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SYN0PSIS 

The design of underground cavern requires the knowledge of 

stress field, developed as a result of redistribution of insitu 

stresses, consequent upon the excavation of rock mass. The zones 

of compression and tension are delineated and the points of local 

stress concentrations are identified once the stress field has 

been defined. The parameters influencing the redistribution of 

stresses around an opening in rock mass include its shape, the 

magnitude and direction of insitu stresses, strength and mechani-

cal properties of rock mass and the stage of excavation. The sta- 

bility of the underground structure depends upon the local stress 

concentrations as well as the stress gr=adient around the opening. 

The stresses should be within allowable limits and steep stress 

gradients are to be avoided. Thus, extensive stress analysis, 

incorporating the parameters described above, is necessary to 

ensure the stability of cavern and to select best possible shine, 

layout and sequence of excavation. 

The problem can be solved making use of the various numerical 

techniques. The 'Finite Element Method' provides an versatile 

tool for such an analysis and can incorporate nonlinearity, ani-

sotropy, inhomogeneity and structural defects in rock mass. 

In this work, the analysis of Nathna. Jhakri Underground 

Power House,ba,sed on the assumptions of linear,isotronic and 

homogeneous rock mass, has been carried out using finite element 

method. 

The time required for data preparation in finite element 

analysis is quite large as compared to the total time for the 



analysis and interpretation of results. Therefore, emphasis has 

been laid on the automatic data preparation. A computer pro-

gramme, capable of generating complete input data for all cons-

truction stages for single cavity, has been prepared. The pro-

gramme has been extended to generate the data for the analysis 

of two caverns. It also facilitates the user to draw the ge-o-

metrical outline of the mesh, prescribe loadings and fix boun-

dary conditions. Thus, a substantial saving in time has been 

achieved. It will be a very useful tool for the analysis of othor 

structures of this type. 

The results of the analysis indicate that the radius of roof 

arch should be kept as 17 metres. Further, it has been found that 

the width of the machine hail can be increased to 22.5 metres to 

house the upstream control valves. This will result in consider-

able saving in construction and auxiliary equipment cost. The 

factors influencing the stress field such as K(ffh/ov) and E have 

been varied and relationship between the stability facto i8 such 

as local stress values and K has been obtained to foresee the 

behaviour and stability of cavern after the results of extensive 

field investigations, presently in progress, are obtained. If, 

the actual value of parameters influencing the analysis, indicate 

a substantial variation from the values used in this work, a 

separate analysis will be required. 

• A chapter on review of literature has been included, des-

cribing in brief, the underground power house structure and the 

relation of rock mechanics principles with the analysis of struc-

tures in rock mass. 
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CHAPTER-i 

INTRODUCT ION 

1.1 HISTORY OF UNDERGROUND DEVELOPMENTS 

The planning, analysis, design and construction 

of structures in rock, particularly in Himalayan Geology, 

is a subject of vast interest for engineers of this re-

gion. As one looks back into the history of mankind, the 

existence of underground structures dates back to 4000-

3000 B.C. when the Sumerians and Egyptians had. developel 

the art of rock construction, the main structures being 

tunnels, vaults and other works. The use of underground 

structures was normally restricted to the field of mining 

including shafts and tunnels. 

The earliest underground power station is 'Edward 

Dean Adams'which was constructed in the year 1890 in U.S.A. 

(Niagara falls).. The structure consisted of water wheels 

at the bottom of the shaft 24' wide and 130' deep with the 

generators at the surface. The inspiration from Niagara 

fall station led to the development of first true under-

ground power station at Snoqualmie falls in U.S.A. in the 

year 1898. The structure housed four generating units with 

a total capacity of 6000 KW. The 30'x40' x200' machine hall 

chamber was constructed in basaltic rock, about 268' be-

low the rock line. 
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1.2 ROCK AS A STRUCTURAL MATERIAL 

Rock insitu, as a structural material, forms part 

of every major engineering activity. The rock, alongwith 

other building materials such as steel and concrete, forms 

a composite structure. A concretegravity dam built on the 

rocky foundation is a good example of composite structure. 

The quantitative data regarding the properties and 

behaviour of rock mass is essential to take up the design 

and construction assignment. In the recent past, many so-

phisticated methods have been developed to assess the mech-

anical and engineering properties of rock mass. The labora-

tory tests have revealed that beh=aviour of rock can range 

from that of :a brittle material to th?t of a ductile material 

depending upon the combinations of loadings i.e. pressure 

and temperature variations. The range of temperatures and 

pressures in most engineering and mining works is such that, 

for harder rocks, their basic behaviour is that of a brittle 

mb.terial or in transition from brittle to ductile. The duc-

tile behaviour is predominant in softer rocks. 

In practice, the rock in nature can range from a 

massive unjointed mass to a highly jointed mass with geo-

logical and structural defects. Thus, the study of rock 

mass properties insitu is of great significance. The schistosity 

results in anisotropic behaviour which is even noticed in 

hard igneous rocks. 
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The rock mass analysis was restricted to simple two 

dimensional, analogue and experimental stress analysis such 

as photoelastic methods till the advent of digital computers. 

The evolution of fast digital computers and the subsequent 

development of techniques for applying the finite element 

procedure to non-elastic and jointed rock masses has given 

a powerful tool to the rock engineers. 

1.4 DESIGN AND CONSTRUCTION 

It would be like a dream to think of a perfectly 

homogeneous, elastic and isotropic rock mass. The rock in-

situ is always under the influence of stresses. The measure.-

ments,. actually done in many cases have shown that the verti-

cal and horizontal stresses vary considerably from theoretical 

Values based on the elastic and gravity analysis. It has been 

observed that horizontal stresses are considerably higher 

than those indicated by the theory. The cause can be attri-

buted to the historic tectonic developments in the region. 

It must be emphasised that the absolute values of 

stresses in rock are not so important as their relative mag-

nitudes and orientation with respect to the excavation works. 

The factor is of prime importance to the design and construc-

tion engineers, as there is redistribution (readjustment) of 

initial or primary stresses resulting in development of stress 
concentrations. It is the position and magnitude of these 

stress concentrations which govern the choice of shape and 

geometry of the excavation. The stress concentrations, in 
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1.3 ANALYSIS OF STRUCTURES IN ROCK 

The insitu rock mass is always subjected to triaxial 

stress field and the resulting strains. It is, therefore, 

necessary to treat all the structures built in rock mass 

e.g. underground caverns and tunnels and also the structures 

built over the mass such as dams etc. as continuous, indeter-

minate structures. 

However, owing to the nature of complexities involved 

in three dimensional analysis, the problem is generally sim-

plified as biaxial with either plane stress or plane strain. 

The excavation of rock mass disturbs the equilibrium of the 

insitu stresses resulting in secondary stress pattern. Thus, 

the problem can be defined as twofold; firstly to determine 

the exact amount and nature of insitu stresses present be-

fore the construction work is taken up and secondly to study 

the deformation pattern of rock mass owing to the excavation. 

The other aspect of the analysis is to check the stability 

of the excavation under the new stress field. 

In order to make an approximate analytical appraisal 

of the stability of the rock structure, it is essential to 

have the quantitative data regarding the insitu stress field 

and deformation and strength characteristics of rock mass 

with respect to both load and time. The rock mass behaviour, 

though comprising of many non-elastic characteristics can 

•be described with reasonable degree. of accuracy by using the 

elastic theory. 
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The rock mass analysis was restricted to simple two 
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as photoel ,stic methods till the advent of digital computers.  

The evolution of fast digital computers and the subsequent 

development of techniques for applying the finite E=lement 

procedure to non-elastic and jointed rock masses has given 

a powerful tool to the rock engineers, 

1.4 DESIGN AND CONSTRUCTION 

It would be like a dream to think of a perfectly 

homogeneous, elastic and isotropic rock mass. The rock in-

situ is always under the influence of stresses. The measure-

ments,, actually done in many cases ,h.^ve shown th'.t the verti-

cal and horizontal stresses vary considerably from theoretical 

Values based on the elastic and gravity analysis. It has been 

observed that horizontal stresses are considerably higher 

than those indicated by the theory. The cause can be attri-

buted to the historic tectonic developments in the region, 
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stresses in rock are not so important as their relative mag-
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geometry of the excavation. The stress concentrations, in 
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relation to shape of excavation and rock mass properties, 

are the basic factors which determine the behaviour of ex-

cavation and the associated structures. The strength concept 

for the rock material is also different from that for steel 

and concrete, where there is definite yield point or ultimate 

strength beyond which the material is deemed to have failed. 

This does not always hold true for the structures constructed 

in rock. Samples collected from rock structures, which had 

failed due to fractures and undue deformations, when tested 

with stiff testing machine have shown that these were still 

competent to carry the applied load. Thus, the design proce-

dure, similar to the ultimate load theory for concrete needs 

to be considered. 

The construction procedure of the underground caverns 

needs due consideration at the design stage, The shape should 

be such that the excavation can be carried out without diffi-

culty. this applies in particular to the turbine pits and. 

draft tube cavern of the underground power structures. In the• 

design of cavities in weak rocks, the ultimate conditions, which 

may develop during or after the construction period have to. 

be considered. The theory given by Terzaghi (1946) for the 

estimation of rock loads is still an useful tool for the en-

gineers engaged in planning and design of structures in rock. 

The most important aspect of the design of underground 

structures is to correlate the results of the laboratory tests 

or small scale test openings with the conditions that can be 
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anticipated in full size work. The behaviour of the rock, 

which was anticipated on the basis of the exploratory drift 

results may be quite different in the actual work. The other 

important aspect in the design of underground structures is 

monitoring the behaviour during construction. This can give 

an idea of behaviour of rock mass in near future and thus, 

potentially hazardous conditions can be avoided. The instru-

mentation to include all the critical points is an important 

and necessary assignment. The output of the instrumentation 

is important in providing a check on the design assumptions 

and design forecast of the behaviour. Thus, the output data 

should be available in the form which can be readily used by 

the engineer-in-charge. 

1.5 STRESSES AROUND AN OPII~IING 

The excavation of the cavity in the rock mass results 

in setting free the horizontal and vertical forces around the 

opening. The overburden rock pressure by-passes the opening 

and the rock -)round the opening has to support it. It may 

result in displacement/ deformation of rock mass around the 

cavity. 

An underground opening results in lateral squeeze of 

vertical force lines resulting in large stress concentrations 

at the abutments. It has been noticed that between the tunnel 

vault and the natural arching of the rock, tension zones 

form at the crown and invert. 
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The stability of rock mass excavation, after the re-

newal of force equilibrium resulting from excavation, is a 

function of rock mass properties like shear and tensile strer-

gth mobilization. The ratio K(oh/ov) is one of the most im-

portant parameters of stress analysis. The value of K generally 

varies from 0.3 to 1.5. The stress pattern •around the open-

ing is dependent largely upon the 'K' value. Another important 

parameter influencing the stresses around the opening; is its 
shape. Sharp corners are points of high stress concentrations 

and should, therefore, be avoided. Negative stress pattern de-

velops along high flat vertical walls and on flat bottom of the 

excavations. Similarly, a low rock vault results in stress pa-

tterns that could be detrimental to the stability of the cavern. 

The rise to span ratio of the roof arch should be selected such 

that minimum or even no tensile stress pattern develops. The 

orientation of several parallel caverns also influences the 

stress pattern. 

1.6 TRIAXIAL AND BIAXIAL AI`IALYS I S 

The present day fast digital computers and advancement 

in the application of the numerical techniques, have made it 

possible to analyse the complex three dimensional problems. 

Howkver, simplifying assumptions are generally made to reduce 

the analysis to biaxial conditions i.e. plane stress or plane 

strain cases. For a long and uniform cavern in rock mass, follow-

ing assumptions are made, 
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i) Plane strain analysis can be used i.e, two dimensional 

analysis of a slice perpendicular to the axis of the 

cavern. 

ii) Radial stress or  is smallest principal stress and 

tangential stress c is the largest principal stress, 

oz, i.e. the stress IIlel to the longitudinal axis 

of the tunnel is intermediate principal stress. 

iii) The Mohr's stress criterion holds good. 

iv) The rock is assumed to be isotropic and perfectly elastic. 

The first step in. the analysis is to assume and select 

the geometrical sections which can be analysed for two- dimen-

sional stress field. Photoelastic method and F.F.M. Analysis 

are the methods generally adopted. The elastic analysis de-

lineates the zones of excessive tension or compression. The 

areas of large stress gradients and points of low and zero 

stresses are specified. The planes along which the shear fail-

we is foreseen can also be identified. 

It must be mentioned here that the points of zero stress 

separate the tension and compression zones. These are also 

points of surface , deformation inflection. The stress patterns 

around the opening can be obtained, incorporating the geolo-

gical and. structural features of the rock mass around the 

cavern. The best possible shape and .layout of the caverns can 

be achieved through such an analysis. The arrangement selected 

should be such that the excessive stress concentrations are 
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eliminated avoiding high stress gradients between adjoining 

excavations and around portals, 

Three dimensional studies should be made for the 

cases where the situation warrants it, However, for many ca-

ses, the results of two dimensional studies are adequate. 

1,7 SCOPE OF THE STUDY 

The present work deals with the analysis of Nathpa 

Jhakri underground Power House; The analysis has been done 

assuming the rock mass to be .linear, isotropic and homogeneous 

medium. The two dimensional, linear; elastic, plane strain, 

finite element analysis has been conducted to study the fo-

llowing - 

. ) 	Stress distribution around the cavity during different 

stages of excavation. 

ii) 	The effect of changing rise to span ratio of the roof 

arch. 

Lii) 	Stresses in the concrete arch in roof. 

iv) The effect of increasing the width of the machine 

hall to accommodate u/s control valves. 

v) The effect of transformer hall excavation on the stress 

distribution.. 

vi) The effect of different values of the ratio of hori-

zontal to vertical principal stresses. 
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In order to analyze a large number ofcranesageneralised 

computer programme, for generation of finite element mesh and 

corresponding input data required for the analysis, has been 

developed. The programme is capable of generating input data 

of single cavity for all stages of excavation. The programme 

can also include a predefined second cavity with the main ca-

vity. In the present case, the transformer hall cavity on d/s 

of machine hall cavity has been included. The programme gen-

erates complete input data for the analysis of two caverns 

taken together. 

The programme facilitates the user to draw the geometrical 

outline of the finite element mesh directly on the terminal of 

HP 1000 system, perform modifications, prescribe loading condi-

tions and fix the boundary conditions. The finite element mesh 

for different cases, alongwith the necessary input data, were 

generated through this programme. Thus, a substantial saving 

in time has been achieved. 

1.8 NATHPA JHAKRI PROJECT 

The project, located in District Kinnaur of Himachal 

Pradesh has been conceived as a run of the river -type develop-

ment on river Sutlej. The project envisages a 60.5 m high diver-

sion dam across the river Sutlej at Nathpa, two intakes and an 

underground desilting complex with four parallel chambers each 

350 m x 25 m x 38 m , a 27.7 km long and 10.15 m dia.head race 

tunnel, a depressed aqueduct crossing at Manglad Khad nearly 

1 km long, two auxiliary surge shafts 10.15 m anc~, 118 m high, 
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at either end of this crossing, a main surge tank, 25m dig. and 

130 m high, three circular steel lined penstocks 650 m long 

and an underground power house 170 m x 20m x 40m, housing six 

generating units of 250 MW each, utilizing a head of 425 metres 

with a 10,15 in 0 shaped tail race tunnel 280 m long, The pro-

ject will also utilize the waters of an intervening stream - 

the Sholding Khad- through a trench weir and a drop shaft 

125 in deep for power generation. 

A brief description of the project components-  is as 

under - 

a) Diversion Dam 	Height 60.5M(above foundation) 

Type - Straight Gravity(concrete) 

b) Pressure tunnel 	Type - Circular, concrete lined 

Dia - 10.15 M 

Length - 21.70 km 

Design discharge - 405 cumecs 

c) Surge tank 	Type - Restricted Orifice 

Height - 130,,M 

Diameter - 25 M 

d) Penstock tunnels 	Type - Circular steel lined 

Lining: - high tensile 

steel (12mm to 45  mm) 

Diameter - 600 M 

Length - 650 M 

Branches - 4.0 'M dig,, 60 M long, 
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Power house 	Type - Underground 

Size - 170m x 20m x 40 M 
Type of turbine - Vertical Axis, 

Francis turbine 

Gross head - 488 M 

Design head - 425 M 

Units- 6x250MW 

f) Tail Race Tunnel 	D Shaped, 10,15 •-M dia metre 

Length - 280 M. 

Velocity - 5M/sec. 

g) Power Potential 	Installed capacity - 1500 MW 

Annual energy generation-7447GWH 

in 50 percent mean 	year, 

Annual energy generation - 6700 GWH 

in 90 percent dependable year 

The underground power house of internal dimensions 

170m x20m x 40m would be located ebout 150 m below the natural 

surface level. The cavern will have an circular arched roof with 

concrete lining. The valve house cavern will be 115 m x 8 m x 

17 m and is located u/s of machine hall cavern. The transfor-

mers and underground switchyard and tail race surge chamber 

caverns are located downstream of the power house cavern. The 

sizes being 170 m x 17m x 24m and 120 rm x 12m x 32 m respectively. 

The rock will be strengthened by providing rock bolts at sui-

table spacing,. Two numbers, 300 MT capacity, E.O.T. cranes, su-

pported on rock at either end,will be provided in machine hall. 



13 

The capacity of cranes for valve house, transformer hall and 

tail race surge chamber will be 125T, 25T and l0T respectively. 

The generator floor and service bay floor are proposed 

to be at same level, The auxiliary rooms and other service faci-

lities will be located at one end of the power house, 

The excavation of the machine hall shall be facilitated 

through the provision of two utility tunnels to approach the 

bottom of machine hall cavity. To approach the top of machine 

hall and also the top of transformer gallery and tail race 

chamber, an adit is proposed to be constructed with its portal 

at El * 1028 m. This adit is to be used for the excavation of 

arch portion and to facilitate other construction activities. 

The approach tunnel to power house and the transformer 

gallery will be D shaped 410 m long having a grade of 1 in 35. 

The transverse section of power house complex is shown in 

The underground power house is located in foliated gneisses 

with about 130 m of rock cover and nearly 300 m inside {'rom the 

river bank. There is no geologically better site available in 

the vicinity for the Dower house complex.. The geological fea-

tures along the water conductor system are highlighted in 

Fl 
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CHAPTER - 2 

0 

REVIEW OF LT ERATU RE 

2.1 UNDERGROUND POWER HOUSE STRUCTURE' 

2.1.1 Selection and Layout 

Economy in construction cost, nature conservation and 

land protection aspects, reduced cost of penstock liner, 
reduced requirements for land aquisition, security consi- 

derations and feasibility with respect to site conditions 

are the important factors which may lead to the choice of 

underground power house in preference to the conventional 

surface power house. However, the factors, such as increase 

in cost of power house when sound geological formations are  

not available, additional cost of approach adits ; • cable 

ducts, galleries, ventilation and air conditioning systems 

end additional downstream collection chamber, are to be 

given due consideration before ariving at a final decision. 

In India, on cost basis, underground power houses have 
been found to be costlier and hence, have generally been 

adopted only at the locations where topographical features 

are such that adequate space for the layout of conventional 

surface type power house is not available. The first Indian 

underground power station was constructed across Konar River, 

known as Maithan Power Station (DVC), utilizing a head of 

34.5 metres to generate 50.0 MW of power. Koyna Power 

Station (4 x 60 MW), Idukki (R40 MW) and Chibro (240 MW) 
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are other important structures of this type: in the country. 

Bhaba Power House (120 MW) and Varahi Power House (460 Tv) 

are at present under final stages of construction. 

The reduced length of the water conductor system, in 

case of underground power stations, results in reduction of 

head losses thereby decreasing the operational cost to a 

considerable extent. The maintenance costs, on the other 

hand also become lower. The studies carried out in case of 

Iddikki Power Station (Kerala) have shown a considerable 

saving of cost by adopting underground power station. 

The underground power stations are best suited in case 

of deep canyons and highly seismic areas. The cost estimates 

of underground power structures are generally likely to in-

crease on account of less accurate geological predictions. 

The existence of sound rock is a iasic necessity to select the 

underground power structure. Relative location of the pen-

stock branches and the power house alignment depend upon the 

dip and strike of the geological formations and structures. 

The stress analysis around the cavity becomes little difficult 

specially in case of plastic rock. The expenditure incurred 

to provide suitable supporting system in such cases is consi-

derable. 

2.1.2 Types 

On the basis of layout, the underground power stations 

are classified as : 
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T ype 	 Features 

i. Upstream station or 
Head Development 

ii. Downstream station or 
Tail Race Development 

iii.Intermediate Station 
Development 

Location is close to intake, are 
suitable for low heads and high 
discharges. 

Short tailrace, are most suited 
for rugged terrain and utilize 
high heads. 

Long head and tail race tunnels 

2.1.3 Components and Relative Layout : 
An underground power station may comprise of some or all 

of the following components : 

(i) Valve Chamber, (ii) Machine hall, (iii) Erection bay, (iv) Trans-

former hall, (v) Control room, (vi) Cable gallery, (vii) Access 

gallery or shaft, (viii) Ventilation gallery or shaft, (ix) Down-

stream surge chamber/Draft tube gate chamber. 

The valves may be located either in a separate gallery 

upstream of the machine hall or in the machine hall itself (when 

the large span cavern is possible) . Similarly, the transformers 

hall may be' located underground or on the surface. However, all 

the underground layouts will comprise of an extensive system of 

caverns, galleries and shafts for proper utility, control, access 

and maintenance. Stress concentrations, occuring in the walls 

and rock pillars separating various components, may exceed per-

missible limits. The stress gradient, developed consequent 

upon the excavation of cavern, may result in rock falls. Thus, 
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the location, shape, alignment and size of the cavities have 

to be carefully planned. Finite Element Analysis is an 

important and useful tool to carryout such study. The layout 

selected should be such that the best possible results are 

obtained. 

2.1.4 Types of Layouts 

The various possible layouts for the underground 

station are : 

(i) Parallel Hall Arrangement : 	In this type, the valve 

house machine hall and transformer hall are essentia-

lly Illel  to each other (Koyna Power House, India). 

The valve chamber and machine hall may be combined 

together in case the good quality rock is available. 

Limited dimensions of machine hall cavern and safety 

in case of fire hazards or pipe bursts can be quoted 

as chief advantages of this type. Large excavation 

volumes and requiremnts of separate cyan s etc. are 

the chief disadvantages. 

(ii) Linear Arrangement : This type has generating sets, 

erection 'gay and transformers in one large cavity. 

A common access is thus possible and single gantry 

crane is required for maintenance and erection. This 

arrangement also eliminates separate busliar galleries 

Chibbro Power House in Yamuna Valley is an example of 

this type. 
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(iii) 	Composite Arrangement : 	It is a combination of the 

two types described earlier. The valves (upstream), 

generators and transformers (downstream) are all 

located in single large cavity,In Idduki Project, the 

valve chamber has been separated from machine: and 

transformer halls. 

( iv) 	Perpendicular and Skew Arrangements : 	In these types 

the transformers are arranged with certain variation 

at right angles or skew to the machine hall. 

(v) 	Cluster or Cylindrical Layout comprises of domed 

roof type structure. The generating units are arrang-

ed around the circumference of cylindrical cavity. 

The advantages of cluster type layout, over the conven-

tional type, include mainly{  the low ratio of excavation (m3/kW ), 

the smaller overall surface to be reinforced with rock bolts 

and lower stresses in the dome and the cylindrical walls of the 

cavern. The slower progress in excavation and careful planning 

of construction operations can be considered as some of the dis-

advantages. 

Thus, layout of the underground power house is an 

important decision making assignment for the design engineer. 

It should be finalized in such a way that overall safety and 

economy are achieved without hampering the functional require-

ments. The width of rock pillar between two adjacent parallel 
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caverns, the optimum rise to scan ratio of the roof arch, the 

orientation of the cavern with respect to the strike of the 

bed rock etc. are some of the important areas which need care-

ful attention. The linear orientation should preferably be 

normal to the strike of rock foliations as this is considered 

to be, structurally, the most sound and favourable position. 

As regards the share of caverns, while functionally vertical 

walls give maximum working space, structurally oval or ellip-

tical cavities are better. 

2.2 ROCK MASS, BEHAVIOUR AND STRENGTH PROPERTIES 

2.2.1 Rock Mass Properties 

' In Civil engineering terms, rock may be defined as hard 

and solid formations of the earths crust. In broad terms the 

rock may be defined as any naturally occuring aggregate of 

minerals or mass of mineral matter, whether or not coherent, 

constituting an essential part of the earth's crust, The rock 

mass is the insitu rock, made up of rock substance and struc-

tural discontinuities' 1. 

The rock mass is essentially anisotropic in character. 

The apparent breaking; strength of anisotronic rock is strongly 

dependent upon the orientation and direction of loading with 

respect to pre-existing strong or weak directions, The static 

modulus of elasticity of the rock material 'E' and the associa-

ted Poisson's ratio ' )' are the main strength properties. The 

examination of load- strain diagram, for the direction parallel 

to the direction of load application reveals that the strain 
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seldom varies linearlywith the load. Insteau, a curvilinear 

plot is obtained. The moudlus of elasticity is obtained by 

tracing the secant to the curve between the point of origin 

of stress and a point corresponding to test load. Sometimes 

the value at the origin of stress strain curve is used to 

define the modulus. The numerical value of the modulus is a  
function of maximum applied stress, rate of loading and 

sequence of successive loadings and unloadings etc. The load,  
deformation curve in case of Jhakri Power House drift is shown 

in Figure 2.1. 

It has been established , through experiments that slow 

loading gives higher value of E as compared to rapid loading 

and the variation is about 30 percent in case of sandstone. 

Seismic modulus of elasticity 'Es ' and modulus of 
rigidity IGs t are other rock parameters used in structural 

analysis. The parameters are obtained from the experimental 

determination of velocity of P and S waves (Seismic shock or 

ultrasonic waves) . There is no practical method of measuring 

G (static) for the rock samples. However, ES  is obtained 

from the results of single pulse method using quartz crystals 

in the laboratory. 

Comparison of static and sonic measurements of B show 

that the values obtained by the static techniques are in general 

lower than those obtained by sonic measurements. This can be 
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attributed to the presence of fractures, cracks etc. which 

increase the static yielding by their deformation, the sonic 

measurements being least affected. The values of .L/Eo  for 

various types of rocks as given by Clark1are given in the 
table below 

Si.  Rock Type 	E s /E o  No: Rock Type 	 Es  /E No. 	 o 

1. Chelsectonic 	 6. Biotite Schist 
Limestone 	0.85 

2. Oelitic Limestone 1.18 7. Limestone 

3. Quartzose Shale 	1.33 8. Quartzose Phyllite 

4. Monzonite 	 9. Granite(Slightly) 
Porphyry 	1.36 	altered  

1.48 

1.70-1.86 

2.45 

2.75 

5. Quartz Diorite 	1.42 10. Graphite Phyllite 	2.78 

It has also been observed that during the uniaxial 

compression tests that deformation perpendicular to the direc-

tion of stress increases rather more than longitudinal strain1  
for the stresses above 50 percent of the fracture strength, 

resulting in decrease in the value of Poisson's number m= 1/v. 

The usual values of Poisson's ratio vary between 0.2 to 0.3. 

The tensile strength of rock mass is another import ant 

property used in structural analysis. Bending test, Brazilian 

test, Cylindrical tests etc. are various laboratory tests used 

for its determination. The rock can either fail by brittle 



2 

fracture or by visco plastic deformations, the latter case being 

more frequent. According to fumagalli, the brittle type of 

failure occurs whenever the classical ideal principal stress 

equals the limiting value of uniaxial tensile strength. 

2.2.2 Classification of Ropk Mass 

The rock masses are classified in a different way 

than the rock materials. Rock quality designation is one of 

the significant parameters for rock classification. The proper-

ties, rather than the thickness of the filling material in the 

fissures and faults, are of importance to a civil engineer. 

The shear strength of the filling material may be higher than 

the material itself. This may happen when there are geological 

slips, sufficient to causo wonsiderable relative displacement, 

at the lips of the geological faults. 

2.2.3 Residual Stresses 

The experience on existing underground structures shows 

that the rock mass, through which the galleries are excavated, 

is stressed. These stresses, which exist in the virgin rock 

before excavation, are called as virgin stresses or residual 

stresses. The first conclusion in this regard was made by 

Heim, a Swiss Geologist. It was assumed that there exists a 

vertical stress component Gov ► which is related to the weight 

of the rock overburden and is proportional to it. In addition, 

a horizontal component '0h'  also exists, most probably of the 

same magnitude as the vertical one. Heim related these residual 
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stresses to gigantic forces which, many million years ago, 

caused mountain ridges of 'secondary? and 'tertiary+ geologi-

cal periods to be lifted. 

Terzaghi related the residual stresses on the basis 

Of theory of elasticity. As the horizontal expansion of rock 
mass, based on Poisson's ratio v, is hindered by the neighbour-

ing rock mass (at greet depth), the lateral displacement in 

horizontal direction along a vertical plane is nil anu the 

stresses are produced opposing lateral expansion. 

The hydrostatic distribution of stress, as given by 

Pascal, relates the local pressure p = x .y  where y is the 

specific weight of the mass and y is the depth under the sur-

face. This distribution, mathematically, is linked to the 

absence of any shear stress, as in case of static rock mass, 

there exists a tendency for the shear stresses to be progressi-

vely relieved giving a hydrostatic stress distribution. 

2.2.4 Effective Modulus of. Elasticity and Effective Poisson's 
Ratio 

The relation between vertical stress o and horizontal 

stress ch  at a depth in rock masses is given by K = o Wav• 

Terzaghi related the factor 'K+ to the Poisson's 

ratio considering the three co-ordinate system. 

x  = E (aX  - v (Qy+QZ ) ) 

y  = E (cy  - v(oz  + cx) ) 
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z=E (cZ -2)(oX + 6y ) 

where 	E is the modulus of elasticity and v is the Poisson's 

ratio of the rock mass. If the stresses in horizontal plane 

are assumed to be equal and the displacements in the horizontal 

direction are equal to zero! then 

C z = 0 	and 0 = o — v (QZ+ ox) 

v 	 v cy =cz = 1; °x and K= 1—.V 

For v = 5 to 1/3, we get ay = c~ z =X to 2X or K varies 

fr,Gm. 0.25 to 0.50 with K = 0.3 as the most probable value. 

For a two dimensional stress case cz = 0. 

. • • 

 

x = E (6x — v( cy)) and 	y = 0. ..E (o—,' o ) = 0. 

Thus o =v o andK=v. 

. • 	['X _E (cxcXV2) 	and E_ ~x(1-2)2) 
'Zx 

However, the ratio K = 	with the usual value of 

v = 0.3 to 0.20 or v = 0.25, accepted for the rock material 

is contradictory to the actual measurements which conform to 

Heim' s hypothesis i.e.  az = ey = 0z and K = 1. 

Further, due to the presence of fissures and fractures 
in the rock mass, Ee f f . is not equal to the modulus B of the 

rock material. Similarly, the effective Poisson's ratio is 

different from that of rock material. The relation between 



effective and observed value's was developed by Charles 

Jaeger in 1966 and is as under 

Eeff 	y 	{ o l+ a ) 
D 	y eff 	03 

Thus, in eases where the basic equation of Heim is correct 

and 01 =0V =0 =03. 

'eff = 2v3,with v = 0.25 we get Eeff = 3/2 

Similarly, veff 0.25 x 2 = 0.50, as required by Hein+s 

hypothesis for ov = 6h and ,~ = 3 = 0. 

2.2.5 Failure of Rock Mass and Stress Distribution 

The most common types of failures for the rock mass 

are shear fracture, viscoplastic deformation and brittle 

fracture,. In the case studies, for many dam ruptures, it 

ha.s been found that the failure occurred on account of excess— 

ire pressure (compression) . The compression stresses :shear 

stress and moments are transferred from the overground struc-

tures to the foundation rock and in case of underground 

caverns, redistribution of stresses takes place. 

Brittle fracture occurs whenever the classical ideal 

principal stress equals the limiting value of uniaxial tensile 

strength. In rock mass the brittle type of fracture normally 

occurs at the crystal layers where the isotropic triaxial 

compression stress is usually less intense. 
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The cohesion bonds are not assisted by numerous 

hyperstatic connections within the rock mass, owing to their 

stiffness, and fail abruptly as the elastic deformation limits 

are reached. 

'The failure of arch dam abutments falls under the 

category of visco-plastic deformation. As the load increases, 

the deformation process affects the resisting structure by 

successive frontiers located ever deeper within the rock and 

farther from the force application plane. On the deeper move-

ment of frontiers, the cohesion bonds in the receding area 

gradually decrease while resisting stresses due to internal 

friction of the material are called upon to mutually co-operate 

through a gradual redistribution of stresses. At constant 

loading the deformation speed decreases ana finally becomes 

nil as long as state of static equilibrium is possible. When 

collapse occurs, it is usually a global phenomenons .2  

The stress distribution inside a strained-stressed 

rYck mass can by estimated with the following theories: 

1) 	Classical homogeneous, isotropic, elastic half space 

equations . 

ii) Fissured rock treatment 

iii) Clas o rock treatment 

iv) Modern stress-strain analysis• 
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For the first method, the initial calculation of 

stresses around a cavity, located deep in rock mass, is a typi-

cal example of the treatment of rock mass as homogeneous, iso-

tropic, elastic space and solution by the equations o>i' strength 

of material. The other quotable example is that of a half 

space loaded by the forces at the surface. The equations of 

Boussineq and Cerruti solve most of the problems. The Prandtl.- 

Terzaghi theory, an extension of the former, is also used. 

The estimation of stress distribution in fissured rock 

can be done with Muller and Pochar theory, based on the direc-

tion, continuity and spacing; of the main families of fissures. 

The tensile and shear strengths of the rock, at any point in 

the rock mass in any direction, depend upon these fissures. 

The elastic rock theory does not assume the rock mass 

to be capable of shear and tensile strength. It does not trans-

mit the stresses across a fissure • even to the smallest extent. 

The clastic mass consists of blocks of rock or other materials 

piled on top of each other, with no possibility of shear or 

tensile stress transmission in between. The only possible 

transmission is in case of compressive "stresses. 

The modern stress-strain analysis is based on the use 

of computer methods and experimental methods. These include the 

finite element method and the photoelastic method. The methods 

developed by Muller, Zienkiewicz,Trollope and others are worth 

mentioning. 
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2.3 GEOLOGICAL CHARACTERISTICS OF ROCK MASS 

The properties of rock moss can be categorised as 

macroscale and microscale. The former being related to the 

components and the latter to the substance. The inferior 

properties of a rock mass affect underground construction 

operations in rock mass and also the performance of th struc-

tures built over or underground. 

2.34 l Mechanical and Structural Defects 
The mechanical or structural defects essentially 

influence the strength of rock mass adversely. These defects 

consist of more or less closely spaced fractures and other 
planes of weakness in rock e.g.fractures, cracks, haircracks, 

fissures, bedding planes, laminations, schistosity, parting, 

stratifications, joints, fault planes, crushed zones, folds, 

voids#  cavities, seams, interbeds of weak and plastically un-

stable rocks, aquifers, clays, shales, ancient slip planes and 

other weaknesses. 

These potential planes and zones of weakness in the 

rock are artificially created weaknesses in rock sequences 

brought about by blasting operations, possibility of influx 

of water in and seepage through the fissures, cracks, joints and 
fault zones in rock and possibly by some geological or tecto-

nic factors. These affect the stability of underground open-

ings and also the stability and excavation of slopes made in 

rock. Further, these also provide passageway for the flow of 

water unCI erground. 	, 



39 

The fissured rock strata are unsuitably for the cons-

truction of wide underground openings. Fractures occur in rock 

mass generally as a result of blasting operations. Much of the 

excessive leakage of water into an underground cavern takes 

place through the fault zones. The pattern and distribution 

of joints affects the extent to which the sides, walls any 
roofs of excavations must be supported. Joints are respondent 

to the applied static and dynamic loads and are one of the 

major causes of the excessive overbreak. The joints also cause 

potential rock slide hazards and also create see )age trouble 

in underground works. Sand and other kinds of gauges tend to 

flow into an underground opening as the excavation is worked 

through a fault zone. Joints subdivide the rock mass into 

individual blocks to form a three dimensional network. The 

jointed rock behaves as uncemented, cohesionless aggregate of 

ouboid-blocks, somewhat comparable to closely fitted blocks in 

dry masonry wall. The term imbrication means the lying of 

blocks, lapped over each other in rock strata, in 'a regular 

order so as to form a imbricate-pattern. The more imbricated 

the blocks, the higher is the shear strength of the rock mass. 

2.3.2 Effect of Jointing 

The effect of jointing in rock on its strength was 

defined in terms of coefficient of weakness by Popor.7  It is 

the ratio of cohesive force in the weak rock to the cohesive 

force in the same rock with no visible traces of such weak- 



33 

ness. The following table gives a description of the various 
rock conditions and corresponding coefficient of weakness. 

Table 2.1: Weakness Coefficient in Rock as a Function of 
Jointing Characteristics 

Description 	 Coefficient of weakness 
Limiting value 	Ave ra 

value ~ 

Dense network of fractures in 
all directions of layered rocks 

to individual-uncemented blocks 	0.0-0.01 	0.0005 

Dense network of open fractures 
in all directions 	0.001-0.02 	0.005 

Dense Jointing 	 0.01-0.04 	0.02 

Jointing above average 	0.04-0,08 	0.06 

Average j ointing(open and closed 
fractures every 20-30 ems) 	0.0-0.l2 	0.10 

Rocks with below average 'Jointing 	0.12-0.9 	0..2 

Network of deep joints every 

30-50 cros; insignificant number 

of open fractures 	0.4-0.6 	0.5 

Little jointed rocks, closed 

fractures 	 0.4-0.6 	0.5 

Microfractures almost absent 	0.6-0..8 	0.7 
Monolithic rock with no sign 

of jointing 	 0.8-1.0 	0.9 
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The application of loads, static or dynamic, in the 

faulted rock mass may lead to sliding of the mass along the 

fault plane. In seismic regions, structures built under-
ground or over its when built across faults may experience 
distress and/or total destruction if subsequent movement of 
fault would occur: 

243#3 Structural Geology and Underground Structures 

In underground structures in synclinal zones, the 

problem of weteer accumulation needs careful consideration. The 

surcharge pressure, imparted to the structure by the folded 

rock mass, has to be, accounted for in the analysis where the 

situation warrants it. In case of anticlines, the surcharge 

pressure is concentrated at the sides whereas the middle 
Portion is highly stressed in case of synclines. 

• The location, extent and distribution of sinkholes 

or cavities in limestone, gypsum and salty rock masses needs 

careful consideration of structural engineer. Large vL!ids and 
great porosity of rock mean weaknesses and discontinuities 
requiring chemical injection, grouting or similar solutions. 

The nature of rock mass and its complex structure 
necessitate specialized approach to the analysis, design and 

construction of structures in or on the rock. The strength 

properties of the rock can be improved, depending on thy; techni-

cal and economic feasibility, to impart stability to the 
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structures built underground. However, analytical compre-

hension of the weaknesses such as stratification, fissures, 

joints etc. is a complex .~.)roblem. Thus, an analytical treat-

ment of stresses in underground rock medium alongwith a techno-

logically advanced stress measurement ins to and testing of 

rock strengths are urgent necessity for the' solution of complex 

problems related to underground planning, analysis, design anu 

ccnstructi-on. In dealing with the rock structures, the fc,llow-

ing forces need to be considered. 

1) 	Self weight of the structure 

ii) Rock leads 

iii) Geolugicai forces brought about by tectonic processes 

and seism .c action 

iv) Hydrostatic uplift 

v) Hydrostatic shear, induced by the load of seeping/ 

impounded water. 

vi) 

 

Seismic. P is es aid 

vii) Reactions brought about by, the structures. 

The basic concept in rock mechanics studies and 

analysis of underground structures lies in the consideration 

of rock and the strv.ctur,ee as a functionally and statically 

coherent, integral entity. Thus, the indepth study and 

knowledge of geological and structural weaknesses and physical 

and mechanical properties of the rock mass is essential, 
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2.4 SCOPE OF ANALYSIS 

2.4.1 General 

The analysis of underground structur€~s is a complex 
problem owing to the complex geology of the area in which 

tI se are located. The main objectives of such a study are 

(i) To select the best possible site 

(ii) To establish the best orientation of the cavern 

based on the insitu stress patterns and geological 

formations. 
(iii) To establish the best shape, size and spacing of 

cavities with the restricted limits imposed by the 

generating equipment to be housed in the cavern. 

( iv) 	To estimate the extent. and m.agnitude of deformations 
and the redistribution of stresses and to check the 

stability of the opening. 

(v) . To obtain the best system of supports, for the highly 

stressed zones, such as rock bolts, shotcreting, cone- 
, 

ret e lining and ribs etc. 

(vi) To find the best possible sequence of excavation in 

order to minimize the deformations and avoid . stress 

concentration zones. 

2.4.2 Data Required 

' The data required to carryout such an analysis will 

include detailed geological information, depth of consolidated 

material or sound rock, rock cover, information about ground 
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water, results of water pressure and grout intake tests, insitu 

modulus of deformation of rock, insitu primary stresses, mecha-

nical and strength properties of rock mass and filling material 

in case of jointed or faulted rock mass, results of pull out 

tests on rock bolts and tests of installation of ground anchors, 

information about construction equipment, detailed layout of 

power house and other appropriate data. 

2.5 INSITU STRESS AND UNDERGROUND CAVERNS 
2.5.1 General 

The stens in rational analysis of the underground exca- 

vation have been highlighted in Para 2.4. 

The insitu state of stress is related to almost all 

the steps listed therein. It is, therefore, necessary to 

determine the .insitu stresses before taking up the assignment 
done in a of analysis and design The insitu, stress measuromPnts can be L 

simple and inexpensive manner using deep hole hydrofacturing 

and triaxial strain methods. 

2.5 .2 Location of Cavern 

In case of hydroelectric development, the site for 

power house is relative to the location of the reservoir 

alignment of water conductor system, availability of land and 

the economic and feasibility studies. In site selection 

process, the nature of rock is very important with respect 

to the uniformity, strength and ease of exca.vaticn. Rock 



structures i.e. faults, joints etc. are also decisive factors, 

especially in case of near surface location of the cavern. 

The insitu state of stress is another crucial parameter. The 

state of stress can be used to ,arrive at the optimal depth of 

excavation within a given location. In case of near surface 
excavation, the vertical stress magnitudes are low, the hori-
zontal stress being unpredictable needs to be measured. 

The location of near surface excavations needs to be 

studied vis-a--vis the excavation geometry and functional 
requirements. The principal stresses increase with the 

increase in depth of opening (location). The rate of increase 
is usually not uniform among the stress components and may 

also vary from location to location. Thus, a deep seated 
excavation at several hundred metres below the surface may 

offer lower density joints but higher sttresses will be encoun-

tered. While fewer decontinuitles imply improved stability, 

the increase in stress magnitude may result in high stress 

concentration around the opening and possible localized failures 

and rock bursts. 

2.5 •3 Orientation of Cavern 

The term orientation implies the direction of opening 

long axis. In shallow excavation the governing factors are 

distribution of natural fractures and bedding planes, the 
principal stress directions and magnitudes being equally 

important. However, in case of deeper excavation, less 
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defects are often found and the state of stress becomes the 
sole deciding factor. The objective of orientation is to 

align the cavern in such a way that would minimize instability. 

In intact rock, instability implies failure due to excavation-
induced stresses higher than rock strength, in densely jointed 
rock it implies slipping of blocks into the opening. The 

'block' parameters are dependent upon the joint distribution 
whereas the normal and shear forces, developed along the 
planes of discontinuit j, depend on the state of stress. 
Broch, an Norwegion engineer, recommends that near the surface 

the long axis should bisect the larger angle between two 
important joint sets, while in deep seated openings the length 
should be at .5o  - 300  from the direction of major horizontal 

principal stress avoiding parallelism with a major joint set. 

The suggestion given by others recommend that the horizontal 

axis should be actually aligned with the major horizontal 
stress. This has been verified by Licoand Shi (1983) while 
carrying studies in case of Jinchuan Mine, Gicmsu Prevince, 
China. t 

The another quotable example is of the Hclms Hydro-

Project power plant (Fig.2.2). The power house complex includ-
ing machine hall, transformer hail and other accessories were 

first planned without regard to the insitu stresses in the 
granitic terrain. A series of measurements, by hydrofracturing 

stress , measuring technique (useful in deep exploration holes) 
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during final design stages, indicated the magnitude and direc-

tion of principal stresses. It was noted that since the water 

pressure of the penstock manifold was going to be equal or 

larger than oHmin and since the strike of major vertical joint 

set was subparallel to that of oHm ,~X, there existed a possibi-

lity of some of the joints being opened by the flowing water 

resulting in major leaks. The design was modified by rotat-

ing the penstock manifold by some 900 so as to minimize water 
losses and avert a failure. 

2.5 .4 Shape 
The shape of underground excavation is a function of 

the utility, method of excavation and insitu state of stress. 

The shape selected should be such that it minimizes the stress 

concentrations and accumulation of stored strain energy, so as 

to optimize stability. 

A properly conceived shape can save larger investments 

in reinforcement and supports and also lower the risk of failure 

around the pening. It has been established that the properly 

proportioned elliptical section minimizes the stress concen-

tration. If the ratio between the long axis and the short axis 

of the ellipse is kept equal to the ratio between the two 
principal stresses, then the stress concentration around the 

cavern is uniform. The high stress concentrations are avoided 
and the stability is increased. 
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The Norwegian approach to design of cavern shapes in 

granite is also based on the knowledge of insitu stresses. 

Under moderate insitu stress levels the principle is to design 
the shape that will distribute the stress evenly to avoid 

local stability problems. Under high stress levels, with 
large principal stress differentials, the approach is to shape 

the cavern so as to restrict the zones where stability prod— 

lems are expected. Fig. 2.3 shows the best possiil e cavern 

shapes in relation to insitu stresses. 

2.5 .5 Dimensioning 

Based on the stable shape-, the stability of the 

cavern should theoretically be independent of size. However, 

practical experience shows that the physical condition of the 

cavern tends to deteriorate with the increase in size. The 

reason is that more structural defects are encountered with 

increased size. The behaviour of rock blocks in general 
depends upon the stresses around and along the contact 

surfaces which, inturn, are dependent upon the insitu stresses. 

2.5 •6 Excavation Sequence and Reinforcement 

The best excavation sequence and reinforcement 

requirements, if any, are worked on the basis of numerical 

modelling using Finite Element Method or the Boundary Integral 
Method. In modelling the underground cavern, the boundary 

cohditions include the insitu stress. Thus, the knowlecige 

of insitu stress is very important in any numerical modelling. 
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2.5.7 Stress Measurements 

Till recently, the conventional overcoring methods 

such as borehole deformation, door stopper and triaxial 

strain cells etc. were in use for insitu stress measurements. 

The main limitation of these methods were the extent of depth 

to which they could be successfully applied. Pilot tunnels 

were necessary to access the area in which investigations were 

required. There was usually considerable delay in obtaining 

the stress values. Sometimes, pilot tunnel excavation was 

not found feasible owing to farther distance of area from 

mountain top or slopes. The hydrofracturing method of stress 

measurements is an advancement in this field and requires no 

overcoring. The method is limited in depth of measurement 

oily by the length of borehole. The technique consists of 

sealing-off a section of a borehole at the required depth by 

moans of two rubb,r packers and pressurising, hydraulically, the 

packed off segment. 

When the 'breakdown pressure' is reached, the rock 

surrounding the boreholes fails in tension and develops a 

fracture. This fracture can be extended away from the hole by 

continuous pumping. When the pumps are shut-off with the 

'hydraulic circuit kept closed, a 'shut in' pressure is record-

ed. This is the pressure necessary to keep the fracture open. 

The breakdown and shutin pressures can be related to the prevail-

ing insitu stresses. A commercial oriented impression . rnacker 



45 

is finally used to determine the exact direction and inclina-
tion of the hydrofracture. Thus, both the magnitude and 

direction of principal stresses can be evaluated. 

The newly developed wireline hydrofracturing techni-

que eliminates the need for a drill rig during testing, shortens 

testing time and considerably lowers the cost. If necessary 

overcoring tests can also be conducted later on, when the 

pilot or access tunnels are excavated as a part of construction 

sequence, to provide a check on the hydrofracturing results 

and increase the confiddnce in stress boundary conditions used 

in design. 

another latest technique is the improved version of 
triaxial strain cell technique. It involves three strain gage 

rossettes which are cemented to the wall of a small pilot hole 

at the bottom of a ITX (76 mm) exploratory size hole. From the 

strain recordings in the nine presented gages cf rossettes, 

as the pilot hot is overcored by continuing the NX hole drill-

ing, the triaxial strain tensor in the rock can be determined. 

The improved version consists of drilling concentric pilot 

holes, positioning the strain cell probe, cementing it under 

water, and overcoring it at depths reaching 500 m. The 

advantage of the triaxial cell is that it can yield the 

complete stress tensor. 
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2.6 ANALYSIS .AND STABILITY OF STRUCTURE IN ROCK MASSES 

2.6.1 General 

The importance of insitu stresses in analysis of 

underground structures has already been discussed in previous 

para_s. The stress pattern around the opening is altered after 

the excavation of structure. The amount and the depth of this 

alteration are influenced by blasting and the local stress 

produced by the shape of opening. The test results of 

Talobre (1957) indicated that the depth over which the stress-

es are altered extends to about overhalf the width of excava-

tion, based on the assumption that the length of the excava-

tion is several times greater than the width of the excavation. 

For the reasonable analysis, the rock is treated as a 

homogeneous material and making use of the exact clastic 

properties the calculation of stresses in rock mass, weakened 

by openings, can be made. These assumptions are however, seldom 

met in practice. 

The following points, however, need particular atten-

tion of the designer. 

(i) The usual depths in underground rock engineering 

are too small for Heims pressure distribution at 

great depth. 

(ii) Thermal and other factors may transform the rock 

into a plastic state i.e. gneiss and slates etc. 
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( iii) 	At usual depths, there is a differences between the 

magnitude of vertical and horizontal stresses,result-

ing in shear stresses. 

(iv) The observations show that the vertical stresses 

are not the largest. 

(v) Stratification of rocks result in development of 

inclined patterns. 

(vi) Insitu stresses in rock depend upon tectonic activity 

Of the earth's crest. 

Thus, in order to specify a complete gravitational 

field, it must be assumed that 

(i)  The rock is linear elastic, isotropic and homogeneous. 

(ii)  The lateral rockcDnstrairitor confinement is complete. 

(iii) There are no stresses of tectonic origin such as 

those accompanying folds, shrinkage or other distor-

tions of earth's crust. 

In some instances, these tectonic stresses, together 

\4ith effects of inelasticity, inhomogeneity, anisotropy etc. 

are known to affect the gravitational stress field considera-

bly. The largest principal stress may not always be vertical 

as a consequence of tectonic stresses. In the Shasy Mountain 

Power Scheme in Australia, tha horizontal stresses are about 

20 percent higher than the vertical stresses because of tecto-

nic ,tresses. 
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2.6.2 The Stress Fields 

The term refers to the primary stresses and according 

to Obert and Duvall, three kinds of stress fields in rock 

may exist. 

(i) 4, uniaxial stress field, in which the rock is subject- 

ed to compressive or tensile stresses in one direction 
only. This is the case of shallow depth or near the 

vertical face structures. 

(ii) A triaxial stress field, in which the rock is subject- 

ed to compressive or tensile stresses in two mutually, 

perpendicular directions. This state of stress condi-
tion would be encountered at great depth over a vide 

range of depth, depending upon type of rock, and at a 

depth of approximately 1000 m or. more. 

( iii) 	The hydrostatic stress 	field in which the rock 

medium is subjected to equal stresses in three mutually 

perpendicular directions. Such a condition may be 

encountered at greet depth and in semiviscous or 

plastic rocks. 

For a rock mass with cart-yin characteristic's of yield 

stress, unit weight and Doissont s ratio, there is a limiting 

depth above which the lateral stresses may be computed on the 

basis of theory of elasticity, but below which, the horizontal 

principal stresses 02  and 03  may be derived from a plastic 

yield criterion. 
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02  - 03  = a1  - ay  = y,.h - 6 Y 

where 	al  = y h and cry  = yield stress 

There is no real justification for assuming oh  = K. ov  

as any one geological event could have altered the horizontal 

stress considerably from the theoretical value.. E•aulting, 

folding and other geological processes bring about certain 

changes in,the magnitude and direction of principal stresses. 

The geological processes in rocks and their Weathering would 

also alter the initial stress field. Practically, a reliable 

stress field can be determined only by insitu measurements. 

2.6.3 Plane Stress and Plane Strain Cases 

In a plane stress condition, all stresses induced in 

the rock mass around a opening act in the cross-sectional planes 

Of the long structure. Thus perpendicular to the cross-sedtion- 

al slice areas, no stresses are transferred. The primary 

stresses, however, are in an ideal, undisturbed medium of rock. 

After making a cavity in the rock, vertical and horizontal 

forces around the opening are set free, which, prior to the 

excavation were carried by the rock. Thus, in the post excava-

tion stage, the pressure of the overburden rock must bypass 

the opening, being transferred through the adjacent rock. The 

rock around the opening now begins to deform consequent upon 

loosing its support. 
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The underground opening brings about a lateral 

squeeze of vertical force lines, resulting in large stress 

concentration at the abutments or springings of vault. Also, 

between the opening vault and the natural arching of rock, 

tension zones, are formed at the crown and invert of the 

vault, 

The changed stress conditions are termed as secondary 

stresses. In the transition stage i.e. from primary to secon- 

dary, elastic and plastic deformations of the rock occur. The 

main reasons for inducing the secondary stress, conditions include 

loosening of rock mass around cavities, weight of overburden 

rock mass and tectonic force3 and volumetric expansion of the 

rock mass by thermal effects or by swelling brought about by 

the action of physical or physiochemical processes. 

These secondary stress conditions depending upon the 

kind and properties of rock, necessitate the use of different 

construction methods. -All the conditions mentioned in previous 

paras may also occur simultaneously. The rock mass may be 

sound, pseudo solid, soft and weathered rock. Sound rock 

transfers externally applied loads by beam action. The fric- 

tion developed during the mass displacements transfers the 

load in loose rock or soil. 

The stability of underground opening lies in preven-

tion of intrusion of rock into the opening. The load acting on 
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the supports, provided for prevention, is termed as rock 

pressure. 

When the induced stresses remain below static limit, 

the analysis can be based on theory of elasticity. The assum-

ption that the inhomogeneity and anisotropy are insignificant 

at large pressures of the rock does not hold good. This is so. 

because the post excavation period is comprised of reduction or 

relaxation of the stresses in the rock mass. 

The secondary stress conditions in the rock mass by 

means of theory of elasticity are based on the assumption of 

ideally elastic, homogeneous and isotropic medium, validity 

of Hooke's law and the larger thickness of the overburden as 
cross- 

compared to the cavernLsection dimensions such that ov  and Gh 

can be considered constant within the influence zone of the 

opening. 

The above meentioncd assumptions are valid to certain 

extent in hard rock with no planes of sdparetion. In case of 

layered and schistose rocks, these do not hold good. 

Since, the stresses acting perpendicularly to thy. 

cross sectional plane are usually not of much interest in the 

secondary stresses analysis of circular tunnels, therefore, 

for purpose of simplicity, tunnel problems in rock are analy- 
4 

sed under the assumption of plane strain. 
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Calculations of stresses in rock mass, weakened by 

openings and cavities require the use of theory of elasticity 

and theory of plasticity. The radial, tangential and shear 

stresses are giti en by the theory of elasticity as : 

or = 	%(l+K)(l-a2)+(l-\0 )(1+3a4-4a2 )cos 2) 

of = cvf(l+K)(1+a2 )-(1-N0 )(1+3a4) cos 2w) 2 

v  _ _ 	. (1-K) (1-3a4+ 2a2 ) . s in2 c~ yt  

where 

or = y.h = vertical overburden stress 

y = Unit weight of rock 

h = thickness of overburden 

ri = inside radius of opening 

r = variable radius 

c~ = amplitude = angle between vertical axis and radius 
r. 

K = m = µ~~ = ~h = rock lateral pressure coefficient 
\= 	at rest. 

a = rl/r for brev"qty. 

The problems of long and uniform structures in rock 

mass whose geometry and loading:, do not vary significantly in 

longitud.ina 	- direction are referr,:.d to as plane strain cases,. 

In contrast to this, when the structure is characterised by large 

dimensions in X-Y plane and very small dimension in Z direction, 

the case is analysed a.s plane strain case. 
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1L TIHODS OF ANALYSIS 

The analysis of structures in rock mass• can be 

done with the help of either ' Physical Models' or the 

'Mathematical Models! The physical models such as Photo-

Elastic Analysis require special laboratory facilities and 

expertise and are generally expensive, The mathematical 

models are based on either the principles of continnum 

mechanics and the theories of elasticity and plasticity 

or on the mechanics of discontinuous media, wherein, the 

equilibrium forces ara maintained between a series of 

rigid blocks. The former approach is generally adopted un-

less physical situation specially warrants the use of 

latter. 

The basis of the study of theory of elasticity is 

the equations of infinitesimal ._ equilibrium, compatahi lity 

and the constitutive laws for the material. In the past one 

decade, the application of numerical techniques to soil and 

rock mechanics problems have become more popular, Finite 

Element Method and Finite Difference Method are the most 

popular amongst these. 

The arbitrary stress and boundary conditions in case 

of underground openings are usually taken as - 

i) Surface of the excavation to be stress free. 

ii) At a large distance from the openings either the 

displacements induced by the openings are zero or 

the perturbation in the original stress field is zero. 



The problem can be solved by using any of the 

following methods — 

i) Finite 'element Method. 

ii) Dynamic relaxation method 

iii) Boundary element method 

iv) Displacement discontinuity method 

The limitations associated with each method should 

be carefully observed while applying it for the solution of 

a particular problem. The stress field around the opening 

can be obtained by — 

i) Calculating the perturbation from the p 

stress field due to the openi._n . end adding it to the 

original stress field. 

ii) Applying the total stresses it a distance from the 

opening and calculating the total stress field in 

one operation. 

The observations have shorn that the disnl.acement 

values given by the first method are similar to the actual 

measured values, .In this work the scope of the study has been 

limited to the use of Finite Element Method to find the stress 

distribution around the opening. 

3 .1 FINITE ELEMENT hEIHOD 

T'^e method is based on principle of discretization. 

In simple terms, this can be defined as a procedure in which 

a complex problem of large extent is divided or diseretized 

into smaller equivalent units or corlponents. The method is 
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based on the discretization of the physical body or conti-

nnum that constitutes the system. The continnum is divided 

into a equivalent system of smaller continua, called as 

finite elements. The intersections of the nodal lines se-

parating the elements are called nodal points. 

The basic characteristic of Finite Element Method is 

that finite elements are analysed and treated separately one 

by one. Each element is assigned its physical or constitutive 

properties and its property or stiffness equations are formu-

lated, Subsequently, the elements are assembled to obtain the 

equations for the total structure. The assembly procedure is 

totally mechanical and involves- putting together, the element 

equations by observing certain conditions such as comp,atabi-

lity requirements. 

3.1.1 Isoparametric Elements 	_ 

The use of isoparsmetric elements in finite element 

formulations offers a number of' advantages. These include 

efficient integrations and differentiations and handling of 

curved and arbitrary geometrical shapes. It has been observed 

that accuracy is achieved by the use of fewer complex elements 

than using a large number of simple elements. 

3.1.2 Formulation of the Problem 

The problem can either be formulated by choosing 

displacements as primary unknowns, with the stress being 

determined from the calculated displacement field. Alterna-

tively, the stresses can be chosen as primary unknowns;  The 
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former is known as displacement method and the latter as 
equilibrium method. In some- models, both the displacements 

and stresses are employed as the r)rimary unknowns and the 

method is known as mixed or hybrid method. The problems in 

geotechnical engineering are generally solved by using 

displacement method. Th,V number and bandwidth of the final 

stiffness equations in displacement method are smaller 

than those produced by other methods. Moreover, it is re-

latively easier to establish approximation function to sa-

tisfy computability requirements, However, the displacement 

formulation can be more sensitive to variation in problem 

parameters i.e. geometry and material properties, The steps 

in Finite Element Method analysis include (i) Discree:tiz .tion 

of structure (ii) Selection of aprroxim .tion functions (iii) 

derivation of element equations (iv) Assembling of elemental 

properties to form global equations and (v) computation of 

primary and secondryry quantities. 

The finite element method has some restrictions for 

use in Teomech:anic applications, arising from the necessity 

to set the displacements in the area remote from the opening 

equal to zero. The large portion of Finite. Element Mesh 

is used to model the above condition. The development of in-

finite elements, which include in their formulation a decay 

term and coupling the finite and boundary element techniques, 

have overcome this difficulty _ The formulation of problem 

for analysis of stresses around the caverns has been dis-

cussed in Chapter- 4, 
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3.2 SPECIAL CASES IN FEA ANALYSIS 

In practice, the assumptions of linear, isotropic 

and homo-eneous rock mass are seldom met with. The defor-

nation of the rock mass, consequent upon the excavation of 

cavity, is dependent upon the following f actors - 

i) Rock defects, ii) Petrographic structure, (iii) Geolo Tic l 

structure, iv) Degree of weathering and alteration of rock 

mass, v) strength and deformation properties of rock mass, 

vi) Anisostronic rock behaviour, (vii) Magnitude and direc-

tion of insitu stresses. 

These factors affect the stress deformation behaviour 

of rock mass. The problem of an-j.lysis,thus,bc:comes complex 

in nature due to non-linear rock mass behaviour. The finite 
element method has proved successful in approximating the 

effects of many of these factors. In the recent past, many 

non-linear rock mass problems have been :analysed successfully 

with finite element method. 

3.2.1 Non Uniform Material Properties 

As discussed c>erlier in Chapter-2, the structural 

defects like joints, fractures. fissures etc. render the 

behaviour of the rock mass as non-linear. A rock mass, where 

the extent of such defects is small i.e. with closely spaced 
joints, can be approximated by a solid continuum, with modi-

fied strength properties, If the extent of defects is large, 

each individual block must be tr-., ated as separate crate unit within 



the surrounding rock mass. The joints render the rock mass 

highly succeptible to tension. The load transfer method 

developed by (Joodman, Taylor and Brekkie is very useful for 

the analysis of structures in jointed rock mass. In this me-

thod, the stress deformation characteristics of the joints 

are approximated by normal and shear sti.ffnesses. The shear 

strength of the joint is expressed by 

Tf = Ct* cn 

where, 

of 	= 	shear strength of the joint. 

C 	= cohesion along the joint 

cn  = normal stress across the joint 

y e 	= 	effective friction angle of joint surface 

If the normal stress across the joint is tensile, it is 

assumed that the joint is incapable of resisting any shear 

stress i.e. it has no strength. 

The rock .mass having joints and fissures is incapable 

of sustaining; eriy tension, The scheme developed by Zienkiewicz 

is useful to handle such a no tension situation. The main 

steps in such a analysis are — 

i) Initialization of problem, defining boundary conditions 

and assignment of initial stresses. 

ii) .Analysis of the problem as linear elastic problem. 

The induced changes in stresses are added to the 

initial stresses to compute nrincirna,:.l stresses. 



59 

iii) If there are tensile zones in the surrounding mass, the 

nodal forces arc replied in such a manner that the 

tensile Zones are eliminated.. 

iv) Repitition of the elastic analysis for calculated equi-

valent nodal forces. 

v) If the tensile zones are eliminated at the; end. of 

step(iv)the analysis is complete ,otherwise steps 

(iii) and (iv) have to be repeated until there is no 

appreciable difference in magnitude and distribution 

of stresses with further iterations. 

3.2.2 Construction Sequence in FEM Analysis 

The conventional linear analysis is carried out for 

underground structures assuming that the entire construction 

tekes place in a single operation. In actual practice, the 

excavation is carried out in stages, The linear elastic 

approach assumes the insitu stresses to be acting on the 

completed structure. However, the stresses in the final 

configuration are dependent upon the intermediate configurs,- 

tions and loadings 

The analytical simulation procedure, developed by 
Mesh 

Goodman and Brown, divides the rock mass into Finite EiemC ntL 

with sides and boundaries located at aperopriate distances. 

Before tie construction starts, the mass is subjected to 

insitu stresses. A cycle of finite element analysis is per-

formed for the insitu loads in which the resulting. stresses 
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(Q~) are computed. After the first stage excavation, equivalent 

forces( 1) at the nodes on x,y and z planes are computed. 

Forces equivalent in magnitude but opposite in sign are then 

applied at these nodes. The finite element analysis is ca-

rried out wi-uh(c1) and the resulting stress vector ("a ) 

is added to (QO) to give the principal stress vector 

(oi) = (a. ) + Iuoi 

where of is the stress at ith sta, e of excavation, 

3.2.3 Non-Linear Material Behaviour 

(a) Elastic behaviour 

In this, the mater; al paraa.moters c?enond upon the state 

of stress, In the incremental approach, the load is applied 

in increments requiring a separate solution .at each stage of 

load increment, The technique approximates the behaviour as 

piecewise linear. Durin the application of each load incre-

ment, the material is considered to be linear and elastic 

but different material properties are used for each incre-

mental value. 

(b) Elasto-r~lastic Behaviour. 

In this appro=ach, the elastic formulations for the 

behaviour prior to proportionality limit are used The niece-

wise linear approximations are used u1?to yield point. However, 

the plastic and inelastic behaviour beyond the yield point 

requires a different approach; It is necessary to have a 
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yield criterion to ascertain the state of stress at which 

yielding starts. The behaviour beyond yield point is des-

cribed by two theories, namely deformation theory and incre-

mental or flow theory. In the deformation theory, the plastic 

strains are uniquely defined by the state of stress whereas 

in the incremental theory, the plastic strains depend upon 

a combination of factors such as increments of stresses and 

strain and the state of stress, The strain vector ( E ) 

is decomposed into elastic ( C e) and plastic ( C p) vectors 

(C) _ 	( C'e) fi 	(C-P) 

3.2.4 Anisotronic Rock Mass 

An anistropic rock mass is one, T.ahosr nronerties 

vary with the direction such as schists, slates, gneisses, 

phyllites, sandstones, shales and limestones. The response 

of such rock masses to underground excavations is strongly 

affected by (i) Orientation of the o7Pening; with respect to 

direction of aniuotrophy (ii) type of anisctrophy(iii) Orien-

tation of the opening -.n .d anisotropy with respect to the 

direction of rock in situ stresses (iv) magnitude of insitu 

stresses. 

For the analysis of structures in anisotropic rock 

mass the assumptions of linear elastic, homogeneous continuous 

and anisotropic rock mass are made. I.: the plane strain for-

mulation, the anisotronic rock mass and cavity therein are 

assumed to be of infinite length and to be subjected to the 

action of body and surface forces directed normal to the 

Z direction,. 
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Rock mass insitu may be subjected to different hnri-

zontal and vertical. stresses,, This initial stress anisotropy 

nroduces different strengths in different directions. The 

modulus of elasticity in different directions may be different. 

The direction of princi?~ ,1 stresses, on lo^.din?, varies and 

causes chancres in the anisotro':y with respect to stresses 

and mechanical properties of rock mass. 

The anisotropy can be accounted for in Finite Element 

analysis as suggested by Dunlot~, using; the relation 

EBi = Eh — (I h EV) sin2 B i 

where Bi = angle bet•,, ec.n the horizontal and instantaneous 

directions of ninciTn`3,l compression. 

E = Modulus value to be used in analysis. 
1 
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CHJ0T I:R- •4 

STRrSS ,PNi LYSIS OF NTHHP JHAKRI tJNDEB.GROUND P0~7E HOUSE 

4. l FJRMULi:TI ON OF THE PROBL a+~4 

The schematic layout of power house complex and the 

geological sections have shnwn in Chanter-1. 1l computer pro-

gramme has been prepared to generate the'Finite Element Mesh' and 

the related input data for the finite element analysis. The 

programme can handle all cases of sequential excavation for 

the machine hall cavity. The case of transformer hall cavity 

fully excavated and the machine hall excavation upto generator 

floor/turbine floor can also be solved through this programme. 

Thus, all cases of machine hall have been dealt through the 

programme resulting in substantial time saving. The programme 

generates the mesh of eight nodal isoparazmetric elements and 

the corresponding input data for finite element analysis. The 

excavation for all cases has been simulated mainly in one step. 

The various mesh formations are shown in figures 4.1 to 4.4. 

4.2 .ASSUMPTIONS £ D D..JTI 

i) The rock mass has been assumed as linear, isotropic 

and homogeneous medium. 

ii) The insitu stresses have been assumed vertical and 

horizontal respectively. The test results of flat 

jack test have shown the magnitudes of the stress 

field as - 



• BOUNDARY CONDITIONS 

(All nodes not shown) 
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NATHPA.JHAKPI POWER HOUSEyCAVERN 
2ND STAGE EXCAVATION 

FINITE ELEMENT MESH 

NUMBER OF ELEMENTS-lBS 

NUMBER OF NODES -667 

FIG. '.2 



NATHPA JHAKRI POWER HOUSE CAVERN 
3RD STAGE EXCAVATION 

FINITE ELEMENT MESH 

NUMBER OF EI..EMENTS-2O4 

NUMBER OF NOOES 	..668 
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BOUNDARY CONDITIONS 
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FIG.4.4 



Vertical = l042 kg/cm2  

Horizontal in longitudinal = 7/i kg/cm2  
direction 

Horizontal in transverse direction = 8.06 kg/cr_72  

The value of modulus of el=asticity of rock mass, 

as given in the test reports (335600 kg/em2), has 

been used in the analysis. 

iii) The ratio of horizontal to vertical insitu stresses 

has been varied from 00 to 0.8, 

iv) The poisson+s ratio for the rock mass has been 

taken as 0.2, 

v) The unit weight of rock, as pr test results, is 

. 2.85 T/M3. 

4.3 BOUNDARY CONDITIONS 

i) For the machine hall case studies, the problem 

has been treated as symmetrical about the centre 

line of the machine hall ( vertical) . The hori-

zontal displacements have been restrained, along this 

line of symmetry. 

ii) The extreme horizontal surface of the finite element 

mesh has been restrained from vertical movement. The 

horizontal movement of all nodes;  but one, is 

permitted, (Fig.4 .4) 

iii) The insitu stress field has been converted to equi-

valent nodal forces in horizontal and vertical direc- 

tions along the boundary. The load calculations have 



been included in the data generation program e. 

4.4 TESTING OF COMPUTE . PROGRAMME 

The nrogramme for finite element ,Inalysis, being 

used for three dimensional stress analysis of earthen dam and 

available with Shri R.P. Singh, Reader, JRDT_C, has been sui-

tably modified to deal the two dimensional plane strain cases, 

A problem of cantilever has been checked with the 

modified programme ( ref. Fig. AS ), 

The cases given in table 4.1(a), have been studied and 

the comparison of results obtained has been made with the re-

suits given by the equations based on theory of elasticity. 

Table 4.1(a) 

CHECK TEST RESULTS 

Sl.No. 	Case description 	Check paramete 
with E = 1 t/r7 
Actual 	Test result 

1. 	Gravity load in vertical 	6.OT/ M2 	5.8T/M 2  
direction 	Base stress Gaussian 

point stress 

2. Uniformly distributed 
load in horizontal 
direction 

3. No load in any direction 

4. Hydrostatic pressure on 
vertical face . 

243 M 	260M 
(displacement 
at free end ) 

0.00 	0.00 
stress and displace-

ment 

103.23M 	10/.23 H 
(displacement 
at free end) 
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The above comparison indicates that the results given 

by the prograrrne are correct upto a fair decree of accuracy, 

and the prorcra.rmie can be used for the analysis of Proposed 

prob lem. 

4.5 CJ SL STUDIES 

Following cases were studied to see the effect of 

radius variation, increased s )an, concrete arch, sequential 

excavation, modulus of elasticity and K, 

tL 	Machine hall only,  

i) 	a) Construction stage 1 (see fig.4, 1) 

b) construction stage 1 with increased span. 

ii) 	Construction stage 1 with concrete arch in position. 

iii) 	2nd stage excavation 

a) Radius of arch varying from 15 ITT to 19 N at an 

increment of 1M. 

b) K value varying from 0 to 0.8, 

c) With value of modulus of elasticity as 2.0 x 105  

kg/cm2. 

d.) with increased span and K = 0,8. 

iv) 	3rd stae Excavation 

s,) K value varying from 0.4 to 0.8. 

B. 	With increased span. 
B) Two cavities with K = 0.8. 

a) Pillar width varying from 0.5x(combined span) to 

1.0x(combined span). 
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4, 6 DISCUSSION OF RESULTS 

4.6.1 Roof Arch Iixcavation (Ist Stage) 

Three cases, as discussed in pars. 4.5 were studied. 

The principal stress distribution (cl/ov) around the cavern, 

is shown in figure 4.6. The variation of c?.isplaceaents and 

principal stresses are shown in T :ble 4 .1. 

din examination of table 4.1 shows that with the in-

creased span of 22.5 metres, the stresses do not vary signi-

ficantly along the boundary of excavation. Further, the plots 

of figure 4.5 show that the stress gradient ilong the corner 

poiht, at the bottom of arch, is reduced. Thus, the span can 

be increased safely without endangering the stability of the 

opening. 

The concrete arch case has been simulated by consider-

ing boundary elements to be constituted of concrete(Fi,g-.4.6).The 

E value for concrete has been taken as 2.0 x 105  k/.crn2. The 

maximum stress in concrete arch develops in the haunch portion, 

gradually reducing to small value at crown. The values are — 

Max. stress at haunch = 75.6 k /cm2( compression 

M. stress at crown = 20.4 k/cm2(compression) 

There is little tensile (minor principal) stress along the 

boundary. The stress pattern outside the concrete arch does 

not vary significantly from that developed without concrete 

arch. 
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4.6.2 Machine Hall 	cava,tion upto E1.1002.878 M:(2nd stage) 

In this case, the following studies were made — 

i) Effect of radius variation, 

ii) Effect of 'E', 

iii) Effect of 'K'. 

4.6.2.1 Pffect of Radius variation. 

The test results indicate the value of'K' to be nearly 

equal to 0.8. Thus, the analysis has been done keeping the 

value of K as 0.8. The radius of roof arch has been varied 

from 15 m to 19 m, The results of the analysis. are given in 

Table 4.2. 

It has been observed that for the value of radius 

equal to 17 metres, the maximum compressive stresses at key 

points 2 and 8 (Fig.4.5) are minimum. There is no significant 

change in the value of displacements. Thus, the radius of 

roof arch has been kept as 17 metres for subsequent analysis. 

The distribution of major principal stress, around the cavern, 

has been shown in figures 4.7 to 4.9( for different values of 

radius) . 	The 	contours of a1/w become closer with the 
increase in the value of radius. However, the local boundary 

stress values at key point '3' decreases with the increase in 

radius. 
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4.6.2.2 Effect of 'K' 

The value of K has been varied from 0.0 to 0.8. It 

has been observed that the horizontal dis:elacement, along 

the vertical sides, increases with the increase in 'K'. On 

the other hand, the vertical displacement along the roof 

arch decreases with the increase in 'K'.  The results of the 
analysis are given in Table 4.3. 

Further, the nature of major principal stress 'Ql' 

at crown and at flat bottom, changes from compressive to ten-

sile with the decrease in :1K' . The maximum stress at haunch 

increases with the decrease in 'K'. 

For K = 0 al  = 	(3.05 kg/cm2(compression ) 

and 	for K =0.8 al  = 	63..75 kg/cm2(compression) 

At key point 3, the values of compressive stress are - 

	

For K = 0.8 	of = 59.82 kg/cm2  

	

and for K = 0.0 	61 =31.91 kg/cm2  

Figure 4.10 shows the relation between Ql  and K for 

different key points. It has also been observed that the stress 

gradient around key point 8 increases with a corresponding 

decrease in K. For the key point 2, the behaviour is exactly 

opposite. The contours of olAv, for different K values, have 
been shown in figures 4.11 and 4.12.The deflected boundary pro-
file of the cavern, for different values of K, has been shown in 
Fi .4.13. 
4.6.2.3 Effect of Modulus of Elasticity 'E' 

To study the effect of change in the value of E, the 

analysis was done with 'E' equal to 2.0 x105  kg/cm2. The results 

of the analysis indicate little variation in the stress 
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distribution. However, the displacements decrease significantly 

The stress contours (oi/oj,) are shown in Fig.4.16. 

For E = 35600 kg/cm2  Maximum Displacement = 22.2 MM 

and 	for E = 2 x 105kg/cm2  Maximum displacement = 03.4 Mir 

4.6.2.4 Effect of Increasing width of cavity 

The u/s valve can be accommodated in the machine hall 

cavity itself if its width is increased by 2.5 metres (as pro- 
House 

posed in case of Tehri Underground 'Power,). Thus, a case with 

width of cavity equal to 22.5 metres was analyzed. The results 

of the analysis have been tabulated below - 

Table 4.4 
EFFECT OF INCREASED WIDTH 

(2nd stage Excavation) 

Key Span - 20.OM R = 17M Span = 22.5M 	R = 18M 
points r  

01  03  u v of  03  u v 

1 -218.3 -17,8 0.30 0.42 -220.7 -16.9 0.32 0.43 
2 -258.7 0.8 0.35 0.50 -255.1 1.1 0.38 0.51 

3 -596.2 -108.3 0.42 0.59  -614.5 -111.3 0.44 0.60 

4 -290.5 -4.4 0.61 0.14 -303.9 -4.9 0.64 0.76 
5 -121.4 28.2 0.70 0.80 -137.2 284 0.74 0.83 
6 -16.4 1.5 0.89 1.14 -18.5 1.7 0.90 1.20 
'1 -0.3 11.5 0.74 1.14 -0.3 12.2 0.74 1.20 
8 -637.8 -99.0 0.57 1.50 -647.7  -99.4 0.58 1.58 
9 -225.5 -1.1 0.43 1.85 -228.0 -3.7 0.4.2 2.04 
10 -173 .8 -8.3 0.27 2.08 -175,5 -8.8 0.20 2.27 
11 -144.8 0.2 0.14 2.19-138.1 0.3 0.14 2.41 
12 -137.2 -1.8 0.00 2.22 -129.6  -1.7  0.00 2.45 

01  and o3  are in t/m2  
u and v are in ems. 
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The distribution of major principal stress around opening 

is shown in Fig.4.9. 

The stress contours, for the increased cavity width 

case, become wider around the corner points and elsewhere 

have been brought closer. The corner boundary stresses, 

however, increase slightly as shown in Table 4.4. The obser-

vation of the stress pattern and the displacements indicate 

that the cavity width can be increased without endangering 

its stability. 

4.6.3 3rd. Stage Excavation 

The effect of increasing cavity width to house the, 

control valves in the machine hall and the effect of change 

in K value has been studied for the case when the excavation 

is complete upto the turbine pit level, The results have been 

discussed in the following paragraphs. 

The case has been analyzed for width of cavity equal to 

22.5 metres and K equal to 0.8. The results have been given 

in the Table 4.5. 

It is clear from the values given in the Table 4.5 that 

the magnitude of corner boundary stresses decreases slightly 

with the increase in the width of the cavity. The stress contours 

have been shown in fig.4.17.  The magnitude of stresses around 

the cavity is slightly on the higher side with the increased 

span. However, dangerous stress patterns do not occur anywhere 
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around the opening and the increased cavity width will not 

affect the stability of the cavity at this stage of excava-. 

Lion, 

4.6.3.2 Effect of K 

The results of analysis have been compiled in Table tt.6, 
A critical examination of Table 4,6 shows the trend of varia-

tion of displacements and principal stresses is similar to 

that observed in case of 2nd stage excavation. The vertical 

displacements of crown decrease with increase in K value, 

For example 

For K = 0.4 Max. displacement = 29.5 N 	`, . 
for K = 0.8 Max, displacement = 21.0 IV11JIS 

The horizontal displacements along the vertical wall increase 

with increase in K value. The relationship between displace-

ments and K has been shown in Figure 4.15. 

The compressive stress at haunch of roof arch also in-

creases slightly with increase in K value, whereas the corners 

stress at key point 4 decreases significantly with the de-

crease in K value. For example 

	

for K = 0.4 	Max. compressive stress = 55.38 kg/cm2  

	

and for K = 0.8 	Max, compressive stress = 86,26 kg/cm2. 

The compressive stresses along the arch decrease towards 

the crown and also decrease with the dEcrease in K values 

(Fig.4,14 and 4.10) ,The distribution of stress in other 



Table 4.5 

EFFECT OF INCI EASED CAVITY WIDTH 

(3rd Stage Excavation) 

Key Span =20.0 M R=1`7, OM -~- Span = 22.5M 	R = ~_. 18 M 
points 

01 03 U V 01 a3 U V 

1.  -197.8 -0.4 0.30 0.33 -192.5 -0.8 0.34 0.32 

2.  -262.8 -1.9 0.36 0.40 -261.8 -1.1 0.40 0.39 

3.  -382.4 7.1 0.45 0.50 -385.4 7.8 0.49 0.50 

4.  -896.1 -175.5 0.64 0.71 -884,8 -159.6 0.68 0.71 

5,  -168.0 -3.8 1.13. 0.98 -177.6 -3.8 1.18 0.99 
6,  -116.4 9.9 1.41 1.07 -125.1 10.1 1.46 1.10 

7.  -16.7 1.0 1,94 1.18 -22.5 11 1.68 1,16 

8.  -1.1 4.6 2.04 1.19 -1.5 4.9 2.08  1.23 

9.  -14.4 0.6 2.12 1.18 -60.3 -4.8 2.16. 1.23 
10 0.8 11.2 1,68 - 1,17 0.9 8,9 1..74 1.26 
11 0.1 13.2 1.41 1.16  -0.1 13.5 1.47 ; 1.37 
12.  -685.0 -100.3 +1.25 1.60 -673 .2 .97.1 1.22 1.70 

13.  -286.3 -9.3 0.53 2.01 -280.7 -9.5 0,5/ 2.19 

14.  -263,2 -3,0 0.00 2.10 -252.1 -2.8 0.00 2.30 

Ql and 03 are in T/M2 
U and V are in ems 
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areas around the opening does not vary significantly within 

the range of variation of K values. The relationship between 

K and 01  has been shown in Figure 4.10 and the corresponding 

variation in displacement values has been shown in figure 

4.15. The deflected shape of the cavern has been shown in 

Fig.4.13. 

4.6.3.3 The analysis with transformer hall could not be con. 
of 

pleted due to non-availabilityldi sk space on Deck System 2050. 

However, the complete input data for the analysis has been 

generated through the programme, 



91 

1r ,t 
A 

00 u 

A` 
e 	N V > 

to a 

rn  0 M pp to M N 
o 

o. y 

X 4. t 
W o u 

•

Q a j I 
W 	a 

 
p Z v 

a v 
y d 7 
u 

aw 

m Il► ~ .t M 

w 



30 

26 

22 

N 19 
ti-- 

E14 
wE 
0- 

10  
a 
0 

6 

2 

92 

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.6 0.9 1.0 

]RD STAGE EXCAVATION 

Key Point, DIcplaccment 

30 

26 

0 
22 

z-. 
2E18 
wE 
U 
d 14 r 

•
a 

10 0 

6 

2 

2ND STAGE EXCAVATION 

EFFECT OF K ON DISPLACEMENTS 
U HORIZONTAL DISPLACEMENT 
V: VARTICAL DISPLACEMENT 	

FIG. 4.15 



93 

Sri o i  
4- 0. 

pE 
~ M 

h y 

r 

.•. 

Q A N 
A a N E 

w p 

tal 
L7 ~' 
Q 11 

10 

ow 
z C7 
N u 

11 

I. ri 

~ V 

ba 
..a n o 

Ii 

f a . 

W 



~'h 	10 tov 	6 

r a 
v 	 v 



95 

CH AS, T ER- 5 

CONCLUSIONS, RECOi'Ii: NDATL IOI' S AND SCOPE OF F'U'RTHER STUDY 

5.1 CONCLUSIONS 

The results of the analysis have been discussed in 
been 

Chapter-4 . r~ollowing conclusions haveLmade on the basis 

of these discussions. 

i) There is little variation in the principal stress 

distribution, around the opening, with the value of 

radius of roof arch ranging from 15m to 19m. The 

minimum boundary stress values have been noticed 

with radius equal to 17 metres. 

ii) The pattern of stress distribution, around the open-

ing, does not vary to a large extent with the pro-

vision of concrete arch in the roof. The opening is 

stable, even without concrete arch. 

iii) The tensile stresses (small) develop at the crown 

and at the flat bottom of the cavern when the K value 

approaches zero. 

iv) The values of compressive strss 	in the concrete 

arch decrease towards the crown, being maximum at 

the abutments. 

v) The increase in the span of the opening by 2.5 metres 

does not result in excessive stress concentrations. 

The cavern is found to be stable with soan ecual to 

22.5 metre. 



vi) 	The horizontal displacement, along the vertical 

sides, increases with the, increase in the K value. 

The vertical displacement at crown, on the other 

hand, decreases with the increase in K value. 

vii) The increase in the modulus of elasticity of rock 

mass does not affect the redistribution of stresses. 

However, displacement values decrease significantly. 

viii) The maximum absolute values of stress are noticed 

when the machine hall cavity is excavated upto the 

turbine pit level (El. 994. 778). 
ix) The stress concentration is localized at the arch 

abutment and bottom, sharp corner of the cavern, 

5.2 RECOMMENDATIONS 

Based on the conclusions, following recommendations 

have been made - 

i) The concrete arch for the roof is not required for the 

K value equal to 0.8. 

ii) The width of they machine hall can be increased to 

accommodate the u/s control v-,lves. This will result 

in considerable saving in costs of construction and 

uxi li ary E quipm(-nt like E.O.T. crane, 

iii) The extensive investigations are necessary to define 

the insitu stress field more, accurately. The stress 

measurement techniques described in chapter- 2- me.y be 

used for investigations. 



M 

iv) If the actual K_ value is found to be less than 0.5 

the concrete arch support in the roof will be re-

quired. The stresses in the arch do not warrant 

heavy reinforcement. Hence, nominal reinforcement 

may be provided. 
separate 

v) For K value equal to or more than 1, the htnalysis 

will be required. 

vi) The thickness of the concrete arch should be reduced 

towards the crown. 

vii) The slight tensile stresses, developing at the haunch, 

can be accounted for by the provision of the shot-

crating and rock bolting etc. 

viii) The sharp corner at haunch of roof arch results in 

higher local stress concentration. The stress con-

centration can be reduced by avoiding the sharp corners. 

Similarly, the bottom sharp corner should be avoided 

during each stage of excavation. 

ix) The extensive field investigations are required to 

study the joint distribution pattern around the open-

ing. In case the joints are widely distributed, the 

finite element analysis, as described in Chapter- 3, 

should be carried out. 

x) The behaviour of the caverns, consequent upon the 

excavation, should be monitored constantly. Such an 

exercise is necessary to correlate the results of. the 



Finite Element Analysis with the actual behaviour. 

Extensive instrumentation is, therefore, recommended 

to include all critical zones around the opening. 

xi) The radius of the roof arch should be kept as 17 

metres. 

xii) In case, the rock mass properties show large variation 

from the assumptions of linear, isotropic and homo-

geneous strata, the analysis may be repeated. The 

requirements of rock supports can also be worked out 

on the basis of guidelines given in reference 8  

5.3 SCOPE OF FURTHER STUDY 

The analysis done in the present work is restricted 

to the machine hail and transformer hall caverns. The analysis 

of two caverns, as discussed in par... 4.6.3.3 can be completed 

to study the effect of width of rock pillar between the open-

ings and K. The computer programme to generate the input data 

for finite element analysis can be suitably modified to in-

clude the surge chamber opening, located d/s of the trans-

former hall. 

The stress pattern around the opening, keeping in 

view the effect of caverns on each other, should be analyzed. 

The best sequence of excavation should be finalised on the 

basis of extensive stress analysis of different excavation 

sequences. 



In case, the investig itions - indaicato jointed rock 

mass or any other structural defect in the rock mass 

surrounding the cavern, the analysis should be done to study 

their effect on the stability of the caverns. 

Further, analysis with different values of width 

of influence zone, 'can indicate its limiting valu(-,. Extensive 

investigations, particularly in the limiting zone, are ne-

cessary to make a rational analysis. 
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FRM DATA FOR CAVERN AGE MARATION PRO(RAM' . 
 PAGE: 101 

AM NE X LIRE -I 

PROGRAM FOR 'CENARATIOW OF F :M DATA FOR POWER HUU$E CAVFRM 

INTEGER rstJ,MN,ANX,I3NY 

READ EPGUAU,PX,PY 

DIMENSION X(300).Y(300).NN( a00),PfOAD(30O,2).NF(300),I3Nx(1OO), 

1.I3MY(100),NX(9),13 (100).TTTL4C(17) 

OPEN (UMIT 20,DFV.TCF;»''DSK',F'IIdC='DL2.DAT') 

()PEN(UNIT: 22,DEVTCE='DSI ',FILE--'t)4.II)AT') 

s1P=37 

COmfAON/AA/XO,YO,CX(900.8),GY(900.8),X,N(3000).YN(3000).GN(6a10.9) 

COMMON/BR/PX, PY, MC 

x0:-'. 
YO=O. 

NaCsC=0 

REl D(20,*)XI,Y) .X2.Y2.X3.Y3,NF,XA 

READ(20,*) WC&.RA,TA.N.PW,NC,PX,PY 

380 	OMWCS/Rte 

THFT('A=A SrN: (0) 

REXAZRA+TA 

R1='WCS/(SIN(THETA)/COScTHN TA) ) 

0  REXA-R.1 

XCF N:;XC) 

YCFN=-R1+Y() 

RUliT=RFXA+PW 

Ar•N=N3 

A(€(;(;1 E= THETA /AN 

ST F' ;PH/7. 
STEPI STEP/3, 
MM=20B 

MM:=20A+9*U 
I,1M=0 

1UCt 	AN=0 

DO to I=MM.MMI.6 
ANO THETA ANCET,E*AN 



03800 

039(;0 

04000 

04100 

04200 

043x0 

04400 

04500 

04606 

0470) 

04800 

04900 

4~Ut~d) 

0510 

05200 

65300 
054(;0 

05500 

05600 

5700 

05806 

05900 

06006 
0610 

06200 

0630, 

06400 

0650 

06600 

067(10 

06800 

069+0 

()700 f) 

r)7100 

0720n 
07300 

07400 

PACE: 102 
FEM DATA F'QR CAVERN 'GENARATION PRO RAM' 

AN=AN+1 

X(I)=RO T*,SIN(ANG)+Xh 
Y(z) =RoUT*Co5(AN(C) 	Ri+YO 

10 CONTINUE 

t,N=tart+1. 

Ir'(I,N.;r.7) 	GO TO 	200 

N = MM I 
?IM1 :NPK1-1 

GO 	Tr3 (11:12 ,12.12, 12.14, 14) TN 

11 RD[1T= ROUT*2. *STEP 
GO Tb 100 

12 ROUT=R0UT«STEP 
CC 	T(l 	1:00 

GO 	'X'0 	1()? 

200 TIiET=3.1415926/2.-T ETA 
TH 'T1=T€€ET/2 « 
SET :0 .  
DO 	1).C; 	1:1.95,199 

ET: SET+STEP 
:X(I)=SFT*C0 	(THET1)+WCS+XC) 
Y(I) 3ET*SINCTW 'T1)+yo 

1 i 0 CONTINUE 
S r:SET+2 . *STE P 
X(20 ►)=~+E'T*COS(THFT) ).sWC a+XO 
Y(200): SET*STN(THET1)+YO 
SEA' :STEP/2. 
X (1.94) :SET*C0S ( THE T 1) +WCS+XO 
X(194)=a! T*SXN(THETI)+Y0 
HTAB: YI. Y2 
UTABST: HTA.3/4„ 
ABST1= 1-HTAth$T/2. 
Y (1 84):YO 

Y(130)= 184 T.AE3 

DO 20 K=9,45,9 
Mr=r=130+K 
TFCK. E.18)GC TO 15 



PAGE: 103 
'EM DATA FOR CAVERN OGENARATION PROGRAM' 

07500 CO To 16 

076o0 15 Y(M1i) Y(MNl.9)+A1STi 

07706 GO TO 20 

07806 16 IF(K.LE.3 	) 	CO TO 	17 
07900 GO To 1 o 

08000 17 Y(MM)--Y(Mh1-9)+HTAt$T 
08100 CO TO 20 

0s2 0 18 Y(1 N)`Y(MP,1`-9)+APSTI 
01)300 20 CONTINUE; 
08400 XCI 84) 	C5- TEpJ+X0 
0850€} KM 
086o M1194 

0870o M2=1.92 

08800 00 30 K=M1.M2 
08900 M11:184+KP1 
0900o JF*(KN.IE 3) GO TO 31 
09100 CO T6 32 

9206 31  
09316 60 TO 30 

0940o 37 ICfKN.L,E.7) 	CO TO 	33 
09500 GO TO  34 

0960 33 X lMN)=X (MN .i )+SpE[' 

09700 CD TO 30 
09800 34 X(MJ)=X(MNwl)~2.*STEP 
09900 30 Ktl= ;F;I+1 
1 CONTIfU ; 
1.0100 MN1r 130 

10200 MN2=138 
103u0 DO 50 	KI 	M141,MN2 
1040 MNN3=(I+54 
10500 00 	50 	K2=K1.,MN3,9 
10606 XGK2)=X(1 	3) 

10700 50 CONTXN OE 
1,0800 MN4=184 

lO9oo DO 	55 	K1=MNI,MN44,9 
11.006 MN5=K1+9.1 
11100 DO 55 	K2•=Ki1MN5 



PAGE: 104 FEN DATA FOR C=AVERN 	"CFrf ARAT1:ON 	PROGRAM' 

11200 Y(2)Y(K1) 

11300 55 CO"NTINUJE 

11 400 X (129) MWCS-2,*$TF;Pi.+X0 

11500 MKa1=89 

11600 Mlj2=R9+9. 

11700 HTRC=Y2-Y3 

11800 7 	tHT c;,►, 	,Q.) 	GO 	To 	300 
1190i GO TO 54 
12000 300 11TR I =A}3STI *2. 
12100 HTF32=ABSTl 

12200 Y(89)=X(130) 

12300 GO 	Ti)' 	89 
12400 54 00 60 K1-Mi,1,ML2 
125o01 Mt 3=K1+4.*10 
12600 DO 	60 	K2=K i. , Mr 3 , 10 
12700 X(K2)=X(ML3) 

12800 50 Cor!TTNtYE 
12900 HTE31=I T3C/3w 
l3floo F1TB2=HT3j/2. 
13100 K1 =129 
13766, Y (K_K) 	Y (KK+I ) 
13300 Y(119)=Y(129).HTC}2 
13400 YC109)=Y(119)NHTBI 
135o0 YC99)=YC1~?9.l-HT81 
13600 YC89) »YC99)-HTB2 
1370[i Dry 	75 	K1.=Mj 1.K'K.1O 
13800 Mi 	K] +10 	1 
13900 DO 75 	K2=t{1 . ML5 

40~ o YCK2)=Y(K1) 
14106 75 CONTINiJE~" 
14200 89 1(K=fi5 
14300 IFCC~OI.EQ„2)HT131= 1TB2 
1446x0 Y(85) Y(u9) 
145011 YC29a=YC09)- 	'*fITB2 
146  
14700 Y(1)-.YC79a-NTR1 
1480n Y(1)-Y'(15)*.HTRt 



PAC 	105 FEM DATA FOR CAVERN 	'GENAHATIUN PROGRAM' 
14900 Y(43)=Y(89)-3.*U#Tr32 

15000 Y(57) 	x(89)+-2*HTH2 

15100 x'(71)=Y(89)»I1TB2 
15200 STEP2=WCS 5'«KSTEP1 
15300 X(86)=STEP2+Xo 

15400 X(R7)X(86)+;STI.P1 
15Q0 X(88)=X(87)+5TEPI 

1560; 00 	95 	K1~-i.KK.14 

1 55706 KK;1 = K1.+1 3 

15Ao0 DO  95 K.2=K1,KK1 

159100 Y(K2)=Y(K1) 

16000 95 CONTINUE 

16144) X(KK) =X() 

16200 1, (HTBC.LE.o) 	CO To 9 
163oo DO 	105 K11,14 
16406 K2:KI+84 

16500 Do 105 K3=K1,K2,i4 
16606 XCK3)=X(K2) 

16706 165 CONTINUE 

1C 	un GO TO 91 
16900 90 DO 106 K1 1.4 
17000 K2 K1+94 

17loo 00  106  K.3=K1.K2,14 

17200 X(K3)=X(K2) 

17300 106 CONTINUE 

17400 DO 	167 	K1 	5.14 

17500 K.Z=K1+84 

176on K4=K1~124 

17700 DO 	107 K3=K1. K2.14 
1780n X(K3)=X(K4) 
1790t) 107 CONTINUE 
18606 91 Y(193)=(Y(201)+Y(185))/2w 

i  ttt? X(193)=(X(201)+X(18!))/2 

111200 F11~1 

1U3bo 120 GO 	TO 	(111,112.1.1.3.114) U 
1 	400 1F(Mi.GT.4) 	GO TO 	121 
185en 11.1 1NI=I 



PAGE: £06 
EM DATA E OR CAVERN 'GENARATION PROGRAM' 

JM=12 

GO TO 119 
IF'tE1TBCr.LE.0.) GO TO 301. 

IN=89 
JM=g 
iK: 4 

GU TO 119 
f 	MI Ml+1 

GO TO 120 
3 	IN=13Ck 

J =7 
JK=6 

CO TO 119 

20000 11.4 IN=185 
20106 
 U =6 

20206 
	 JK=N+2 

20330 119 JJ=JM+:3 
20400 
	 JN=3MM+2 

2050 	 DO 150 KT=t,J)K 

2EJ6 
	

KK=IN 

20706 
 

KM xN+3M 

20800 
 

00 	115 I KK, KM 

20900 
	 NEE=NNEr±+i 

2100-► 	 MN(WEE). 	=tlEE 

21106 

21200 
 

CXCM C.3)=X(I+1) 

21300 
 

C~X(NEN.5)=XCitJJ) 

21406 
	 CX(NFE.7)=XCI+JN) 

21.500 
	 GX(NEE12)(GX(k EF,1). GX( 1 :E.3))/2. 

21600 
	 GX( Ek,4)CGX(NEE,3)+GXCP4EE,5))/2. 

21706 
 ~Xt►r~~;,€~)wC~XCt~F~",~)+rX(~tF~E.7))/2. 

21800 
	GX:(NEE 8)(CX(N F.7)+C3X((tE:,f))/2„ 

21900 
 

GXCwEE.f)Y(I) 
22000 
	

GY(uuEE,3)=Y(I+i) 

22100 
 GYCNEE.5)=Y(I+JJ) 

222001 
	 GYCMEE.7)=Y(I+JM!) 

18600 

18700 

18800

•t B9of 1 12 
190J(r 
19100 

19200 

19300 

19406 3) 

1950(1 

19600 ' 11. 

1 97 0 

1.9800 

199on 



PAGE; 107 
FE;M DATA FOR CAVERN •GE NARATION PROGRAM' 

223un c;Y(hlF ;.2)=(GYCNEE,1)+c,Y(NEE,3))/2, 
22400 CY(NFE.4)=(GY(NE :,3)+c;Y(NEE,5) )/2„ 
22500 GY(riEb,,6)-(GX(N ;E,5)+GY(N 2,7))/2. 
22600  
22700 115 C 	ti' 1 tlUE 

22800 IW »TN+JN 
22900 150 COMTI(\RJE 
23000 MIZMT+1 

23100 GO TO 120 

232o6 121 tr(MC. 'Q,1.) 	GO 	TO 	225 

23306 IFr(NOI'.GE,1) 	GO 	TO 	311 
23406 K =208+8*N 

23500 ► O 	350 	I »1,Kb 
23601) XCT)=-X(I) 
23706 350 C ?NTINUE 
23500 NOT:1 

23900 MI 1 

24000 GO TO 120 

241u0 311 IF (NOI.EQ.2) 	GO TO 220 
24200 N0I2 

24300 YO=YO+5 

2'}40i) XO:XO+PW+13.5 

245:07 RA »RA-0.5 
24600 WCS=9.5 

24700 TAT  A0.2 

24800 NEEi NF ;/2 
24900 N2=2* 
25000 GO TO 380 
25100 220 K(r=tJFE 
252o0 KLL9 =NE -(7*N-1) 
25300 10 	400 	I=Kt~1,KL 

25400  
25500 DO 400 	=1,8 

25600  
25706  
25806 400 CONTINUE 
25906 KM=K ,-J40•(7*N-1) 



PAGE: 108 F'C~Z DATA FOR CAVERN 'GFfARATION PROGRAM' 
260oo DO 410 K=1,6 
26100 KM1=KM+7 
20200 DO 420 JJ=KM,KM1 
26 300 NI =NEE+1 
26400 DO 420 J1,8 
2b500 CX (NFE,J)w-GX(JJ. J)±2.*XO 
26600 GY(WEE.J);GY(Jj, j) 
26706 420 CQNTTN[IF, 
26800 KM :KM+t 3 
26400 41.0 CONTINUE 
27006 KH~.K1j c 7*1J-p1) ,.46 

279.00 DO 430 K=1,4 
77200 Kh3I, 	KN+2 
27300 nth 	440 	JJ=Kw,Krvi 
27400 flEF-=NF +1 
275oo DC) 	440 	J=1,8 
27600 GX( 	E.J)M-Gx(JJ.a)+2.*Xo 
27700 CY(NFE.J) 	GY(JJ,J)•HTht~ST 
2780-6 440 COJtUTTMIJE 

279u0 K11=KPt+R 
280o0 430 COPITTNIJE 
281.00 DEC) 	441 	+J+1=1 , 3 

26200  
28300 DC) 	441 	J=i,$ 

28404) CX(r1F;E.ti1) 	X(MFf.9 	J) 
250 
28600 441 C!1rJTI 	UE 
28706 PO 	450 	1=13,78,13 

28800 DO 450 	J=3,5 
28900 GX(1,J)=GX(l,J)-STEP 
290011 450 CONTINUE 

291ot) DO 460 1=86,126. 

2920() 00 460 J3,5 

29306 C,X(l,J)=GXCI,J)-STEP 
29400 460 CoNTJ wF,; 

2950; nu 470  1=133,154.7 

29605 DL) 	470,1»2,6 



PAGE; 1.09 
F' ,M DATA FOR CAVERN 'GENARATION PROGRAM 

29700 CX(I.J):0. 

298o() (;Y (zJ)0. 
29900 	470 CONTINUE 
30.60-0  

3(100 t yKL-7*K-13 

3020O 	490 M1=M+2 

30300 Dt? 	480 	I=M.Mt1 

30400 N[,F =NF Ft1 
305000 DO 	480 	J1,8 
30600 C,X(ld 	.~])=wGX(I,►?)*2.*X 

30700 GY(NEE,J)w(SY(I.~J) 

3080(} 	480 CONTINUE 

30900 M=M+7 
310 f(t.FQ.(KL..7*N-6)) 	(;0 TO 490 
31100 JKl=NEEl-7*N-8 
31200 JK2=JK1+7 

31300 JK3=J i+1 
31400 JK4 NEF;1"'7 
31500 CX(JK1.5)=Cx((NEE^3) .3) 

31606 GY(JK1,5)=C;Y((NEE-3).31 
3170) GX(JK2.3)=(X(JK1.5) 

31800 GY(JK2.3)=GY(JK1,5) 

319001 GX(JK1.6)=(GX(.IK1,5)~hcX(JK1,7))/2,, 

32006 GY(4)K1.6)=(GY(JK1,5)+c,Y(JK1,7) )/2, 

32100  
342190 GY(JK2.b)=GY((NEE 	3).5.x.) 
32,306 GX.(JK3.7) GX(Jxa.,5) 
32400 (,;Y(,)K3.7)=GY(JK1,5) 

3250 GX(,)K3,5)=GX(1JK1,5)+,STEP 
32600  

32700 GY(JK3,3)=(;Y(JK1,3) 
32800 GX(.1K3.3)= 	X(JK3,5) 
3290[+ CAI.,t1 	GLO13AL(JK3) 
33000 C, ALLT, 	GI,OFIAI (JK2 ) 

331o0  
3320-0 GX(KM1.1)=GX(KFli-1.7) 

3330; CY(KMt,1)=GY(KM2-1.7) 
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33400 CX(KM1.3)=GX(KM1-1.5) 

33506 GY(KM1.3)=GY(KMi•1.5) 

33600 GX(KM1.5)GX(KM,1) 

337o0 (Y(KM1.5)=GY(KM,a ) 

33800 GX(KM1.7)=GXC146.3) 

339(H) CY(k;M1.7)=GY(146.3) 

34000 CALL 	GLURAL(KMfl 
34100 K 1 a =NEEi -i 4 
347).  

34300 GY(KM1.3)=(gY(KM*1, 	1) 

344on (,X(KM1.5)=GX(KM+1,3) 
34506  
34600 CATj 	G14013A1.,(KM1 ) 
34700 KM1 =Kht1-7 
3490; (X(KM1.3)=GX(KM.1) 

349o0 'Y(KM1.3)=cY(KM,j) 

35oo0 CX(KM1.5)=GX(KM,3) 

35100 GY(KMI.5)=GY(KM,3) 

357, CALL 	GI,013AI CKMa.) 

353300 KM=KL+6 
354tH, 	401 NEC=Nt E+1 
35506 CX(r) 	~?.1.) »GX(JK4,1) 

35606 GY(rJEE.1)GY(JK4,9.) 
35700 CX(NEE.5)=CX(KM,.3) 
35806 GY(rlEE.5)=GY(KM,3) 
35906 GX(r]FF.3)=GX(KM,l ) 
36004 GY((lt;E.3)=Gy(KM,1) 
3610E GX(rEE.7)=GX(fK4,3) 

36200 GY(NEE;.7)=GY(+)K4,3) 
36300 CAT L 	C;IXIBAL~CN 	E.) 
36400  

36500  
36600 cY(NcE.1)=GY(JK4,3) 
36700 GX(t EE.3)=GX(KM,i) 
368o7i rY(rJ-F;,3)=GY(KM,j) 
369ot► GX(lIFE.5)=GX(KM,3) 
3700 - GY(NEE.5)=GY(KM,3) 
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37106 GX(NEE.7):.GXCKM,3)-0.4 
37200 GY(NEE.7):GY(KN,3)+0.4 

37300 CAT,14 	GbOF3AL (N},E) 
37406 INMO 
37500 NE:11=NE11+1 
37600 	201 DTI 	101 	7~-WWEE1 , NEE? 

37708 (;GX(;?(C Z .1) 

37806 GX(1.1)=GX(I,3) 

3790()  

38000 GGX 	X(T,8) 

38100 GX(t,8)=GX(I,4) 

38200 GXCI,4)=GGX 

38300 GGx =;X(1,7) 

384o0 GX(x,7)=GX(J,5) 

38500 GX(i.5)=GGX 

38600 GGY=GY(I,1) 

3870'? GXCI.Z)~f)Yf,7,3) 

38800 CY(T,3)=GGY 

38900 c GY=cfY (I, $ ) 

390O (Y(T.8)(I.4) 

39100 GY(j,4)=CGY 

392,) (GY=GY(7,7) 

393on GY(I.7)=(YC1,5) 

39400 GY (I , 5) µG(,Y 

39500 	101 CONTINUFs" 
39600 Nf 1=Kr +1 
39706  
39o0  

399o0 xf (IW,ttQ.1)CO 	TO. 201. 

40000 

40100 CAt) HUMBER(NEE ) 

40200 DO 125 	11,26 
40300 DO 	125 J1.8 

4040n GX(I,J)=GX(T+26,j) 

4o5©  
40600 	125 CONTINUE 
40705 DO 	117 	I»27,47 
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4OROo 	nCo 117 

4O 9Q( 	GX(r.13)=GX(I+52,+x) 

41000 	GY(I.,))GY(1, ) 

41100 117 CONTINUE 
41200 	 NE '=HEE-5 

41300 	DO 116 Iw4R.N(.E 
41400 	DO 118 J==1..8 

41500  CX(t.J)GX(I+5.J) 

41600 	C..Y(t.•I)~ Y(I+S.J) 
41700 	11e 	CUNTI~ 1.IE 
41Aoo  00 2.19 I=1.47 

41900 	Do 229 J--1.3 

42000 	r_,Y(I.J)=GY(I,J)-H?TAUST 
42100 229 CONTIr)UC 

42200  

423o0 	 CAI.I,, cxr,n(;AL(IZ) 

42400 C  TYPE,*,(GY(I.J).J°-1.3) 

42500 19 CONTINUE 

42600 225 	1F (UFXA.E0.1) CALL, NARCH(NR,) 

42700 	IFCNC.F0`.2) (O TO 1001 
4:2806 	CALI, NODEC12i).P?Lt(,PLCIA ?.N E ) 

4290() 	CALL MEMO) 
4300) C 	CALL, PLOTS(o,u.5) 
431o0 C 	CALL PLOTN(f+EI ) 
43206 	PRINT 250 
43300 250 CORMAT(IX,'ELFMEN ! Nr)„%.21X,'Ct1 lBAL COORD1X'.46X,`GLQSAL CORD 
43400 	PRINT 25i,t lri(x),(GX(1.?1. ,J3.,8).cGY(T.J).J1,8),I1. 4) 
43500 251 FGORM;AT(/5X,13,5X.Rf'7.3.5X,8F7.3) 
43600  PRINT252 

43700 252 FORMAT(2(3X,'ELEMENT nh•.14X.'CO0RDTNATE X",14X,'COORDINA `E Yr 
43806  PRINT 253,(I.X(I).Y(I),I 1, 30) 

43906 253 rORMAT(/26X,I3,20X,FS'.3.18X,m8.3)) 
440041 1601 	CALL NCTWG(NEH ,N1jN,RT,bAD.Nr? 
44.,loO 	TYPE999 
44206 999 	FnRMAT(SX,'OUT OF NC'r.wn') 
44300  READ(20.5)TITLE 

4440() 	5 	FORNAT(1X,17A4) 
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44506 1"1KTTE(22.5)TZTLC 

44606 AD(20,*) 	lXCl).i:.1.9) 
447li0 1"1 RTT1 (?r 	)CiJX(I),] t.9) 

4480) RFAD(20,*)F;,XU.c AMA 

44900 WRITEC22,*)E,Xi1,CAMA 

45000 READ(20,*)(BN(X),I=1.95) 

45100 W R J K E (2 2 r 3) (BU (I) , 1 	1, 9 5) 

45205 3 FORPAT(15(IX,14)) 

45300 RLAD(20,*)(B 	X(I),I=1.9S) 

45400 WRjTE(22,3)(BNXCI),I=1.95) 

45500 (t1 At)C2 	)(l 	Y( 	),X 	1. 	) 

45600 WRITE(22,3) (C3WY(T) .1x1.95) 

45700 wI7ITiF,(22,1) (11 ((;N(IIli).+J= 1,9),1=10598) 

45800 t FOR1-1 ATC(14.9(IX,1 5))) 

45900 WRI 	(22,2)(L, 	XN(L1,YN(I ),L=1,193$) 

46009 2 FOPM1MAT,(4(i.X,I4.IX,F6.2.1X, 1'6.2)) 

45100 RPA,D(20,*) 	A.C'L.x,AC:LY 

4620 WRITF,(22,*) 	ACIX.ACLY 
46300 cC R "AD(20,*)(LNOD(I),I=1,NNT) 
4646; C WRTT1~ (27,*) (,G,N0D(I) .I=1.NT) 

46500 C READ(20.*) (XL0D(I) .I= 1,NT) 
46600 0 RITE(27,*)(Xb..,NNODCI),I»i,NT) 
4670t) C 

46i30r o WRITE(22,*) (YL M0D( 	).T=1,NT) 
469o0 WR.1,TE(22,3)NLN,CNF(I),I=1,;{t1,P1) 

47000 IrIRIT(?, 	)(('t1 	AI)CZ.)1 ► I,IVI.N).J1r2) 

47106 4 rORM]\T(8()X,F8.1)) 
47200 r_ TYPF, 	, NLN. (MF(I) ..t 1.. NNX,N ) 
47,306 CL()5F,(UUNIT=20) 
4741)0 CLOSE (tiNIT=22) 

475()0 C CAT' ji, 	PLUTf0..,o.,999) 
47600 STOP 

47700 r;N0 

47800 C SUBROUTINE PLOTN(NEF,) 
47900 SUBROUTINE PrjoTN ( NEE ) 
480o0 COMM4OPi/AA/X0,Yfl,GX(90o.8),GY(900.8),XN(3000),YN(3D00) 
48100 DO 	157 	I =1 ,NEE 
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48206 DC) 	157 	J=1.8 

4630 
4I4',4 CY(I,*J)=GY(I,J)/4.5 

443500 157 CUr7TINUI 

41600 0 CALL 	Pt,7T(XO,YO,+3) 

437o0 DO 	10 	T :1 , MP—'F 

46800 c CALL 	P[.,0T(GX(T,1),GY(I,1),+3) 
48906 0C) 	20 	J1,8 

49006 C CAW, 	PLfT(GGX(T,J).CY(I,J).t2) 
49106 2f CO5NTINU 

49206 C CALL 	P1,C)T(CX:(I.1).CY(i.1),+2) 
49306 In C0'MTINUE 

49400 RETURN 
49505 E jD 
49600 C SUt0ROUTINNr GLOBAL 

49700 SUBROUTINE 	GrMBAL(NET) 
49800 C0MMO[v/AA/XO,YO,(X(900.l3),(Y(900,8),XN(3Q00),YN(300Q) 
49900 GX(rIEC.2)»(GX(NFE,1)+GX(Nt E,3))/2. 
50000  
50100 GX(NEE.6)=(CX(NEE,7)+GXCtif E,5))/2. 
50200 CXC1 	'G.E3)-~GX(1~3itiF,7)~GXf.i 	C.i)?/2. 
50300 GY(raEC.2)=(GY(NEE,1)+GY(NEE,3))/2. 
50400 trY(NEE.4)=(CY(NEE,3)+CY(NEE,5))/2, 
5050 GY(Nr; 	.6)»(CY(NI E,5)+c~Y(NL;E,7))/2, 
5605 GY( EF-;.8)= (CY(NEE,7)+CY(NE E",),))/2. 
50700 

51;806 

 RII.,TURra 

END 

5c 900 StuRc O UTINE NUMBER 

51000 DIMENSTON 	GGX(20),C;CY(20),,Gi,X(300,8),GIbY(300.8) 

51100 COMMON/AA/XO,Y11,GX(900.8),(Y(900.8) 
51200 WI3 	00 

51300  

51400 Mr-127 

51500  

51600 402 DO 401 	I=r4,L 
51700 NB=N~3+t 

51800 DG) 	401 	J1.8 
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51900 cr X(rJB,1t)=GX(I.J) 

52000 G~YCN 	.J)=GY(I,J) 
52100 401 CONTIrJIJE 

5220h  
52300 M=M+168 

52400  

52500 T 	(i. 	O. 	95) 	GO TO 402 

52600 IF([NX.EO.3)  Go TO 403 

52700 M=447 

52800 GO TO 402 

5296-0 403 M=SE)5 
530t i532 

531010 405 DO 	404 	I=rt,[., 

53206 N 3= lB+1 
53305 00 404 J=1.8 

53400 G1aX (Nf3,J)=('1X(I.J) 
53500 GL,Y(N►3.J)=GY(1.J) 
53606 44 C0NTIN11E 
53700 M=M+A7 

538a t,=NEE 

53903 IP(M.k0.592) 	GO TO 405 
54(x} p ZX=NEE-[-UR 
541 of NE=CAFE 
54200 I1 

54300 GO h f,O6 

54400 60  

5456; IF(CY(Ir1).1T„fk.) 	GO 	TO 	50 
54606 31 tf'(GY(ra. 	). 	I'. 	.) 	GO 	TO 	12 
54700 ME:E: NFt -1 

54900 GO To 31 

55000 12 DO 55 J-11 9 

55200  
553o GYCT.J.)=GGY(J) 
55400  

55500 	C,X(t/.~1):  
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55600 GX(I,J)=GGX(J) 

5570) 55 CONTME 
55800 NFE=NE -1 

559c 50 Iw1+1 

5bflO0 j 	(J.L ,(NEF-1)) 	CEO TO 	60 
56100 606 K =1 

56200 35  
563o4) YMTN=GY(II,1) 

56400 DO 	I 	I=II,HEE 

56500 KM=j+l 

56600 If{ (Yf41N' GY(KM,1))1,1.2 

56706 2 YP11TN=(;Y(KM,1) 
56800 I CONTj1IUF 

56900 (t TYPE*,YMIN.K 
57(.1'00 DQ 10 T=TI.NEE 
5710 If'( 	Y(I.3),N 	.Xfirt) 	cr. 	TO 	tO 

57201) DU 	1.5 	J1, 

57300 G'GY(J)=CYCK,J) 
57!100 CY(K,J)=(Y(I ► J) 
575o0 GY(j.J)=GGY(J) 
576( CGX(J)--GX(K,J) 

577011 CX(K,..l)GX(I.►J) 
5780 GX(I.1)r; 	X(,)) 

57906 15 CONTINUE  
580o0 K=K+t 
5$10 16 CONTIUUE; 
58200  
58306 K1:K.1 
58400 00 	30 	t=II.Kt 
513500 xMra s 
5 600 DO 20 KK^I N, K 
58700 IF(GX(T,1)-GX(KK►1)) 	24 	►20,11 
58806 11 Da 25 J=t,8 
58900 c 	x(J) 	GX( 	,J) 
59 

591.06 GXCKK,J)=GCX(J) 

59210 GGY(J)=CY(I,J) 
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59300 Y(I.J)Y(KK,J) 

59400 (Y(KK,J)GCY(J) 

59500 25 CONTIUUE 

596UO 26 CONTINUE 

59.700 30 CONTINUE 

59800 K+1 

59900 IF(MIPJ.GE.0)cO TO  45 

60000 GO TO 35 

60100 45 

60200 DO 407  11.NB 

60300 DO 407 J118 

60400 GX((ZX+I),J)GLX(I,J) 

60500 ((ZX+J),J)GT.Y(I.J) 

60600 407 CONTINUE 

60700 RETURN 

60800 END 

6u900 C SUBROUTINE NNflDE 

hi (00 SW3ROUTIUE NNODECNFE • WIN DP1OAD • 

61100 COMMflN/A/XO,YO,GX(90o.8),GY(900,R),XN(3O00),YN(300O) 

61200 COMMON/BB/PX,Py,NC 

61300 t)IMETOrJ  PLOAD(300,2).NF(300) 

61400 IFCNC.GT.1) 	GU 	TO 	fl 

6150 DO 	I 	I1.7 
61600 
61700 - DO  1  J=5,7 

61800 

6190- 

62000 

62100 1 CONTINUE 

6200 8 Nt4Tq) 

62300 L0 

67,406 

62500 18 

62600 DO  to J1,3 
62706 

62800 XN(L1)CX(I,j) 

62900 YNCL)GY(I,J) 
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630u0 to CONTINUE 

631o( M=1+1 

63200 lf'(GX(M,1).EQ.p)GQ TO  100 

633u0 N=o 

63400 DO 11Z=M,MFE 

635o K=K+1 

63600  

63700 x 	( 	X(I.1).GT. 	X((T-1.).i)) 	GO 	TO 	U 

63R1)(t (:O 	10 	14 

63900 17 uO 20 J=2.3 
64006 I6 =L+1 
64100 XN(t)=GX(I,J) 
642t?o YNtL)zGYCI,J) 

64300 20 C'ONTIMUF. 

64400 GO To 11 

64560 14 NLN=N1.,N+1 

64606  

647.ra f C TYPE*, MLN 

64800 KI=K-N 

64900 DO  15 0=4,8,4 

x560 IF'(J.Eo.8)  GO TO  19 

65113 i Nip 

6526; GO TO 30 

65306 1.9 N4 

65406 30 G=11+1 

656.E XN(L)=CX(K1,N) 

65606 YN(L)=GY(Ki,N) 

65700 IS CONTINUE 

65800 K=K-t 

65900 K2sK1+1 
66000 DO 16 II=K2,K 
6661 oo  

66206 XK(b)=0x(11,4) 

66306 Yr (r. 	=GY(IJ,4) 
66400 16 CONTiNUIE 

6650, PIb14zNb14+1 
60600 NF(NLN)=G 
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66700 I  (GX(I,i.).N  .GX((T,N).7))Gp  TO  25 

66800 GO TO 17 

66900 25 DO 	21 	ri-K1,K 

67006 i '(GX(T,i).EQ.GX(N,7)) 	GO 	TO 	17 
67100 DO 	21 	,x=1,2 

672Ctf N 1-8-J 

673u0  
67400 XN(L )-r,X(r ,w1 ) 

675t)O YN(G)=GY(N,1V1 ) 

67600 21 CONTINUE 

677u0 It CONTINUE 

67800 17 K=tct1 

679u0 IF(I.T T.NEE)Go TO 	IS 
66000 CO TO 28 

6811)0 100 DO 	101 	1. NEE 
68208 CEO 	101 	J=2,3 
68300 L=L±i 
664o0 X►4(L):GX(I.J) 
68500  

68606 16i CONTINUE 
68706 2R NLNMNLN+i 
68800 NFU t~r0=T, 
68900 00 40 7 	.NLN 
69000 IF(I. EQ.1) 	GO TO 	73 
69100 IF(I. Q.NLN) 	GO TO 26 
69200 PjP=tUF(1-1) 
693uO N7x:r1F(1+1 ) 
694110 GO TO 24 
69506 23 NNP=rrr (1) 
69600  
69700 rn TO 24 

69800 26 NZ 	1P(I) 
69900 NP-N ' (I-1 ) 
70(',00 24 J)=2 
701(~( PL(EAU(I,J)=-PX*(X~ ([ P)-•XN( 17,)x/2 
70200 r 'TYPE*,VLO D(I,i) 
70300 J=I. 
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70400 ProAo(I,j)=-py*(YN(U7.)yN(NP))/2 

705o0 40 CONTINUE 

70600 RETURN 

70700 END 

70000 C SUBROUTINE(WELE(NEE)) 

70900 SUBROUTINE NE(NEE) 

71000 INTEGER GN 

71100 CocMoN/AA/Xo,ya,c;x(9oo.9),cy(9oo,8),XN(3ooO).yN(3000),GNc6io, 

7120() M1 
713o0 00 	10 Ii,NEE 
71400 K=M+240 
71506 00  30 J1,8 

71606 DO 30 LM,K 

71700 IF(GX(I,J),E0.XN(L)Nfl.Gy(I,J).EQ.YN(I))GQ  TO  20 

7100 CO TO 30 
71900 20 GN(I.J):T 
72000 C TYPE  
721.06 30 CONTINUE 
72200 

72306 10 CONTINUE 

72400 DO 21  I1,NEE 

72500 GN(1.9)i 

72600 21. CONTINUE 

72706 RETURN 

72000 END 

72906 SUBROUTINE NARCH(NEE) 

73661 ; 

73100 NEE120 
73200 DO 	10 	179.120 
73300 DC) 	10 	J1,8 
73400 GX(I,J)GX(I+48,J) 

73500 GY(I.J)GYCI+4R,J) 

73600 10 CONTINUE 
73700 DC) 	20 	i1,78 
73800 00 20 J1,8 
73900 CY(I.J)GY(I,J)+20 

740o0 .20 CONTINUE 
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74100 RETURN 

74200 END 

7430n c SUBROUTINE NCTWO 

74400 subRoUTINE MCTt4O(MFE. NLN, PL OAD, f F) 

74506 INTEGER GN 

746o0 CO 	pi()td/AA/XO, Y0,GX(9Of).A),CY(900.E),XN(3000).YN(3QQ0),GN(610, 
74700 CDMMO11/Eft/PX,PY.NC 
74800 DIMENSION 	CGX(610,8).G(;Y(610,9).GNR(610,8).P!0AD(10O.2),NF(1C 
74900 OPFN(VNI' =23,DEVIC'DSK',FILC9'NpN,0AT") 
75000 REAo(23,*) 	(I.(GN(I,J)..I1.E),MI=).N 	) 
75100 C TYPE*. 	(1, (G 	(x.3),,.1-1 .8),I=1,UE 	) 
75200 DO 	10 	I=41E,NEE 
75300 READ(23,*)NOR,MOR 
7540() DO 	1.0 	.I=1,E 

75500 GGX(MQR,J)=CX(NOR,J) 
75606 (;,GY (MQR, J) =GY (NOR, J ) 
75740, C,NR (MOR,J)=GN(NOR,J) 
758o0 10 CONT.T,NtJ1 
75910 DR 20 T=41B,NFE 
71000 00 20 J1,8 

76100 (X ().,j)=GGX(I,J) 

76200 GY(x.,a)=GGY(I„)) 

76300  
76406 20 CO TTNUE 
76500 DC) 	101 	Ii,WEE  

74 600 TYPE*, I 
76706 00 	101 	J1.8 

76806 L=GN(I,J) 
76900  
77000  

771o0 C TYPE *,T 
77200 101. CUNT:Itin, 
773)  
77400 1)0 40 I 1,MLN 
77500 T'().E0.]) 	G(? 	TD 	23 

7761>© F(1.>wt).NL4t~) 	Go 	TO 	26 
77700 NP=rNF• (T-1) 
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77800 1Z 	r1F(I+1) 
77400 GO TO 24 
7800 ? 23 NP 	NV(1 ) 

78100 NZ=~NF(2) 
78706 GO TO 24 
78306 26  
78406 NP=NF'(1 ) 
78506 24 0=2 
78600 PLOADD(z,J)w-Rx*(XN(NP)-XN(NZ))/2 
787ot) C TYPIC*,PLOAI)(I,3) 
78800 J=1 
78906  
79006 TYPE*. T 
79100 40 CONTINUE 
79200 C'1.ab,5E(UNTT=23) 
7930of RETURN 
79400 END 
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