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a b s t r a c t

The estimation of support requirements to stabilize underground structures is of prime importance for
rational design of these structures. The characterizing parameters of rock mass may vary with depth.
Determination of these parameters by drilled cores and Ground-Probing-Radar (GPR) is difficult and
expensive due to anisotropy of rock mass. Laboratory testing is also expensive. Also the in situ conditions
are difficult to simulate in the laboratory. The designer is thus resorting to empirical methods and ana-
lytical methods to determine these parameters. Often, the analytical techniques may mesmerize the
designer to feel the problem and its solution on the screen of the computer. In this paper, an attempt
has been made to develop algorithm based on Block Theory with geological information & mechanical
properties of rock for determining the rock pressure. Limitations of this technique are number of joint
sets not less than three and width of the opening up to 25 m. The algorithm determines all the wedges
formed at a time by 3,4,5,6, . . .,n joint planes with excavation plane responsible for manifestation of rock
pressure at roof/wall. All the permutations and combinations for wedge formation can be considered in
this respect. Rock pressure for design is determined for reinforcement of the underground openings.
Spacing of rock bolts is found out as an additional feature. The alignment of the opening for optimal rein-
forcement can also be determined. Case history of Tehri Power House, India is taken up for analysis. The
empirical correlations developed by Goel (1994) are used for comparative study. It was found that no
appreciable rock pressure was developed at walls. Roof pressure is determined to be 140 kPa, which is
almost same as observed. It is thus established that block theory may be applicable for design criterion
up to depth of 500 m.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

In order to know the behavior or rock mass, in advance, all the
theories are to be consulted. The analysis depends upon geology
and rock material behavior of the specific site. Instability of exca-
vations in rocks often initiates due to movement of unstable
removable blocks, or key blocks. Block Theory proposed by Good-
man and Shi (1985) can be used to analyze these unstable blocks
for assessment of the stability of rock mass. Theses blocks can be
identified by information of joint set orientations, the excavation
shape and width of opening (Goodman, 1995). The authors present
an algorithm for preliminary design of underground openings
based on the concept of block theory. The main advantage of this
algorithm is that it helps to fix up alignment of the opening with
minimum reinforcement, in view of economy of supporting costs.

2. Objectives and assumptions

The main objective is to develop algorithm upon input informa-
tion of three or more joint sets for determining the rock pressure
and mechanical properties of rock. The proposed algorithm can
be used prior to excavation to estimate the support pressure. As
the excavation is progressed, the input parameters (geological)
are reevaluated as face advances. Limitation of this technique is
number of joint sets not less than three and width of the opening
up to 25 m. Owing to limitations of the authors, software based
upon this algorithm was developed up to wedges formed by 3–5
joint planes at a time. But, this algorithm may be helpful for
consideration of all the wedges more than 5 joint planes at a time.
It may be noted that all the units should be in SI system. Orienta-
tion of the co-ordinate system (Fig. 1) has been adopted as
suggested by Goodman & Shi (1985).

3. Input parameters

The proposed algorithm is based upon fourteen steps. Input
parameters are geological information such as (i) joint sets’ nature
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(ii) alignment of the opening (iii) orientation of excavation plane
(iv) width of the opening (v) water forces on joint planes (vi) fric-
tion angle, and (vii) cohesion of joint planes. All the wedges formed
by 3,4,5,6, . . .,n joints at a time can be analyzed by adopting all the
combinations. The output parameters are (i) the weight and face
areas of the wedge (ii) height of the wedge, which is useful for bolt-
ing (iii) rock pressure for reinforcement by bolting, or installing rib
(iv) spacing of bolting/ rib. The additional feature of the algorithm
is that the orientation of tunnel axis to obtain minimum reinforce-
ment is determined. This algorithm may easily be translated into a
computer programme to feel the design on computer’s screen.

4. Methodology for computation

4.1. Step1: Assumptions

Assume the wedge is formed by n-joint planes with excavation
plane at roof/wall, (a1,b1), (a2,b2), . . ., (an, bn) be the dip and dip
direction of joint planes respectively, (an+1,bn+1) be dip and direc-
tion of roof/wall, (an+2,bn+2) be dip and dip direction of tunnel axis
and Wb be the width of the opening. Unit vectors i, j, k are consid-
ered along the along East, North and vertical directions (X,Y,Z)
respectively as shown in Fig. 1.

4.2. Step2: Determination of unit outward normal vectors (ak) to the
joint and excavation planes (f ) and tunnel axis (g)

ak ¼ ðakxiþ akyjþ akzkÞ

where

akx ¼ sin ak � sin bk

aky ¼ sin ak � cos bk

akz ¼ cos ak

k = 1,2,3,4, . . .,n (here ‘k’ is joint plane number)

�f ¼ fx
�iþ fy

�jþ fz
�k

where

fx ¼ sinanþ1 � sin bnþ1

fy ¼ sinanþ1 � cos bnþ1

fz ¼ cos anþ1

�g ¼ gx
�iþ gy

�jþ gz
�k

where

gx ¼ cos anþ2 � sin bnþ2

gy ¼ cos anþ2 � cos bnþ2

gz ¼ � sin anþ2

It is to be noted that tunnel axis is taken towards observer.

4.3. Step 3: Determination of edges of the wedge (Ek)

E1; E2; E3; . . . . . . . . . . . . . . . En�1; En aregivenby

Ek ¼ ðEkx
�iþ Eky

�jþ Ekz
�kÞ

where

Ekx ¼ akyaðkþ1Þz � aðkþ1Þyakz

Eky ¼ akzaðkþ1Þx � aðkþ1Þzakx

Ekz ¼ akxaðkþ1Þy � aðkþ1Þxaky

Here k = 1,2,3,4, . . ., (n � 1)

En ¼ ðEnx
�iþ Eny

�jþ Enz
�kÞ

where

Enx ¼ anya1z � a1yanz

Eny ¼ anza1x � a1zanx

Enz ¼ anxa1y � a1xany

4.4. Step 4: Determination of a vector (�h) perpendicular to the vectors
(�f ) and (�g)

�h ¼ �f x�g

�h ¼ hx
�iþ hy

�jþ hz
�k

where

hx ¼ fygz � gyfz

hx ¼ fygz � gyfz

hy ¼ fzgx � gzfx

hz ¼ fxgy � gxfy

j�hj ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h2

x þ h2
y þ h2

z

q

4.5. Step 5: Define

lk ¼ �f � Ek ¼ ðfxEkx þ fyEky þ fzEkzÞ

where k = 1,2,3, . . .,n.

4.6. Step 6: Computation of height of wedge (ALT)

Define

Pk ¼ Ek � �h ¼ Ekxhx þ Ekyhy þ Ekzhz

where k = 1,2,3, . . ., ,n.
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Fig. 1. Orientation of coordinate system.
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