅ − 2 ⋅⎣ mν ) ⋅C ) ⋅F + (0.5 (1⋅ − 2 ⋅ mν ) ⋅C )
/ ⎡((3 2 ν− ⋅ + ν− ⋅ ⋅C F⋅ + ⋅ − ν⋅ ⋅ ν⎣ m ) (1 2 m ) ) (0.5 (5 6 m )) (1 2− ⋅ m

*L = − ν⋅ ⋅C + − ν⋅ ⋅Cf (1 2 m ) (/ 1 (1 2 m ) )
 *J = F + ν− ⋅F + − ν⋅f ( (1 m )) (/ 2 (5 6 m ))

*N = ⋅F + ⋅F + − ν⋅f (4 ) (1 / 2 (5 6 m ))

) ⋅C + (6−8 ⋅ ⎤⎦

Muir & Wood 
(1975) 

 
Excavation 

Thrust at Crown 
   =1/ 3⋅ (σ −σ ⋅ d + ⋅λ ⋅ d + σ −σv H ) ( / 2) (4 / 3) (deflection) (/ / 2) ( v H

Thrust at Springline 
   = 2 / 3⋅k ⋅ σ −σ ⋅ d / 2 + 2 / 3 ⋅λ ⋅ deflection ⋅ d / 2 + σ0 ( v H ) ( ) ( ) ( ) ( ) ( H

) (⋅ d

) (⋅ d

/ 2  )

/ 2  )

2   = ( vσ − Hσ ) / 6 ⋅ (d
η = ( IDφ + d ) (/ 2 ⋅d

2/ 2)
)

2η⋅ ⋅ sR (/ 1+ sR )  
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Full Slip  k (1= − mν ) / ((1− 2 ⋅ mν ) (⋅ 1+ mν ))
β = ( m /E EL ) (⋅ d / 2 ⋅ ) (η / LA / Lw )
η = ( IDφ + d ) (/ d / 2)

 λ (3= ⋅ mE ) / ((1+ mν ) (⋅ 5− 6 ⋅ mν ) ⋅d / 2)
3

1Q = ( mE / LE ) ⋅ ( (1/ 1+ mν )) ⋅(η ⋅(d / 2) (/ 12

3
2Q = ( mE / LE ) ⋅ ( (1/ 1+ mν )) (⋅ ( d / 2) (/ 12 ⋅ I

⋅ I

))
))

  Rs

σ H

3 4(9= ⋅EI ) / (λ η⋅ ⋅(d / 2)
= σ ⋅k + H ⋅γ ⋅ 1− kv 0 w w ( 0

)
)

IDφ = (d / 2− tL ) ⋅2      
3I = ( Lw ⋅ tL ) /12 / Lw        σ      v = γ ⋅h S+m  

Thrust at Crown 
   = N − N  constant max

Excavation 
Full Slip 

Thrust at Springline 
   = N + N  constant max

N = ⎡ σ +σ         constant (⎣ v H ) ⋅d / 2 / 2⎤ ⎡⎦ ⎣ + (1− k0 ) ⋅2 ⋅k ⋅ β ⎤⎦  

    = − 1/ 2⎡
⎣ ⋅(σ v −σ H ) 2η⋅ ⋅(d / 2 2) ⎤⎦ ⋅ (

 

3− 4 ν⋅ m ) (/ 5− 6 ν⋅ m + 4 ⋅ 2
 )

N = − ⋅max (( vσ Hσ ) d / 4) (⋅ 3− 4 ⋅ −mν ) (/ 5 6 ⋅ +mν 4 ⋅ 1Q )
Thrust at Crown 

(1
97

6)
 

   = N − N  constant max

C
ur

tis
 Excavation 

No Slip 

Thrust at Springline 
   = N + N  constant max

N = ⎡constant (⎣ vσ + Hσ )      ⋅d / 2 / 2⎤ ⎡ +⎦ ⎣ (1− 0k ) ⋅2 ⋅k ⋅ β ⎤⎦  

    = −

 

1/ 4⎡
⎣ ⋅(σ v −σH ) 2η⋅ ⋅(d 2/ 2) / 1⎤ ⎡⎦ ⎣ +Q2 ⋅ (3− 2 ν⋅ m

 )⎤⎦

N = σ −σ ⋅dmax (( v H ) / 2) ⋅ ⎡(1+ (2⎣ ν⋅ m ⋅Q1 )) (⋅ 3− 4 ν⋅ m ) (⋅ 1+Q1 )⎤⎦
 k (1 ν= − − ν⋅ ⋅ ν+m ) / ((1 2 m ) (1 m ))
β = ( /E E ⋅ d η⋅ A wm L ) ( / 2 ) (/ /L L )
η = (φ + d dID ) (/ / 2)

λ (3= ⋅ mE ) / ((1+ mν ) (⋅ 5− 6 ⋅ mν ) ⋅d / 2)
3

1Q = ( mE / LE ) ⋅ ( (1/ 1+ mν )) ⋅(η ⋅(d / 2) (/ 12

3
2Q = (Em / EL ) ⋅ ( (1/ 1+ mν )) (⋅ ( d / 2) (/ 12 ⋅ I

⋅

)

I

)
))

φ = d − t ⋅ID ( / 2 L ) 2
                             

3I = ( Lw ⋅ tL ) /12 / Lw              

NOTATION:  
νm :  Poisson's ration for ground AL :  Cross-Sectional Area of Liner F :  Flexibility
ν L :  Poisson's ration for Liner γ m :  Ground Unit Weight k0 :  Coefficient of Lat. Earth Pressure
Em :  Young's Modulus for ground γ w :  Water Unit Weight h :  Depth to Springline
EL :  Young's Modulus for Liner       d :  Diameter of Tunnel       hw :  Depth from Water Table  
tL :  Thickness of Liner I :  Moment Inertia per Unit Length Rs :  Stiffness Factor
wL :  Width of Liner C :  Compressibility S :  Surcharge
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Table E-3  Sample Concrete Lining Load Calculation for a 22-ft Diameter Circular Tunnel in Soil 

(a) Input Data 
Lining Properties: Ground Properties

Width = 5  ft Elastic Modulus, Em = 2.03E+06  lb/ft^2
Thickness, t = 1.500  ft Poissson's Ratio, nm = 0.41

Compressive Strength Concrete, f'c = 5000 psi
Elastic Modulus, El = 5.80E+08  lb/ft^2 Soil  Unit Weight, g = 130  lb/ft^3

 External Diameter (OD) = 22  ft Water Unit Weight, gw = 62.4  lb/ft^3
Poisson's Ratio, nl = 0.25
Number of Joints = 0

Determine Thrusts and Moments for:
Depth to Springline = 105  ft

Depth from water table = 95  ft
Coeff. Lateral Pressure, K0 = 0.7

(b) Concrete Lining Loads Calculated from Various Analytical Solutions 
Analytical Solutions Thrust at Crown/ft Thrust at Springline/ft Moment/ft
Wu & Penzien

Relaxation
Overburden

-129698
-131020

-132731
-136283

-15165
-26316

Einstein& Schwartz
Excavation Full Slip
Excavation No Slip

97536
108108

153444
142872

-54264
-50176

Peck, Hendron, & Moharaz
Overburden 139515 156634 -94164

Ranken, Ghaboussi, & Hendron
Overpressure Case 1 (no slip)

Case 2 (full slip)
Excavation Case 3 (no slip)

Case 4 (full slip)

117912
139514
108105
120554

178237
156635
142869
130420

Crown
-84545
-91640
-48037
-52125

Springline
89593
96688
52315
56403

Muir-Wood
Excavation Full Slip 124377 137264 -18055

Curtis
Excavation Full Slip
Excavation No Slip

132119
125095

138192
145216

-25644
-23690
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APPENDIX 8.1 - ELASTIC CLOSED FORM MODELS 
FOR GROUND-LINING INTERACTION 

The source document for Appendices B.l and B.2 is: 
Guidelines for Tunnel Lining Design by the Technical 
Committee on Tunnel Lining Design of the Underground 
Technology Research Council, edited by T.D. O'Rourke 
(1984), and reproduced here, for convenience. 

Several closed form models for ground-lining interaction 
have been developed on the basis of elastic ground and 
lining properties. Although the models are limited by 
assumptions of elasticity and specific conditions of 
loading, they nonetheless possess several attractive 
features, including their relative simplicity, sensitivity to 
significant ground and support characteristics, and ability 
to represent the mechanics of ground-lining interaction. 
The models are useful for evaluating the variation in 
lining response to changes in soil, rock, and structural 
material properties, in-situ stresses, and lining 
dimensions. However, considerable judgment must be 
exercised by the tunnel designer in applying these models. 
Their chief value lies in their ability to place bounding 
conditions on performance and thereby supplement the 
many practical considerations of tunnel operation, 
construction influence, and variation in ground 
conditions discussed in the main body of this work. 

Some special characteristics of elastic closed form models 
are discussed by Schmidt (1984). 

A.I Background 

Most elastic closed form models are based on the 
assumption that the ground is an infinite, elastic, 
homogeneous, isotropic medium. The interaction 
between the ground and a circular elastic, thin walled 
lining is assumed to occur under plane strain conditions. 
The models involve either full slip or no slip conditions 
along the ground-lining interface. 

In some models (Muir Wood, 1975; Curtis, 1976), 
equations have been developed for interface conditions 
that involve a shear strength between that of full and no 
slip conditions. The magnitude of the vertical stress is 
assumed equal to the product of the soil unit weight, y, 
and the depth to the longitudinal centerline of the tunnel, 
H. The increased stress from crown to invert is not 
considered so that the solutions are appropriate for deep 
tunnels. Finite element analyses by Ranken, Ghaboussi, 
and Hendron ( 1978) and a review of analytical work by 
Einstein and Schwartz (1979) indicate that tunnels are 
sufficiently deep for application of the elastic solutions 
when HID is greater than about 1.5, where D is the 
outside diameter of the tunnel. 

The elastic models can be divided into two categories 
according to the conditions of in-situ stress that prevail 

Road Tunnel Design Guidelines 

when the lining is installed and loaded. Work by Morgan 
(1961), Muir Wood (1975), Curtis' (1976), Ranken, 
Ghaboussi, and Hendron (1978), and Einstein and 
Schwartz (1979) has been based on lining response within 
a stressed ground mass. 

This condition is commonly referred to as excavation 
loading. Work by Burns and Richard (1964), Hoeg 
(1968), Peck, Hendron, and Mohraz (1972), Dar and 
Bates (1974), and Mohraz, et al. (1975) has been based on 
lining response in a ground mass subjected to an 
externally applied pressure. 

This condition is commonly referred to as overpressure 
loading. 

Overpressure 1 oading imp 1 ies that the 1 ining is installed 
before external loads are applied. This assumption is 
suitable for simulating the effects of external blasting 
and the placement of fill above a previously constructed 
tunnel. Models developed on the basis of overpressure 
loading do not simulate the most frequently encountered 
situation in which the lining is constructed in soil or rock 
subjected to in-situ stresses. In general, models based on 
overpressure 1 oading result in higher values of thrust and 
moment compared to those based on excavation loading. 

A.2 Analytical Results 

The analytical results derived from the work of Ranken, 
Ghaboussi, and Hendron (1978) for excavation loading 
are used in this appendix to show how moments and 
thrusts vary as a function of the relative stiffuess between 
the ground and lining. The conditions of in-situ stress 
assumed in the model are illustrated in Figure A.l, where 
the vertical stress is defined as previously mentioned and 
the horizontal stress is defmed as the product of the 
coefficient of earth pressure at rest, K0 , and the vertical 
stress. It is not possible to install a lining without some 
relief of in-situ stresses. The amount of stress relief will 
depend on the characteristics of the excavation and 
support process and is particularly sensitive to the 
distance support is installed behind the excavated face. 
The model therefore represents a limiting condition of 
restraint against inward ground movement. 

It is convenient to summarize the analytical results in 
dimensionless form. Accordingly, the dimensionless 
moment, or moment coefficient is given by M/(yHW) 
where M is the moment per unit length of tunnel, y is the 
ground unit weight, H is the depth to the tunnel center 
line, and R is the external lining radius. Similarly, the 
thrust coefficient is given by T/(yHR), where Tis the 
thrust per unit length of tunnel. The dimensionless 
parameters that reflect the relative stiffuess between the 
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ground and lining are referred to as the flexibility ratio, F, 
and the compressibility ratio, C. 

The flexibility ratio is a measure of the flexural stiffuess 
of the ground to that of the lining. Assuming a 
rectangular cross-section of the lining, the flexibility ratio 
is defmed as 

F =(Em I EJ (Rit/ [(2(I- v/))I(I + vm)} (A. I) 

in which Em is the modulus of the surrounding medium, or 
ground, E1 is the modulus of the lining, t is the lining 
thickness, and v1 and Vm are the Poisson ratios ofthe lining 
and ground, respectively. 

The compressibility ratio is a measure of the extensional 
stiffuess of the ground to that of the lining. Assuming a 
rectangular cross-section of the tunnel lining, the 
compressibility ratio is defmed as 

C = (Em I EJ (R/t) [(I - v/)I((I + vm) (I - 2 vm))} 
(Equation A.2) 

Elostic medium 

Figure A.l Stresses and Lining Geometry for Elastic Closed Form Models of Ground-Lining Interaction 

It should be pointed out that slightly different expressions 
for the flexibility and compressibi 1 ity ratios have been 
used by others (e.g. Muir Wood, 1975; Einstein and 
Schwartz, 1979). As Vm approaches 0.5 in Eq. A.2, as 
would be the case for a fully saturated clay, the value of C 
approaches infinity. Einstein and Schwartz (1979) point 
out that this trend can be conceptually misleading, and 
have derived an alternative expression on the basis of 
slightly different assumptions. 

Road Tunnel Design Guidelines 

Figure A.2 shows the maximum moment coefficient 
plotted as a function ofF pertaining to Ko = 0.5 and 2.0 
for full and no slip conditions. The plots represent 
absolute values of the moment, which achieves a 
maximum at the crown, springline, and invert of the 
tunnel. The moment coefficient diminishes rapidly as F 
increases to about 20. Thereafter, there is little variation 
in moment as the relative stiffuess between ground and 
lining increases. The plots pertain to C = 0.4 and vm= 0.4. 
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Because neither of these parameters has a significant 
influence on moment, the figure may be used as a good 
approximation of the relationship for other values of C 
and Vm generally encountered in practice. 

The thrust coefficient does not vary significantly as a 
function ofF for values ofF greater than about 3. 

0.07 

1l: 0.06 
:c 
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...... 
2 .. c 
cu ·a ·--

0.05 

~ 0.04 
0 -c: • g o.c» 
s 
e 
::J .5 0.02 
0 s 

0.01 

However, the thrust decreases substantially with increased 
Cas shown in Figure A.3. This figure was developed for 
Ko = 0.5 and 2.0, F = 10, and Vm = 0.4 under full and no
slip conditions. The highest thrust occurs generally in the 
crown and invert, with thrusts being more pronounced for 
no slip as opposed to full-slip conditions. The thrust can 
be affected significantly by Dm. Although not shown, the 
PnrvP:.;: in Fio-nrf': A ? wm1lrl h, rli<mhwP:rlnnward for Vm > 
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Figure A.2 - Maximum Moment Coefficient as a Function of the Flexibility Ratio 
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Figure A.3 - Thrust Coefficient as a Function of the Compressibility Ratio 
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Figures A.2 and A.3 are instructive as indicators of the 
qualitative behavior of flexible tunnel linings. It should, 
however, be recognized that quantitative values for 
analysis of specific cases depend considerably on the 
value assigned to the at-rest earth pressure coefficient, Ko, 
which must generally be estimated on the basis of 
relatively crude characterizations of actual site conditions. 
In sandy soils of geologically recent origin with 
relatively high internal friction,K0 may approximate 0.5. 
In overconsolidated clays, Ko will often exceed 1.0. In 
rocks that have been subject to complex geological 
processes, Ko may be extremely variable. Additional 
comp 1 ications arise because the excavation process tends 
to relieve in-situ stresses adjacent to the tunnel lining. 
As a consequence, the lining may be subjected to a stress 
state significantly less than that based on the assumption 
of at-rest horizontal stresses and full overburden pressure. 

A.3 Applications 

The equations, on which Figures A.2 and A.3 are based, 
were developed for linear elastic linings. Concrete 
linings, however, are characterized by significant 
nonlinear stress-strain behavior. Structural failure of a 
concrete lining results from crushing on the compressive 
face, and the load bearing capacity of the lining may 
significantly exceed the structural bending capacity of the 
section. 
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Linear elastic models may be biased to a rel atively low 
assessment of the lining capacity because they tend to 
emphasize the bending capacity of the section. 

The 1 ining designer should recognize this bias. In 
Appendix B.2, the nonlinear response of a concrete lining 
is considered and compared with the response modeled by 
the linear elastic solutions. 

There are many factors in addition to the effects of 
nonlinearity that the designer must consider. Concrete 
creep and the use of segmental linings may lead to an 
increase in the relative stiffness between the ground and 
lining. The relief of in-situ stresses during excavation 
may cause substantial reductions in pressure relative to 
those inferred by excavation loading. The actual ground 
loads may not be distributed continously along the lining, 
but may be concentrated at specific locations as would be 
the case for gravity loads in jointed rock and soil where 
significant loosening is permitted. Moreover, loads from 
shove jacks and contact grouting as well as those 
associated with future construction may be more critical 
than the loads from ground-lining interaction. 

Careful evaluation of the many factors affecting lining 
response requires judgment. Linear e 1 astic models 
supp 1 ement judgment. As discussed previously, the 
models are appropriate 1 y used when they bracket the 
limiting conditions of performance and point out trends in 
lining response as a result of variations of important 
parameters. 
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APPENDIX 8.2- LINEAR RESPONSE OF. CONCRETE LININGS 

As discussed in Appendix B .1, concrete linings are 
characterized by nonlinear stress-strain behavior so that 
linear elastic models may lead to results that are not 
consistent with actual performance. It is useful, therefore, 
to understand how linings are influenced by nonlinear 
characteristics. The moment-thrust diagram provides a 
means of comparing linear and nonlinear responses under 
similar conditions of loading and relative stiffness 
between the ground and concrete lining. This appendix 
provides a brief discussion of moment-thrust diagrams 
and summarizes analytical results showing the differences 
between 1 ining performance modeled with linear and 
nonlinear concrete properties. 

B.l Moment-Thrust Interaction Diagrams 

When the thrust and moment around the lining have been 
calculated, it is necessary to evaluate these quantities in 
comparison with allowable values. Normally, it is only 
necessary to make this comparison at locations where one 
of the quantities is maximum or where there is an abrupt 
change in the lining section. Moment and thrust interact 
strongly, so it is customary to check these quantities 
together by using the moment thrust (M-T) interaction 
diagram to represent the allowable combination. The M
T interaction diagram can be drawn for each section of the 
lining and depends only on the section dimensions and 
material properties. 

One way to obtain a M-T interaction diagram is to use the 
procedure ofthe ACI Code (ACI Committee 318, 1983) 
in which the combinations of moment and thrust, which 
cause failure of the section under unconfined conditions, 
are computed and shown on a diagram in which thrust and 
moment are the axes. A typical M-T diagram for one 
section of a tunnel lining is shown in Figure B.l. This 
diagram may represent all the lining sections if they have 
constant dimensions and composition, or several such 
diagrams may be used to represent different lining 
sections. 

To determine whether the section for which the M-T 
diagram in Figure B. I is adequate, the moment and thrust 
combination obtained in the analysis should be plotted on 
the diagram as shown. The ACI Code procedure for 
constructing the diagram provides for capacity reduction 
factors as a safety measure to cover uncertainties in 
material properties, determination of section resistance, 
and the difference between concrete strength from 
cylinder tests and the structure. If the moment and thrust 
combination lies inside the diagram, the section is 
adequate. If it lies outside the diagram, the section is not 
adequate. The loads on the lining may be multiplied by a 
load factor to give the moment and thrust combination an 
additional margin of safety. 
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B.2 Linear and Nonlinear Response 

Figure B.l shows the difference that would be obtained 
between linear and nonlinear analyses for a lining section 
composed of reinforced concrete. In the figure, the 
moment-thrust paths are plotted for two different 
conditions of relative stiffness between the ground and 
lining. The nonlinear and linear paths, which intersect 
the interaction diagram below the balance point, pertain to 
a flexibility ratio less than that for the paths that intersect 
above the balance point. Each path is the locus of 
moment and thrust combinations corresponding to a given 
type of loading. As discussed in Chapter 3 and Appendix 
A, the loading and attendant ground-lining interaction 
may be modeled by means of excavation, ov_erpressure, or 
gravity loading. 

When linear analyses are performed, the material stress
strain response must follow a 1 inear relationship even 
though the actual stresses carried by the 1 ining may be 
well above the analytical values. Linear analyses are 
usually used to design above ground structures, with the 
under standing that linear assumptions are conservative. 
The error resulting from using linear analysis for a tunnel 
lining will be more pronounced than for an above ground 
structure because the confmement and greater 
indeterminacy of the underground structure provide more 
opportunity for moment redistribution. 

As the nonlinear moment-thrust path in Figure B.l 
intersects the interaction diagram below the balance point, 
the concrete cracks and the eccentricity decreases 
resulting in a higher value of thrust (point 2) than would 
be obtained in the linear analysis (point 1). The section 
has additional capacity even after the moment-thrust path 
has reached the envelope, and the thrust continues to 
increase even though the moment capacity drops off 
(point 3). Above the balance point, the thrust capacity 
calculated by nonlinear analysis will be closer to that 
calculated by linear analysis, as evidenced by comparing 
the percentage difference between points 4 and 5 with that 
of points 1 and 3. 

A key aspect of the lining response, which is shown by 
nonlinear analysis, is that the concrete tunnel lining does 
not fail by excessive moment. It fails by thrust which is 
affected indirectly by moment. 

Figure B.2 helps illustrate the general conditions 
summarized in Figure B. I by means of a specific 
example. The figure shows the moment thrust interaction 
diagram for a 9-in. (230 mm)-thick concrete lining 
section. A one-foot length (305 mm)of a continuous 
lining with no reinforcing steel is considered. Also shown 
on the graph are moment thrust paths for the crown 
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obtained from analyses of an 18-ft (5.5 m)-diameter 
circular lining with the same cross-section as that used to 
dra": the interaction diagram. A uniform gravity load was 
apphed across the tunnel diameter as shown in the figure. 
Nonlinear geometric and material properties of the lining 
were modeled, as described by Paul, et al. (1983). The 
analyses were performed using a beam-spring simulation 
in. which the ratio of the tangential to radial spring 
stiffness was one fourth. Analyses were performed with 
spring stiffness corresponding to moduli of the 
surrounding medium of 111,000 and 1,850,000 psi (770 
and 12,800 MN/m2), representing soft and medium hard 
rock. The increased capacity associated with increased 
stiffness of the media illustrated by the nearly two-fold 
difference in maximum thrust for the two cases. When 
the moment and thrust are below the balance point, the 
thrust capacity from nonlinear analysis exceeds that from 

Nonlinear 
paths 

linear analysis by four times. When the moment-thrust 
paths intersect the M-T diagram above the balance point, 
the difference in maximum thrust between the linear and 
nonlinear analyses is only about 10 percent. 

It s~ould be emphasized that nonlinear analysis is subject 
to virtually all constraints that apply for linear models. 
As discussed in Appendix A, there are many additional 
factors the designer must consider, covering variations in 
material properties, ground loading, and construction 
methods. Nevertheless, nonlinear analysis provides 
insight regarding the manner in which the concrete lining 
deforms and shares load with the surrounding ground. 
The results of nonlinear modeling may be especially 
useful for moment and thrust combinations below the 
balance point of the interaction diagram, where 1 inear 
evaluations tend to underestimate the load carrying 
capacity by a significant margin. 

Moment- thrust 
diaorom 

....,..._ .... Balance point 

Linear path 

Moment 

Figure B.l -- General Moment-Thrust Diagram for a Reinforced Concrete Lining 
with Linear and Nonlinear Moment-Thrust Paths. 
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Figure B.2 -Moment-Thrust Paths for an Unreinforced Concrete Lining in Rock. 
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