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ABSTRACT

The inherent uncertainties in tunnelling which may be due-
to geological formations, management effectiveness and equipment
performance need to be studied through stochastic modelling. The
conventional deterministic approach for evaluation of tunnel
construction time is inadequate and results in incorrect time
estimates which are generally on the lower side. The stochastic
approach developed in this study would hopefully provide more

realistic estimates.

The present study has been an iterative process of develop-
ment of a methodology involving collection of field construction
data; its analysis; identification of the needs for more data;
further data collection, and repeating analysis; and final valida-
tion of the statistical model. 'The causes for variations in
tunnel advance rates have been identified as changes in job and
management conditions., The classification systems have, therefore,
been developed for both these conditions dividing them into three

-.categories, viz., good, fair and poor.

The job conditions have been classified on the basis of
six simple parameters., These are the geologic structure, rock
strength, contact zones, RQD, joint spacing and joint orientation.
AlY these parameters are normally evaluated during the investiga-
tion stage. The fanges of values for advance per round (APR)

have also been identified for the three job conditions.

Rating values for different parameters affecting the
management performance are proposed to classify the management
conditions quantitatively. Further, it was noted that the points

of inflexion on the curves of cumulative relative frequency(CRF)
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versus equivalent monthly progress (EMP) indicate changes in the

management conditions.

For each set of job and management conditions, there are
two significant components of cycle time which are.the actual work-~
ing time (AWT) and the breakdown time (BDT). These have been found
from statistical analysis of data to belong to log-normal and
Weibull distributions respectively. The cycle time corresponds to
a given advance per round (APR). The analysis for APR did not show
a well defined statistical trend. Therefore, weightaed average

values were adopted.,

Tunnel excavation for Pandéh—Baggi tunnel has been simulated
on the basis of the classification for job and management conditions
and the statistical analysis. The input to computer simulation
model included nine statistical parameters for each of the nine
sets of job.and management conditions. Ali these 81 parameters
have been evaluated from the field data of 3695 excavation cycles.
The simulated values were found to be very close to the actual
production records which indicated tﬁat proposed distribdtions for
AWT and BDT and the classification of different jdb and manaéement
conditions for tunnelling project conform, by and lafge; to real

job conditions.

Finally, a matrix of coefficients has been developed to
evaluate the expected monthly progress under different sets of job
and management conditions, where computer simulation may not be
practicable. The coefficients of this matrix are applicable for
full face tunnelling using drill and blast méthdd} on a tunnel of
any diameter.' The effect of tunnel diameter is taken care of

while estimating the ideal monthly progress.
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CHAPTER 7, 1
THE PROBLEM

1.1 Need for the Study

Excavation of tunnals has been frauéht with many uncer-
tainties particularly in tﬁe Himalayan region. The estimates
o{fprobable time for the completion of tunnels, made at the
planning stage, have proved wrong as a matter of rule rather
than an exception. The wide variations-in.the estimated and
the actual rate of progress of tunnel excavation are primarily
due to the lack of proper consideration for these uncertainties

which may be grouped into the following three classes, viz.,

i) variations in ground conditions encountered;
ii) wvarious types of breakdowns or hold ups; and

iii) quality of management.

The first of these entails changes in the method of
excavation with changes in geologiéal conditions and adoption
of @ drilling depth per round so that the pull out (length
excavated in one éycle) is optimum while the rock could be
supported within the bridge action period. The second per-
tains tb the breakdowns or hoid-ups in various operations iﬁ
the tunnelling cycle. These hold»ups cause‘random delays.
The actual working time for excavation varies from cycle'to
cycle even under the same ground conditions. This is prima-
rily due to variability in the control being exercised by
the management for performance of various operations in the
tunnelling cycle which is the third of the above listed

uncertainties. All the above three types of uncertainties



have 2 random nature of occurrence with respect to the perfor-
mance parameters associated with them. These parameters,
which account for the three uncertainties, have been found

to be the actual advanQE'achieved from a particular depth of
drilling, the‘breakdown time and the actuael working time for
each excavation cycle. All the three are amenable to statis-

tical analysis,

The investigators in the past have developed models for
simulating the muck handling system in the excavation cycle.‘
The input to these models has been generally deterministic
adopting the functicnal relationships and/or the data supplied
by manufacturers of equipment, No attempt appears to have been!
made to siﬁulate the tunnel excavation on the basis of field }

data; nor any attempt made to test the statistical models for !

the cycle time data., This aspect has been covered in the

L

p;esent”study.

1.2 Propcsed Methodology

A methodology has been developed for realistic assess-

T A e ———

ment of the tunnel excavation time for all types of conditions

~. —

obtainable on tunnelling projects. For this purpose a ~large
;olume cf fiéld construction data has been collected from seve-~
ral tunnelling projects in the Himalayan region through perso?

nal visits and through questionnaires. Gaps in recorded data

- were observed and the deficiency was made good through persnnal

discussions with the engineers and technicians who worked on

the construction of these projects.



The varicus hydro-electric projects visited for eollec-
‘tion of tunnel construction data included Beas - Sutlej Link,
Yamuna, Bailra-Siul, Giri, Loktak, Salal; Tehri Dam, Lakhwar |
Dam and Pench. The data collected perﬁained to the following

' /
aspects of tunnel construction for each tunnel heading :

i) Geological formations along the tunnel alighment;
ii) MOnthly progress of excavation;

iii) Working cycle time for different periods and
under different job and management conditions
which include the time taken for individual
operations in a tunnelling cycle;

iv) Breakdown time;

v)  Eguipment data; and

vi) Other data reflecting conditions of management.

On the basis of the information furnished from thé above,
the joB conditions and the management conditions which existed
on the project and are alsc likely to exist on tunnelling p£o~
jects in general, have been classified into three catego}ies

each, viz., good, fairx, and poor,

(1

A The jcb conditions have been classified mainly on the
basis of geological formation along the profile taking into
account the rock lithology, extent of jointing, compressive

strength and general dip and strike of the formation. The

presence of water and inflammable gases has also been given
consideration. Another important consideration in this classi-
| fication has been the adoption of a drilling depth necessary

to obtain an advance rate for which all operations in the
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excavation cycle (viz., drilling, loading and blasting, defum-
ing, shifting jumbo, scaling, mucking and rock supporting)

could be completed within the bridge action period.

The management conditions have also been grouped into
three classes designated as good, fair and poor. The various
factors affecting the tunnelling rate which are attributable

to management's responsibility have been considered for this

+ classification., These factors in the descending order of

. their influence on the tunnelling rate are 3

-

i) Overall job planning, including selection of
equipment;

ii) Training of perscnnel;
iii) Equipment availability and preventive maintenance;
iv) Operation supervision;
v) - Incentives to workmen;
vi) Co-ordination;
< wii) Punctuality of staff;
viil)  Environmental ccnditions; and

ix) Rappcrt.

The above factors have been further sub-divided and
numerical values assigned tc each to evaluate an overall rate

ing for the management,

The cycle time data has been grouped according to the
above classification of job and management conditions into
nine clesses and analysed for further studies, Statistical

analyses have been carried cut for the working time, the

- me—— e - _
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breakdown_time and the advance per round and the results of

these analyses have been used for simulation of tunnel excava-

.

tion.

1.3 Scope of Study

| Simulation studies can be useful and reliable only when
the model is @ trus representation of reality and inputs are
reliable. Therefore, it is essential that substantial field
data be collected for validation of the simulation model., This
data has been collected for the present study from a large num=-
ber of prcjects. However, for purpose of analysis the da£a of
only the Pandoh-Baggi tunnel of Beas-Sutlej Link project has
been used due to its availability in sufficient volume and

detail.

Classification systems for job conditions and management
conditions have been developed which combined together result
in @ unified classification system for tunnelling. The field
data has been divided into nine categories according to the
proposed classification éystem. Each category or class has
three performance parameters and the corresponding threé types
cf data have been subjected to statistical analysis. ‘These
are actual working time (AWT), Breakdown time (BDT) and the
advance per round (APR). While two of these, viz, AWT and BDT
have been found to fit into known probability distributions,
the APR values have not been found to conform to any such
pattern, and therefore, the weighted average values have been

used for this parameter while simulating tunnel excavation.



Based on the results of statistical analyses and the
classification system, excavation cf Pandoh-Baggi{Spnnel has
been simulated with the help of a computer simulotion model
developed for this purpcse. The results éf this simulation
were found to agree closely with the actual progress achieved

under different job and management conditions.

A matrix of job and management factors hes been deve-
loped from the data for evaluating tﬁnnel advance rates with-
out computer simulaticn. The frequency distribution curves
cf monthly progress in .each jocb condition have been used to
find the velues of actual monthly progress of tunnel excava-
tion under good, fair and poor management conditions which is
indicated by points of inflexion on the cumulative frequency
distribution curves. The ideal progress has been computed on
the assumpticn of good management and optimal equipment avail-
ability. The job and management factors in the matrix are
dgginedlas ratios of actual monthly progress to achievable
monthly progress under corresponding set of job and management
conditions. Knowing the achievable production for a tunnell-
ing prcject, these factors could, hopefully, yield values of
expected prodﬁction under different management conditions on

the project.




CHAPTER 2
LITZRATURS REVIEW

2.1 Historical Development cf Tunnelling Techniques

The methods of construction of tunnels have improved on
the principle of Darwins theory from the use of animal bones
and herns for rock breakage in 3800 BC to use of fire setting
methods, wedging and chipping used until 1679 AD (87). Manual
drilling and gun powder came into use during late seventeenth
century and continued till later part of nineteenth century,
when modern innovations including mechanical appliances for
drilling, high explcsives for blasting, and locomotivés for
muck haulage were introduced sometime after 1860. This mecha-
nization was further supplemented with the introduction of
equipment for loading of muck during the period 1907-1929 AD.
It was during this pericd that heavier jack hammers of Sza to

97- kg class were also introduced.

Full face tunnelling with light drilling jumbos, using
detachable drill bits and cer handling system was adopted dur-
iné the second quarter of twentieth century. During this
period two distinct methods for dfilling were in vogue. In
the American methed heavy drifters on hydrobooms were used

whereas in the Swedish methced lighter rock drills were mounted

on ladders.

Y

The ultimate in mechanization in tunnel excavation was
achieved with intrcduction of tunnel boring machine (TBM), or

mole during the constructicn of diversion tunnels for Ozhe



Dam in USA during 1953-54 (16). The concept of mole had been
intrecduced as far back as in 1852 to drive Hoosac Tunnel in
Western Massachusetts through granite formaticn, The intro-
ducticn of TBM necessitated use of high speed back up system

for muck remcoval and also fcr suppert erecticn. Thus, conveyoer
belts for muck remcval and jigs mounted on TBM for supvort ere-
ction were evolved to match the TBM productivity. The applica-
bility and performance characteristics of TBM under different
conditions cf genlogy are discussed by varicus authors (16, 124,

125, 126, 131).

2.2 Ceocaventional Tunnelling Methods

The methods for exéavation of tunnels vary according to
type ¢f ground conditicns, tunnel length, the size and shape of
tunnel section and the management decision regarding the choice
of equipment. Several authors have suggested.various methods
~ for different tunnelling situations (30,37;68,79,84,85,86,104,
105,111,114,118,119,130,145,147). The full face éingle stage
excavation in good to fair ground conditions is suggested for
tunnels of diameter uptc 8 m by Katoch (68). Katoch suggested
twe stage excavation. by heading and benching method for tunnels
of diameter more than 8 m tc economize on tunnelling cnst and
alsc to speed up tunnelling rate. The multidrift, pilot drift,
forepcling and pregrouting methocds were suggested for poor
ground conditicons. The adoption of any particular method
depends upon the specific tunnelling situaticn. Rabcewicz(114);
Muller (99); Nussbaum (105); and Ward (147) have suggested the
adopticn of what is popularly known as 'New Austrian Tunnelling

Method' for poor rocks particularly those squeezing in nature,



2.3 Optimization of Excavation Process

For making the conventicnal drill and blast method effi-
cient and cost effective several types of drilling patterns for
tunnels of different diameter within various rock conditions‘
have been suggested by Fraenkel (30); Katcch (68) and othérs.
The guality, guantity and distributicn of explcosive charges to
cbhtain effective blasting results have alsc been discussed by
Fraenkel (30); Katoch (68); Lén@efors et al (79); Peguignot (111);
and Szechy (130). The cverall effect of blasting is imprnved.by
the application of delay firing in the form of better fragmenta-

ticn and lesser damage tc¢ the surrounding rock,.

The diameter, depth and number of holes in a drilling
pattern‘have a significant effect on the cost and advance rate
of tunnelling. Hamrin et al (40) have developad a computerized
approach for calculating drilling patterns, charge weights apd
costs of tunnel driving. Wild (152) suggested that an increase
of 1 mm in diameter cf explosive cartridges results in decreas-
ing the number of holes in a blasting pattarn by 3 percent. How-
ever, the diameter cf drill holes used ncrmally has been dictaf—

ed by the commercially available sizes of explosives (111).

The drilling depth and hence the advance per round (APR)
is a significant parameter in rapid excavation of tunnels (79).
Thé maximum advance is limited by the size of a tunnel, the
drilling pattern and the availability of suitable drilling
equipment. To achieve maximum advance from a particular depth
cf drill hcoles requires experimentation which at times extends

from 3 to 6 moenths (17,79). In many cases shorter rounds give
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a better working cycle and more rapid advance per day. It is
particularly desirable to adopt such an advance per'round which
can be completed within one working shift. This principle was
applied in excavation of head race tunnel in Giri Project.(117),
where 1 m advance per sﬂift of 8 hours was adopted for a 5 m dia-
meter tunnel driven in highly squeezing ground conditions. Dutta
and Barman (28) have conducted an experimental study in a pilot
tunnel to arrive at the maximum pull for a particular drilling

pattern, drilling depth and amount of charge.

Maidl® (84) has also suggested a method for computing
depth of round, number of drill holes and drilling time for

tunnel construction.

The optimization of the excavation process involves
control of the three main interdependent activities, viz.,drill-~
ing, blasting and mucking. The overbreak has also to be contro-
lled at the same time, and thus, modern methods of smooth blast-
ing and presplitting have been developed (68). The suitable
drilling pattern, depth of round and. the amount of explosive
charges can be computed theoreticélly or determined experimen-
tally for the various situations obtainable on tunnelling
projects, The optimization of the whole process including muck~
ing and erection of supports has been studied through computer
analysis and the results applied to actual tunnelling situations

(18,74,103).
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2.4 Classification of Tunnelling Conditions

Classification systems have been éevelOped so far prima-
rily to evaluate the tunnel support requirements. No system
exists to classify the tunnelling conditions for the purpose‘of
deciding the method of excavation, the drillability or the frag-
mentation characteristics of the rock masses. The classifica-
tion systems which are in existence for rock supporting purposes

are of two types (i) the qualitative, and (ii) the quantitative.

These are discussed in sub-paras below.

2.4.1 Qualitative systems for rock mass classification

The first quélitative rock mass classification system
was propounded by Terzaghi (133) who described the rock mass
qualitatively with respect to rock pressure phenomenon. Rock
load factors were also given by him for each rock type. His
nine classes of rock masses are : (i) hard and intact, (ii) hard,
stratified or schistose, (iii) massive to moderately jointed,
,(iv) moderately blocky and seamy, (v) very blocky and seamy,
(vi) completely cfushed but chemically intact, (vii) squeezing
at moderate depth, (viii) squeezing at great depth; and (ix)

swelling.

Lauffer (76) introduced the effective span of the‘un-
supported rock mass as his crite;ion for classification. His
classification system which can be cofrelated to that of
Terzaghi's as also to modern support.methods is depicted pic-
torially in Figs. 2.1 and 2.2. He has categorized his rock
classes from A to G, where A signifies stable rock and G heavy

squeezing rocke.
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Terzaghi's and Lauffer's rock mass classification systems
which reflect practical experiences are most suitable for select-
ing the tunnel route and cross-scction where empirical approach
is used for the design. This serves as the basis for‘tendering
and preliminary estimation of tunnel costs and construction

time (64).

Lauffer's additional parameters like bridge action period
and span of unsupported rock mass, which are determined during
construction, serve as the basis for deciding advance per round

(Fig.2.2).

2.4.2 Quantitative systems for rock mass classification

Deere (23) proposed a classification system based on
fracture spacing and called this Rock Quality Designation (RQD).
RQD is defined as the ratio, between sum of lengths of core
pieces which are 10 cm or longer in length and the total length
of rock core drilled, expressed as a percentage, He, thus, divi-

ded the rock types into 5 categories on the basis of RQD :

ROD (percent) Rock Quality
0 - 25 . Very poor
25 - 50 Poor
50 - 75 Fair
75 - 90 | Good
90 -100 Excellent

Wickham, Tiedemann and Skinner (150,151) introduced the
concept of Rock Structure Rating (RSR) and proposed a guantita-

tive classification system called Ground Support Prediction
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Model. The RSR concept considered two broad categories of
factors influenciﬂg the rock mass behaviour around tunnel open-
ings. These are : geological factors, viz., rock type; joint
pattern (spacing); joint orientation (dip and strike); disconti~ .
nuities (condition of joint); faults, shears and folds; rock
material proPerﬁies; ground water and degree of weathering or
alteration; and construction factors, wviz., size of tunnel open-

ing, directinon of drive and method of excavation.

The above factors have been grouped into three parameters
named A, B and C. Parameter A represents general geology of
the rock mass; B, the joint pattern; and C, the ground water and

joint conditions.

Each factor has been evaluated on the basis of past
experience and corresponding weighted numerical wvalues have been
assigned which reflect the relative effect of the factor on the

overall support requirement.

The RSR of a given mass for a tunnelling project is
defined as the sum of the values of parameters A, B and C corres-
ponding to the local characteristics of this rock mass. The RSR
has been found to vary from a lowest possible value of 19 of the
worst possible rock condition to a maximum'of 100 for ideal

conditione.

In this method the rock pressure is considered to incre-
ase directly with tunnel size (as believed by past investigators).
This system is more suited to conventional tunnelling method with

drill and blast method for excavation and supporting with steel
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arches because 90 percent of case histories which form the

basis for evolution of this system employed this method.

The correlation between RSR and rib ratio (RR) is shown
in Pig. 2.3. RR is defined as the ratio between theoretical

rib spacing and actual rib spacing.

Bieniawski (7) has proposed another quantitative classi-
fication system which includes Deere's ROD and several other

factors listed below (31) :

(i) Rock Quality Designation (RQD), (ii) state of
weathering, (iii) uniaxial compressive strength of intact rock,
(iv) spacing of joints and bedding, (v) strike and dip orienta-
tion, (vi) separation of joints, (viii) continuity of joints;

and (viii) ground water inflow.

Bieniawski (7,8) recognized that each parameter does
not necessarily contribute equally to the behaviour of rock
mass., He assigned ratings to each parameter in five categor-
ies. The sum of ratings is called Rock Mass Rating (RMR) which
varies from 0 to 100, The five classes of rock masses as cCate-

gorized by Bieniawski are shown in FPig.2.4.

Barton, Lien and ILunde (5) of the Norwegian Geotechni-
cal Institute (NGI) have also prepared an index for the deter-
mination of tunnelling quality of a rock mass. This starts
with Deere's RQD and ailows for the influence of joint set (Jn),
joint roughness (Jr), joint alteration (Ja), joint water (Jw),
and a stress reduction factor (SRF), The resulting rock mass
quality (Q) is given by

Q=(RQD/Jn) X(Jr/Ja) X (JIJw/SRF)
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The first factor (RQD/Jn) represents ﬁhe structure of a
rockﬁmaés, viz., the block Size; the second factor (Jr/Ja)
represents the roughness and frictional characteristics of the
joint walls or filling materials, viz., the inter block shear
strength; and the third factor (Jw/SRF) is a complicated empiri-
cal factor describing the active stresses. |

The ratings for various parameters have been given and
final rock mass quality is used to divide the rock mass into 38
categories as shown in Fig.2.5 for pﬁrpose of support require-~
ments. The value of Q may vary from a minimum of 0.001 to a
maximum of 1000, Hence it appears that Barton's system is the

most sensitive quantitative classification system to date,

2.5 Statistical Approach
2.5.1 Sampling

In statistical analysis the population or universe and
the sample play a significant role. To derive information about
the population parameters, random sampling has to be done(6,146).
If we had equally well established and stable laws of personal
~ bias, subjective sampling could be used (109). Markovic(88) also
suggested that“the samples should be drawn after fixing cértain

operating criteria.

2.5.2 Statistical parameters

The information about population parameters can be
projected from the knowledge of the first four moments of
sample statistic. Schmeiser and Deutsch(123) have used the
féur moments, Qiz., mean, variance, skewness and kurtosis with
suitable transformations to develop a versatile four parameter

family of probability distributions suitable for simulation.

e
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Benjamin and Cornell(6) have stated that the first two moments,
viz., the mean and the variance alone contain a substantial amount

of information on which to base engineering decisions.

2.5.3 Sample size ;

In sampling experiments, the question of optimal sample
size is one of economic importance. On the question of sample
size Ostle (109) has stated that the statistician can provide
an ! educéted Quess' after seeking information on several as-
pects., In some cases fairly simple formulae are available for
estimating the required sample size (139). Operating charac-
teristic (OC) curves and tables are also available for finding
the sample size (109)., Pentico (110) has suggested simple re-
lations to determine optimal sample size for a given différence
of means of two samples.‘
2,5.4 Class in?erval

There is no generally accepted universal method for
determination of number of class interwvals (58); However, rules
have beeﬁ suggested for deciding on the class interval. The
choice of_the length of class interval should be done in such a
manner that the main characteristic features of the observed
distribution are emphasized and chance variations are obscured

(39). Basicallymthere are two concepts for choice of the length

of class intervals, viz., equal lengths, and equal probabilities,

Equal lengths of class intervals are extensively used even
though there is no theoretical basis for the same and a
commonly used thumb rule states that the number of class inter-
vals should be so chosen that the average expected frequency

of any class interval is at least five (88) . According to
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Oostle (109) there should be no fewer than 5 and no more than 15
intervals in the entire population. Walpole and Myers (146)have
extended the range of choice betweeﬁ 5 and 20 interwvals, Varma
(138) has.pointéd out that the class interval should be chosen
so that an optimum combination of smoothness and detail is
obtained.,
2.5.5 Goodness~of-fit testing

The problem of testing the goodness-of~-fit of a hypothe-
sized probability distribution to obsefved sample distribution
was solved first by Pearsonij;gpo) who developed the Chi-square
test (88). Later, Fisher (29) contributed the significant idea
o€ ! degrées of freedom' which account for parameters‘estimated
from the observed data while finding the tabulated value of
Chi-square. Chi-square test is versatile in as much as any
distributional assumption can be tested. However, it has a
serious drawback that arrangement of data into arbitrary cells
’can affect the outcome of the test significantly (38). Moreover,
it is difficult to select a suitable probébility_density func-
tion in the event of more than one distributions being found
to fit using Chi-square test. Allen Hazen(1914) developed the
probability paper. This suitably scaled paper provides a simple
means of testing any distributional assumption by using the
corresponding pfobability paper for plotting the data(l122).
-This technique provides: (i) a pictorial representation of the
data; (ii) an evaluation of the reasonableness of the assumed
probability model; (iii) estimates of the percentiles of the
- distribution; and (iv) estimates of the distribution parameters.

This information may be obtained even with censored data(38).
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2.6 Simulation

The origin of modern simulation methods can be traced to
the development and highly successful use of Monte Carlo method
by Neumann, Ulam and Fermi for dealing with problems related to
the shielding of nuclear reactors during World War-II (43,96).
The extensive use of simulation started only when the high speed
digital computers were introduced in ﬁhe 1950's, This review is,
however, confined to the use of simulation in tunnel excavation
process only. |

In tunnel excavation the inherent uncertainties which may
be accounted for in simulation modelling are those of geoclogical
formation and of the performance of various'tasks in the tunnel
excavation cycle, notable amongst them being: (i) muck genera-
tion; (ii) material handling; (iii) roof support; and (iv) en-
vironmental conditions (100),

2.6.1 Simulation of geologic formations

The geological predictions may be both subjective and ob-
jective (97,98). Use of the Markov chains (43) or the theoretical
analysis (150,151) may be made to predict the rock formation
along the tunnel alignment. Moavenzadeh et al (98) suggested a
decision tree concept for prediction of geological formations
assigning probaﬁilities to various parameter states based on
subjective judgement of the geologist and through Markov procesé
analysis, ®arbaugh and Carter (43) proposed application of
statistical distributions for prediction of geologic states.
These could be the known theoretical distributions, or empirical

distributions could be constructed based on the data.
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2,.,6.,2 Random vwariable

Many dynamie simulation models require variables which
are suppliéd‘from an external soure¢e as exogenous variables, _
These inp@t Qariables may be deterministic represented by simple
mathematiéal functions or these may be stochastié which show
random behaviour (43,101). The ;tochastic variables conform to
known probability distributions, each characterized by a set of
parameters (43), The artificial variable whose statistical be-
haviour resembles that of the actual variable may be generated
through random.sampling from the known distribution. The proce-~
dures for generééian of random numbers and for statistically
testing these have been discussed by several investigators(43,
96,101,135), Modern‘high speed digital computers, however; pfo-
vide library functions for generation of pseudo-randbm numbers
applicable in simulation experiments,

The variables of interest in simulation experimentation
may be genérateé from the known continuous probability distri-
butions by any of the three basic methods, viz., the inverse
trans formation method, the rejection method and the eomposition
method (101). For generating variates of an empirieal distris-
bution or of a discrete distribution the method suggested by
Marsaglia could be used (101),

2.6.3. Simulation of mucking operation

out of the various operations in tunnel excavation cycle,
muck handling has attracted maximum attention. Nelson (102)
simulated the working of a mine haulage locomotive to decide
its optimum load size to achieve maximum haulage rate, He had,
however, not consideréd the simultaneous deployment of more

than one locomotive which is necessary in excavation of long

tunnels.
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This deficiency was studied by Kenya et al (74) and
Mutmansky (100) in their models for simulating muck handling
in tunnel excavation. Konya et al (74) have applied the simula-
tion model to construction of SEI-KAN tunnel in Japan. Théy
identified the optimal number of trains required for muck re-
moval and the average waiting time for trains. Mutmansky (100)
studied material handling in conjunction with: TBM seeking to

obtain the following information through the applicatioﬁ of his

models
i) optimum number of trains to use in a specific
tunnelling situation;
ii) optimum location of California switches in the
tunnel;
iii) proper size and utilization of the tunnel crew; and
iv) better type of material handling method ( cyclic

or continuous) for different lengths of the tunnel.

2.6.,4 Simulation of overall tunnelling

The effect of various types of delays and breakdowns on
tunnel. construction progress has been studied by Nesargi(103)
in evaluating the effect of concurrent exéayation and concrete
lining on the completion time of tunnel vis-a-vis the sequential
mode of concrete lining and excavation, In the process of simu-
lating the system behaviour, the optimal combination of equipment
for least time of construction was also evolved. In his analysis
triangular distribution was used for most éf the variables and
three time estimates were acdopteds. The breakdowns were, however,
simulated through the use of empirical distributions due to
availability of limited real world data, Priority rules were
set for permitting movement of locomotives between two California
switches or rail sidings as also between muck removal and ch;

crete placement.
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2.6.5 Tunnel cost model (TCM)

Moavenzadeh et al (97,98) have developed a tunnel cost model
for simulating the tunnelling process through the application of
three sub-models; the geologic sub~-model, the construction sub-
model and the tunnel simulator. They have provided options in
their model for data to be supplied directly or to be generated
within the model itself as needed by the analysis. The resulﬁ was
a scattergram indicating variability of costs and periods in the
construction of tunnels,

2.7 'Combined Effect of Job and Management Conditions on
Tunnelling

funnel advance rates and, therefore, the costs are affected
as much by the variability in management conditions as by job
conditions. This aspect of tunnelling has not bheen studied by
any investigétor to the best of author's knowledge. However, in
the area of performanée of eguipment, Nikirk developed factors
for scaling down the ideal production of excavators for different
job and management conditions (112). All working‘conditions were
divided into four categories of job and four categories of
manégement conditions, viz., excellent, good, fair and poor.

Table 2.1 gives the matrix of these factors as suggested by

Nikirk.
TABLE 2.1

JOB AND MANAGEMANT FACTORS FOR EXCAVATORS

Management condition
Bxcellent Good Fair Poor
Excellent 0.84 0.81 0.76 0,70
Job Good 0.78 0.75 0.71 0.65
condition Fair 0.72 0.69 0.65 0.60
Poor 0.63 0.61 0.57 0.52
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2.8 Concluding Remarks

On the basis of this review the following gaps were identi-

fied in the area of simulating the tunnel excavation process:

i)

ii)

iii)

iv)

v)

vi)

For a particular diameter tunnel, the technique of
construction is not varied unless there is a signi-
ficant change in the job conditions. This indicates

a strong need for classification of job conditions

to suit the significant variations in ground conditions,

The periods for individual operations, and hence, the
total cycle time in the tunnel excavation process is
affected as much by the management efficiency as by
the job condition. This aspect has not been studied
yet.

The simylation studies conducted for tunnelling so

far have been based on empirical methods or computa-
tions of average production estimates for equipment
and operations using manufacturer's data. The per-
formance of equipment and personnel in the underground
restricted space is adversely affected by changes in
working environment, The achievable production in

such cases could be assessed much better on the basis
of past performance rates for which extensive field
data is required.

The analysis of tunnel construction data to discover
specific statistical behaviour of the activity per-
formance time has also not been done in the past.

simulation of tunnel excavation based on field data
has not been attempted so far,

Factors for prediction of tunnel advance rates under
different job. and management conditions, such as,
through use of job and management factors have not
been evaluated yet,

Some of the above listed deficiencies in our knowledge of

the behaviour of prominent factors in tunnelling performance

will, hopefully, be made good through the results of this study.
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CHAPTER 3

COLLECTION OF FIELD DATA

3.1 General

Tunnelling is a complex activity affected by a large number
of variables, These variables may be ascribed to the job and/or
management conditions. Thus the data pertaining to both these
conditions is important in order to study the effect of all the
variables on the progress of tunnel excavation. In a simulation
study like the present one the formulation of problem and collec-
tion of data go together as the experimentation on the model may
indicate the need for additicnal data while lack of data may call
for modifying the problem and the model. Thus, the study becomes
an iterati&e process. Hence, the data for the present study was

collected in different phases as and when its need was felt.

3.2 Types of Data Needed

Both the descriptive and quantitative data is of interest
in this study. The tunnelling rate is affected by both, the job
and the management conditions, which are usually difficult to

guantify.

The job conditions are affected by the following factors:

i) Geology, such as, type of rock, RQD, jointing system,
dip and strike of strata, presence of major fault or
thrust zones and uniaxial compressive strength of

rock;
ii) Water flow, including probable quantum of water
expected to be met with;
iii) Presence of inflammable gases;
iv) Size and shape of tunnel;
v) Whether the construction adits are horizontal ér

inclined; and
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vi) Maximum drilling depth or advance per round which
can be adopted.
The management conditions are affected by the following
factors for which generally the descriptive data is required to

be collected:

i) Overall planning for the job including planning for
equipment, manpower and materials;

ii) Training of personnel affecting equipment maintenance,
' breakdowns of equipment, overbreak in excavation and
quality of supervision;

iii) Incentives to workmen; ;
iv) Co-ordination and rapport;
v) Environmental conditions inside the tunnel; and
vi) Staff punctuality.

Both the above, viz., job conditions and management condi-
tions have a cumulative effect on the tunnel cycle time; which,
in turn, governs the progress of excavation. Thus, the cycle
time data for tunnel excavation giving details of time taken for
each individual operation in the excavation cycle is of utmost
importance for simulation. This data is needed for a consider-
able period so that it covers, by and large, all possible job and

management conditions on the project.

Monthly actual progress of excavation for as long a period
of construction as possible is another important data needed for
this study: as this enables correlation of ideal with real pro-

gress or validation of results of the model,

3.3 Identification of the Sources of Data
Collection, sorting, collating and disseminating of cons-

truction data is difficult due to the cost and human effort
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- involved in the process. On most construction sites this data is
either. not recorded and maintained at all, or is poorly recorded.
This is due to the laqk of éwareness bf the need for recording |
data iﬁ proper form. The analyst has to sift and painstakingly
isolate useful content from a mass of redundant and sometimes
scanty information. However, on projects where the management
was conscious of this need, the data was properly recorded and
fairly well maintained. One such project is the Beas-Sutlej Link
project in the state of Himachal Pradesh in India for which exten-

sive recorded data on tannelling is available,

The following sources of data have been found to exist on

the projects and were made use of for the purpose of this study:.-

i) Records maintained by construction agency in the form
of registers, charts, graphs, geological profiles,etc;
ii) Personal discussions with engineers, foremen and other
technicians in charge of various construction activi-
ties;
iii) Personal recording of data at site by the author;
iv) Papers published in various journals and the proceed-

ings of symposia and conferences; and
v)  Personal experience of author on the construction of

a tunnelling project in the Himalaya.

3.4 Collection of Data and Its Listing

The data collection was done in more than one stage. As a
first step formats for collection of data were devised and sent
to various projects for compliance. The data receiyed thus proved
to be inadequate and had to be supplemented with information
collected through personal visits. Copies of records as maintain-

ed by project authorities were obtained, and a scrutiny of the

same helped in visualizing the need for discussions with construc-
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tion personnel, The discussions helped to clarify issues and
indicated need for further information which was collected through

subsequent visits and/or guestionnaires,

The projects visited for the purpose of collection of
field data are shown in Table 3.1, Most of these vprojects were
| under construction during the period of study. Projects at serial
Nos.l to 6 as listed in the Table were visited more than once to
collect necessary data. Eight of the projects pertain to sub-
Himalayan region for which the study is primarily aimed. The
last of these is located in central part of the country and was
visited in order to have a relative idea about the working condi-

tions in the two regions.

The type of data collected from all these projects comprised

of the following :

i) geological profile along the tunnel alignment;
ii) equipment performance and its breakdown:
iii) monthly progress for all tunnel headings;

iv) cycle times for each day; and

v) other information considered of interest.

The visits to project sites were made over a period of
4 years from 1978 through 1981, As far as possible on-going
projects were given priority in visits although a bulk of the

information was obtained on recently completed projects.

The cycle time data from all projects was collected and

recorded in the formats devised for the purpose{Appendix I and II).
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This data has been stored on a magnetic tape on DEC SYSTEM-20

Computer at University of Roorkee (1).

TABLE 3,1

PROJECTS VISITED FOR DATA COLLECTION

sl. , " Tunnel excavation
NoO.| Name' g pro et Year Year
started completed
1 BSL Project
i) Pandoh-Baggi Tunnel 1965 | 1975
ii) Sundernagar-Sutlej Tunnel , 1967 1975
2 Yamuna Project
i) 1Ichari-Chhibro Tunnel 1967 1973
ii) Chhibro-Khodri Tunnel 1968 1981
o Baira-Siul Project Head Race Tunnel 1973 1979
4 Giri Project Head Race Tunnel - 1968 1976
5 Loktak Project Head Race Tunnel 1973 " 1981
6 Salal Project Tail Race Tunnel* 1979 -
7 Lakhwar Dam Project Diversion
Tunnels 1980 1981
8 Tehri Dam Project Diversion Tunnels** 1979 1981
9 Pench Project Tail Race Tunnel © 1975 1980

*pProject in progress
**0Only heading excavated
3.5 Processing of Data
The recorded data was processed for the purpose of various
analyses given in following chapters. This processing is discussed

in Chapters 4 and 5.



33
CHAPTER 4

CIASSIFICATION SYSTEMS FOR JOB AND MANAGEMENT CONDITIONS

4,1 Need for Classification

Working conditions on tunnelling projects are highly varie-
able, even on the same nroject, and a uniform rate of progress over
the entire period of construction is difficult to maintain. The
purpnse of the classification system is to divide these working
conditions into groups of similar behaviour with respect to the
tunnelling rate. This grouping may be done a¢cording to the rate
of advance made per round and the cycle time for that advance.
While the advance in each round will be controlled by job conditions,
the cyele time will generally be governed by the quality of manage-

ment,

Three main time elements in a tunnel excavation cycle are'-
drilling, muck removal and rock supporting. At present there is no
classification system fbr drillability of rocks and their fragmen-
tation characteristics which affect the time for drilling énd mucCke
ing. However, a number of classification systems for rock masses in
respect of support requirements (5,7,23,76,133,150) nave been deve-
loped. The geological formations have also been classified acéord-
ing to their lithology, such as, rock type, mineralogy and texture
(41), uniaxial compressive strength (24,128) and extent of jointing

and type of joint surfaces(5,34).

The adoption of correct drilling pattern for a given rock
condition, proper alignment of drill holes and suitable use of

explosive charges can ensure high percentage of pull out (actual

advance) and good fragmentation of rock from a particular drilling

depth in a given rock condition. The control of these faotors is
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governed.by the management conditions. Other components in the
excavation cyclevsuch as mucking, wventilating,etc. are also affect-
ed by management conditions, Therefore, a unified classification
system for tunneiling is required which considers the effects of
both, job conditions and management conditions, on the tunnelling

rate.

4.2 Job Conditions

In tunnelling, variations in underground formations result
in variations in the job conditions, at times, even from one cycle
to another. Often these variations are significant in affecting
the selection of tunnelling method and estimating the rate of

progress achieved,

In this study the classification of job conditions has
been done into three categories, viz., good, fair and poor. This
classification reflects the effect of geologic formations on the
job and isrshown in Table 4.1. Table 4,2 gives an extract from
tunnelling data showing fhe actual classification of geology made
'by the author according to the three categories., For each geology

the monthly tunnel advance made is also shown,

Job conditions are inherent in the job and have to be faced
as they occur. Nothing can be done to improve or alter them, It‘is
only at the planning stage that an alternative alignment for the
tunnel may be selected if economically and technically feasible to
obviate the adverse geology.predicted during the investigations,
This was done in the case of tunnels on Giri and Yamuna projects in
India(27,63,117). The alignment of tunnel axis with respec£ to

strike and dip of rocks, the presence of water and inflammable
gases, the size of opening and the advance to be adopted in a

particular geology also affect the tunnelling rate.
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TABLE 4.2

EXTRACT FROM TUNNELLING DATA

37

Tunnel } Author's Monthly
heading Month/year Geology job classidprogress
fication (m)
Pandoh Jan., 1967 Interbedded phylites Good 67
downstream and quartzites
March, 1968 Granite Good 111
May, 1971 Blocky to closely Poor 19
jointed granite with
thin kaolinized seams
(distressed portion)
- Feb.,1972 Blocky to closely Fair 25
I jointed granite with
very minor schist ’
_ lenses and schist seams
July, 1972 Moderately jointed Good 82
coarse grained granite
Baggi Aug., 1966 phylitic quartzites Fair 64
. ' and phylites (low
advance rate)
Jan., 1968 Massive coarse grained Good 84
porphyritic granite
Nov., 1968 Blocky granite with Good 93
schist bands
June, 1969 Highly broken granite Fair 60
Nov., 1969 Talcase schist Poor 39
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This categorisation of geology into three classes only as

against five to nine classes suggested by the earlier investigators

in -relation to support requirements is found to be adequate due to

the following reasons :

1)

2)

3)

The proposed classification is simple and its parameters
can be assessed during planning stage. 3arton's parameters
have not been included in this classification because their

estimation is difficult in advance of tunnelling.

The method of excavation is not affected for rock condi-
tions varying from very good to fair but could vary only
whenvtheSe conditions change from fair to poor. The

effect of change in method of excavation is thus adequately

accounted for in this classification.

Any feasible advance per round may be adopted for good rock
conditions as the bridge action period will always be
greater than the expected cycle time. For fair and poor

rock conditions the advance per round is governed by the

bridge action period and has to be so restricted that the

rock is supported within this period after blasting.

The basis for c<lassification as given in Table 4,1 is

discussed as below :

1)

2)

The first parameter (geologic structure) gives qualitative

description of the rock mass which is based on Terzaghi's

(133) system.

The second parameter (point load strength index/uniaxial
compressive strength) reflects the strength characteristics

of the rock mass and is based on Bieniawski's quantitative



3)

4)

5)

6)

7)

39

system (7). According to IS 8764-1978 (61),maximum compre-

ssive strength is 22 times the point load strength index.

The ' third parameter reflects transition conditions. When-
ever there is a chaﬂge of geology, it may or may not be
abrupt. This effect may be classified on the basis of its
effect on performance. If the change takes place from poor
to good or from fair to good, then the transition is consi-
dered as 'good'. On the other hand, when 'good' condition
suddenly changes to 'poor', the transition is considered

as poor.

The fourth and fifth parameters, viz,,RQD and joint spacing
are inter-related. These have been grouped according to

Deere's (23) and Wickham's (15@, 151) systems,

The sixth parameter, viz., joint orientation, dip and strike
are based on Bieniawski's system. Very favourable, favour-
able and fair orientation of joints are all assumed to fall

under proposed 'good' category.

The seventh and eighth parameters relate to presence of
inflammable gases and underground water. Inflammable gases
are generally not expected to exist in good and fair job
conditions. The mild to moderate waterflow which can be
controlled without affecting the normal working cycle,céuld,
however, be expected under these conditions. The presence
of inflammable gases and also heavy inflow of water may
significantly affect the working and, therefore, such

conditions have been classified as poor.

The next parameter, viz., range of normal drilling depth,
is based on the actual achievements realized in the field

in corresponding rock conditions.,
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8) The last parameter, viz., modified bridge action period
plays a significant role in deciding the rate of advance
and has been defined as the period within which no major
rock fall would take place before supports are erected.
Bieniawski (7) and Lauffer (76) have considered the bridge
action period as the time from initiation of blast upto
the first fall of a piece of rock. Such marginal detach-
ments of rock pieces are not found to affect the normal
working significantly and are, therefore, ignored in the

present classification.

.4.3 Management Conditions
The management conditions onftunnelling jobs are more
difficult to classify than the job conditions since the various
management factors affecting the tunnelling rate are not easily
quantifiable, and some of these are even interdependent, The
fconcept of quéntifying the various factors proposed here is basie
cally a method of describing the quality of management which
governs the tunnelling rate, All management factors contribute to
or affect in some way the tunnelling rate achieved. Each of them
can be considered individually or all of them can be considered
collectivéay combining their relative effect on each other. By
assigning a weighted numerical rating toveach factor, it‘is possi-
ble to define thé management conditions on the basis of the total '
sum of ratings for all the individual factors. The higher number
is reflective of good management yielding higher tunnelling rates
while the lower number is indicative of poor management resulting
in slow rate of tunnelling. The factors which have been consider-

ed to develop the classification system for management conditions

are given in Table 4.3,
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These factors are based on the study of tunnelling jobs
done in India and have been listed in the descending order of
their effect on the tunnelling rate. Each item has been assigned
a numerical ratiné.after discussions with tunnelling experts of
long standing and has been further sub~divided for ease in evalua-
tion. The maximum ratings have also been assigned to each sub-
group and represent ideal conditions. These will need downward
revision depending upon actual working conditions at the site, 6n
the basis of the sum of ratings for individual sub-groups, the

management conditions are classified in Table 4.4,

TABLE 4.4

RATINGS FOR Q;FFERENT MANAGEMENT CONDITIONS

e Management condition { Rating score =
) . Good 80 to 100
> R-%Z 50 or below

The ratings for various items and their sub.groups as
given in Table 4.3 have been derived on the basis of observations
and personal experience of the author on tunnelling works, These
have been supplemented with discussions with field officers and’

crew on major tunnelling projects.,

It was observed that the judicious selection of consteuc-
tion plant and equipment, personnel and location of adits played
a highly significant role in achieving high tunnelling rates,

Next in importance was found skill of workmen. The availability
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of equipment for use on work as and when the same was needed is
the next item in order of importance. This parameter was assessed
on the basis of time lost due to non-availability of equipment or

its breakdown while on work.

Supervision of all operations particularly drilling is very
important as it affects the advance rate, the fragmentation of

rock and its overbreak or undercutting.

Incentives to working crew for increased . production have
been found to be a positive factor. It has been generally observed
that mere provision of édequate equipment and personnel did not
necessarily result in achieving the planned production on a sustain-
ed basis unless the workmen\display devotion to the work. The
payment of bonus to the cre& resulted in increased production with
the same equipment (68,117). This increase in cost due to payment
of bonus is more than.offset by the increased progress of tunnell-

ing resulting in an overall reduction in unit cost.

The effec£ of application of CPM is not considered signifi-
cant as the cyclic tunnelling éperation is well defined and the
effect of ‘different operations on overall time is also well known.
The co-ordination takes care of providing.resources as and when
needed and also to ensure control of single person at various

levels of working.

Other factors listed in the table which marginally affect
the tunnelling rate are : i) environmental conditions, ii) change-
over of shift at the tunnel heading, and iii) the rapport between
various levels of management. These parameters have been assigned

low ratings due to their relatively lesser importance on the over.
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all achievement of progress. The pictorial representetion of the
parameters and their ratings is shown in Fig.4.1. ‘
4.4 Application of Classification Systems to Pandoh-Baggi Tunnel
4.,4.1 Grouping in job-conditions

The bulk of geological data available from the project is
in the form of descriptive information (Fig.4.2). However, the
classification system which has been developed here for job condi-
tions can help in grouping this data into three categories on the
basis of the descriptive geology as given by geologist and the
actual rate of advance achieved in different tunnel segments for
excavation. The different rocks encountered along the Pandoh-Baggi
tunnel alignment are classified into the three categories viz;,
‘good, fair and poor, and listed in Table 4.5. After classifying
the entire tunnel length into three job conditions, these rock
categories were reviewed vis-a-vis the advance achieved in
respective ground conditions on a monthly basis. The ranges of
advance per round for the three job conditions were adopted on

the basis of the following criteria :

i) The minimum value of 2.5 m for advance observed under
good job condition and the maximum value of 1.2 m for
that observed under poor job condition are those which
experienced the highest freguency of occurrence.

ii) The general range of values of advance achieved under
fair job condition is between 2.5 m and 1.2 m

iii) Certain stray values of advance per round falling out-
side the ranges defined above may also occur due to
random causes under all the three job conditions.

It was observed in a few cases that the rock category and
job classification for a certain tunnel length based on achieved

rate of advance did not match with rock classification as defined

in Table 4.5. Although the classification indicated good or fair
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TABLE 4.5

GROUPING OF GEOLOGICAL DATA OF PANDOH~BAGGI TUNNEL INTO JOB
CONDITIONS

Job conditions

Good Fair Poor
Granite: massive,coarse Blocky to highly Talc schist
grained, porphyritic,blocky, jointed granite
and moderately broken and Kaolinized
jointed. Blocky to closely schistose

jointed granite with granite
Schistose granite with . thin kaolinized seams
schist bands and shear zones and/or shear zones Highly broken
granite with
Massive to blocky granite Moderately jointed numerous thin
with very minor schist bands granite with thin sheared schis .
and shear zones bands of schists and tose seams
kaolinized seams
Jointed granite with Shear zones
kaolinized and shear zones  Sheared to crushed
gneiss/schistose Cavity portions
Schists : gneiss - - _
Distressed

Schists with granite bands Thinly foliated and  tunnel length

g ] sheared schists
Schistose gneiss Contact zones
Sheared and puckered between good
phylite to poor, and
fair to poor

Phylites, quartzites,
phylitic quartzites and
quartzitic phylites, inter- o ntsct zones between rocks
bedded.ihylltes and good to fair and poor
quartzites , to fair rocks

Contact zones between fair
to good, and poor to good
rock
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job condition, lower advance had heen recorded. In such cases, the
rock categories have been considered to belong to the next lower
category, to conform to the criterion of advance per round. For
example, the fgood' classification has been changed to 'fair' and
'fair' to ‘poor’, depending-on the advance achieved. The listing
of lengthwise rock formations, corresponding monthly progress rates,
actual working time and actual breakdown time for Pandoh (Samla-
adit, downstream) and Baggi tunnel headings are given in Appendices

IITI and IV respectively.

When more than one job condition was faced during the same
month, the ecuivalent monthly progress (EMP) was evaluated for
e@ach job condition separately as if it existed during the whole
month. The sample calculations to compute EMP in two job conditions
faced during one month ars shoﬁn in Table 4.6, However, in majority

of the cases, the job condition is the same during a month.

Wherever some working days were lost due to existence of
cavities or drilling of extra, exploratory holes; the recorded
progress was increased proportionately to account for these lost

days., This is also shown in Table 4,6,

4,4.2 Grouping in management conditions

The actual monthly ovrogress and actfual working time for 124
months for Pandoh-Baggi tunnel of Beas-Sutlej Link project (65
months for Pandoh Heading and 59 months for Baggi Hesading) have
been listed in Appendices III and IV. The eguivalent monthly
progress (EMP) for the three job conditions has been computad and
recorded (Column 9) against given job condition (Column 5). The
EMP values for each job condition are then taken from these

appendices and are grouped together in class intervals of 15 m
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each after arranging in the ascending order. The relative fre.
quency (RF) and cumulative relative frequency (CRF) have then been
computed (Table 4.7) and plotted (Figs. 4.3, 4.4 and 4.5). The
categorization of EMP into good, fair and poor management condi-
tions has been done based on points of inflexion on the CRF curves
for the respective job conditions. It is presumed that a change
in the slope of the curves represents a different management condiw
tion. Thus the matrix of EMP in different job and management
conditions has been obtained and is shown in Table 4.8. On £he
basis of this matrix the months falling under the three management
conditions for a given job condition have been identified. The
cycle time data for the months falling in the same cell is then
isolated for further analysis which is discussed in the next

chapter.

4.5 Elimination of Unrepresentative Values from Data

In the fiéld data in certain months there are some stray
observations of actual advance rate which are significantly
different from that normally expected progress. These low values
are due to change in job condition in most cases, The number of
such observations, if very small (viz,..less than 5) does not
represent the existence of a distinct job condition for the
purpose éf computation of EMP in that job condition for that
month. These values have, thercefore, not been considered in the

study.

During the months of February, 1969, September, 1970 and
December 1971 on Pandoh downstream heading, the advance rates
achieved were not found to be consistent with the type of rock

encountered. The data for these months was not considered
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TABLE 4.7

FREQUENCY DISTRIBUTION OF EQUIVALENT MONTHLY PROGRESS (EMP)

Class Frequency Relative Cumulative relative
interval frequency frequency
(m) (F) (RF) . (CRF)
A - Good Job.Condition
45 - 60 ¥/ 0.092 0.092
60 - 75 17 ©0.224 0.316
75 - 90 ] Z3a 0.303 0.619
90 - 105 1k 0.224 0.843
105 - 120 9 0.118 0.961
120 -~ 135 3 0.039 1.000

B - PFair Job Condition

15 - 30 4 0.100 0.100
30 - 45 13 Q325 0.425
45 - 60 13 0.325 0.750
60 - 75 7 0.175 0.925
75 - 90 2 0.050 0.975
90 - 105 m 1 0.025 1.000

C - Poor Job Condition

0 - 15 3 0.125 0.125

15 - 30 12 0.500 0.625

30 - 45 8 0.333 : 0.958

45 - 60 i 0.042 1.000
TABLE 4.8

PRODUCTION BASED CATEGORIZATION OF MANAGEMENT CONDITIONS*

Management condition
Good Fair Poor
Good” > 94 72 - 94 < 72
Job Pair > 60 30 - 60 < 30
condition
Poor > 36 21 - 36 < 21

*Values are for equivalent monthly progress (EMP) in metres
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reliable and was not considered for the analysis,., Similarly, on
Baggi heading the data for months of June 1972 and January,b1974

was not included in the analysis.

4.6 Job and Management Factors

Job and management factor for a particular combination of
job condition and management condition is defined as the ratio of
expected rate (or actual rate achieved) of tunnel advance to the
ideal (or achievable) rate. The ideal rate of advance ;ould be
estimated with fair degree of accuracy on the basis of best

advance rates attained as recorded in field data. For this

purpose the following analytical procedure has been adopted.

The field data COnsidered for this analysis consists of
total cycle time (sum of actual working time énd breakdown time)
under good job and good management condition., This data is presen-
ted in Table 4.9. The relative frequency and cumulative relative
frequency distribution curves based on this data are piotted in
Fig. 4.6. The pyinCiple of point of inflexion showing a change
in management condition is considered to segregate thie excellent
or ideal from the normal condition. The lower point of inflexion
on the CRF curve of Fig. 4.6 shows a total cycle time of 12.8
hours which has been observed to occur for at least 11% of the
total period. The mean advance per round for this set of condi-

tions was found to be 2.576 m. This is also shown in Table 5.5.

The ideal monthly advance rate has been computed as dis-

cussed below,

During the execution of Pandoh-Baggi tunnel 15 holidays

per year were observed on an average. The work was carried out
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TABLE 4.9

TOTAL CYCLE TIME(TCT) FREQUENCY DISTRIBUTION UNDER
GOOD JOB AND GOOD MANAGEMENT CONDITION .

Class Frequency Relative Cumulative
interval frequency relative
(Hrs.) frequency
(F) (RF) (CRF)
<8 1 0.001 0.001
8-10 7 0.010 0.011
10-12 40 0.059 0.070
12-14 137 . 0.203 0.273
14-16 181 0.268. 0.541
16-18 143 e (0] P K 0.753
18-20 64 0.095 0,848
20-22 : 41 0.061 0.909
22-24 21 . akg3ly 0.940
20226 ' 19 0.028 0.968
26-28 8 0.012 0.980
28-30 1 0.001 0.981
30-32 3 0.004 0.985

>32 10 0.015 1.000
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for tha remaining 350 days in the three shifts by staggering the

weekly holidays of workmen and supervisory personnel. Thus, the

ideal monthly advance rate works out to f%ég X 2.576 x ;%g =140 m.

The average achieved rate of tunnel advance for each
combination of job condition aﬁd management condition is derived
from the analysis of actual recorded rate of progress achieved on
Pandoh-Baggi tunnsl based on field data collected. The ratio of
this expected rate to the ideal rate of tunnel advance is defined
as job-and management factor for-the'related condition of job and

management. The computation of these factors is shown in Table

4.10.
TABLE 4,10
COMPUTATION OF JOB AND MANAGEMENT FACTORS
(Based on ideal monthly progress of 140 m)
Job Management Average monthly Job and management
condition condition advance achieved factor
: Col.3
(m) 140
1 2 | 3 4
Good 108.8 0.78
Good Fair 84 .4 0.60
Poor 61 .0 0.44
Good : 74,5 0.53
Fair Fair 45.3 0.32
Poor 25,7 0.18
Good 42.2 0.30
Poor Fair 29.9 0.21

Poor 17.5 0.13
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CHAPTER 5

PROBABILITY DISTRIBUTiONS FOR CYCLE TIMES

5.1 General

In tunnel excavation a number of operations have to be
performed sequentially in each cycle. The time taken for the
performance of any individual operation is randoﬁ in nature and
is affected by a variefy of causes. The effect of these causes
« on progress of tunnelling operation could be studied through
statistical analysis and simulation. Unfortunately, the field
data does not reflect the specific effect of such random causes.
However, the cumulative effect of these random causes may be
studied through the consideration of some major factors such as
jop and management conditions. The duration of any individual
operation within a given set of job and management conditions
could be considered random in nature., In turn the total cycle
time would also be a random variable, Thus, the whole process
of tunnel-excavation needs to be studied by simulation modelling

instead of by deterministic modelling.

In the present study the total cycle time is divided in
two.parts. These are the actual working time (AWT) and the break-
down time (BDT). Both these>components of the total cycle time
which are of significance in simulating the tunnelling activity

arc also amenable to statistical analysis.

The major concern in such a study is to ensure that the
selected statistical model not only fits well in the data under
investigation, but also represents the physical phenomenon under

study. As such the whole tunnel excavation cycle may be considered
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to consist of only two components discussed earlier, ?iz., the AWT
and the BDT. The first component is the summation of the actual
working times for various operations in the cycle whereas the
second component is the sum of the breakdown time which may have
occurred during the operation in the same cycle. Statiétical
models for individual operations could also be developed but this

is not considered necessary for this study.

5.2 Choice of sample Size

The number of observations both for AWT and BDT for each
cell of the job and management matrix are given in Table 5.1.
These observations are for Pandoh-Baggi tunnel of Beés—Sutlej Link
project and have been derived by listing the values of AWT and BDT
for each cycle for the months falling in a given céll of job and
management matrix. As can be observed from the values in the
matrix, the sample sizes for this study are very large and can be
considered to represent the universe., The statistical tests based
on the concept of confidence interval and confidence co-efficient
indicate that much smaller samples would give a confidence level

of as high as 95%.

TABLE 5,1

NUMBER OF OBSERVATIONS IN JOB~MANAGEMENT MATRIX

j: ~ X ‘r—v
; Manadement condition ' motal
Good Fair Poor
o,
Tob | Good 676 1034 475 2185
condition Fair - 346 660 86 1092
Poor 114 156 148 418
Total 1136 1850 709 3695
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5.3 Testing of Distributional Assumptions
Suitability of the statistical distribution model for the
given data may be ascertained through the application of statisti-

cal tests. The following two approaches are available for such

testing
i) probability plotting, and
ii) statistical tests

5.3.1 Probability plotting

This technique is simple and highly reliable if a true
linear plot is obtained on the probability paper for the selected
probability distribution. For a given distributional model the
data is plotted on a special graph paper (122) designed for that
distribution. The plotting coordinates are the ordered observation
and’ the expected value of an ordered observation. The plotting
positions are thus determined by finding the expected values of
ordered cbservations. The specially scaled graphs obviate the
necessity for actually calculating the expected values for many
distributions. This paper is scaled in such a way that the ordered

(i=d)x100 .

TSI , where i is

observations can be plotted directly against
the ordered observation, d is a constant and n is the total number
of observations (38). The value of d as equal to 0.5 has been
found to be generally acceptable. The plotting position (Pp) is
thus given by'££:5%5192. If the assumed model is correct, the
plotted points will tend to fall in a straight line. Some devia-
tions due to random sampling fluctuatiobs are,however, inevitable.

But the systematic departures from linearity are indications that

the model is inadequate,
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It is a subjective method because the determination of
whether the data contradict the assumed model or not is based on

a visual examination rather than on a statistical calculation,

5.3.2 Statistical tests

Statistical tests for testing the distributional assump-
tions on the other hand are more objective than the probability
plots and provide a probabilistic framework to evaluate the |
adequacy of a model. These tests may be used to supplement the
probability plots if.the plots fail to provide a clear cut

decision.

One of the most common statistical test is the Chi-square
test which has been used to evaluate the adequacy of any distri-
butional model. Another test is the W-test whidhvhas been found
to be quite effective in evaluating the normal, log-normal and

exponential distribution assumptions (38).

The Chi-square test requires grouping of the data into
arlhitrary cells which affect the outcome of the test to a great
extent. Further, in the event of validation of two or more distri-
butions by this test it is difficult to select the best fit distri-
bution (75). This procedure permits us to reject a model as in-
adequate, but it never allows us to prove that a model is correct
(38) . Another important condition to be satisfied before applying
the Chi-square test is that the frequency distribution within each
class interval should almost be uniform. This assumption in case
of the data under study (viz., AWT & BDT) is not satisfied. There-
fore, only‘ the method of probability plotting has been adopted for

statistical testing in this study.



67

5.4 Probability Distribution for Actual Working Time (AWT)

The actual working time studied here is the sum of actual
times taken for performance of the various operations in the cycle
of excavation. Wﬂereas the performance times for some of the
operations are almost constant, sometimes even irrespective of the
existing job conditions, those for others are variable and depen=-
dent uoon the working conditions. Generally the constant time
operations are the loading and blasting, defuming, jumbo-shifting,
scaling and rail-extensipn. All other operations like_drillipg,
muck loading and haulage, erection of supports and-initial cohcret~

ing are distinctly affected by the job and management conditions.

5.4.1 Choice of interval size for AWT

The selection of interval size for analysis of the data is
based on judgement. Too narrow an interval will result in irregu-
larities in the distribution associated with sampling fluctuations,
while too wide an interval will cover up too much of detail needed
to confidently establish the éeneral pattern of the universe (138).
An interval size of 2 hours has been selected for studying the
statistical behaviour of AWT and provided a near optimum combina-

tion of smoothness and detail.

A sampie of AWT data has been presented in Table 5.2 for
all management conditions under good job condition. For fair and
poor job conditions this data is presented in Appendices V and VI
respectively. The frequency histograms and curves based on the
relative frequencies and cumulative relative frequencies are
presented in Fig. 5.1 to Fig. 5.9 for the nine cells of job and

management matrix,

-
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It is seen from the curves that the distribution is fairly
smooth for all management conditions under the good job condition
and also for good and fair management in fair job condition. Though
the curves are not smooth for the remaining cells of job and manage-
ment conditions, yet the points show a uniform scatter about the
centrally plotted curves. The general assessment of the shape of

curve was also made by the computer regression analysis.

5.4.2 Test for suitable probability distribution function for AWT
It is observed from the frequency distribution curves that
the distribution is continuous and skewed. In most of the cases
it also shows a tendency for peaking. These features of the curves
indicate that log-normal distribution is the most suitable probabi-
lity densit& function for studying the behaviour of AWT. The log-
normal distribution arises in physical problems when the domain of
the wvariable x is greater than zero and its histogram is markedly
skewed. This skewing occurs when x is affected by random causes
that produce small effects that are proportional to the variate x,
Further, the outcome of these random causes, each producing a

small constant effect, is normally distributed.

It is interesting to note that the probability plots for
AWT for all the sets of job and management conditions showed a
linear fit on the log-normal probability paper (Eig.S.lO to Fig.
5.12). These plots on probability papers for other continuous
probability distributions did not show linearity except in some
cases on Weibull probability paper. But the AWT may not conform
to Weibull distribution and should rather conform'to log-normal

distribution due to the following reasons :
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i) AWT can not be characterised as a failure function
which is the basic requirement for Weibull function.

ii) Log-normal distribution is unbounded at both the
ends whereas the Weibull distribution is bounded at
one end either having a value of Zero or equal to
location parameter,

iii) The location parameter will have a single specific
value for a particular situation whereas AWT is a
random variable and cannot attain any single minimum
value,

The probability plots on log-normal probability paper are
shown in Figs. 5.10, 5.11 and 5.12 for good, fair and poor job
conditions respectively. Each figure includes plots for all the
three management conditions in that job condition, The values
for ordered observation, viz., AWT and the piotting position (PP)
have been taken for the purpose of probability plotting from
Table- 5.2 and Appendices V and VI for the different sets of job

and management conditions.

The data fits well into the log-normal distribution and
satisfies all necessary requirements. Thus, it is felt that
there is no necessity of carrying out any statistical tests., It
is, however; noted that there is variance of some points at the
tails. Since these are rare occurrences, they do not affect

significantly the results of the study.

5.5 Probability Distribution for Breakdown Time (BDT)

A variety of breakdowns of equipment or services and hold-
ups in the work occur during tunnel excavation cycle. These may
" be mechanical in nature, such as, the breakdown of drilling
equipment, breakdown of muek loading and/or hauling equipment,
deraiiments, etc. o: these may be electrical breakdowq§}caused by

failure of electric supply or failure of the electrical components
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of the tunnelling equipment. Some of the hold-ups may bé of a
mixed nature., These include minor mishaps, non-availability of

a particul?r piece of equipment when needed, rock falls, change-
over in working shifﬁ, tunnel maintenance, extension of service
lines, survey and preventive maintenance, etc. Recording of the
nature of breakdowns and hold-ups and their durations for all
types has not been done on any project for the total construction
period. However, the total time lost in all kiﬁas of hold-ups in
each cycle has been recorded and forms the basis for further ana-
lysis in this study. As expected the breakdown time (BDT) in many
cycles is observed to be zero. Total number of observations in
each cell of the matrix is the same as for AWT since the basic
record for both the components of total cycle time is the same

(Table 5.1).

5.5.1 Choice of interval size for BDT

For the same reasons as discussed under AWT, the interval
size for BDT giving optimum combination of smoothness and detail
has been found to be one hour (138). The sample fréquency data
of BDT for good job condition is presented in Table 5.3, For fair
and poor job conditions this data is presented in Appendices VII
and VIII respectively. The relative frequency distribution
curves are shown in Figs. 5.13, 5.14 and 5.15 for good, fa;r and
poor job conditions respectively. All management conditions are

covered under a particular job condition in each figure.

r

5.5.2 Test for suitable probability distribution function for BDT
The shapes of curves in Figs, 5.13, 5.14 and 5.15 indicate
a J-shaped probability distribution, Such a shape of the curves

is common to the exponentially distributed variates and the break-



34

68°66 ?LO°0 _ GE S6°66 120°C0 A4 £6°66 810°0 1 21t <
€S°C6 016°0 S ¢8° L6 SU0°C S S1°86 600°0 9 c1~11
LY® 16 $00°0 4 bETLE SU0°0 S gc " L6 600°C 9 T1-01
S0° 16 LTC0 8 98°96 ~ ¢10°C ¢l LE® 96 T00°0 T 01-6
LE® 68 L2000 €1 CL"S6 Z10°0 Gl £€2°96 010°0 L 68
£€9°98 " €CC°0 Tt €S° V6 LTI8°C 81 61°G6 €16°0 6 8-L
1e°¥8 LSO°C LC 6L°26 S20°¢C 9¢ 98°t6 LOO"0 S L=9
€9 ° 8L §50°0 S 8206 1v0°C A% 17 €6 6310°0 €T 9-G
9T €L 190°0 6¢ ZC°98 180°0 78 0Z° 16 2€0°C (X4 S-¥
S0°LS PT1°0 7S 60°8L 180°0 78 6 ° L8 6900 1 %3 p-¢€
89°G¢S SET°C . v9. L6 69 8v1°0 €ST 90°€8 810 €L £-¢
Tz ¢y 9510 VL LT17GG 902 °C €1C 9C “éL, €91 0 1t -1
£9°9¢ L92°0 L1 LS"¥€E 9%€E"0 85¢ 66°SS €95°0 6LE 1-0
(dd) (a¥) (4) (dd) (29) () (aq) (&) (&) (*SH)
uotytsod Aousnbaag uoT3jtsod Adusnbaxy uota3tsod Apusnbeald
Buty301g aAT3RoYy Adusnpalg Put3xo1g eaTiRTey LAousnbeig |bButizjzorg eaTIRIoy Aousnbsag
J00g . aTeg poon TeAIS3UT
i UOTITPUOD Jusuobeury sse1n

NOILTANGO €0L QO0D JIANA NOILNE THISIA ADNINDAWI (IQH) AWIL NMOMIVEE

€°S TIEVL

~r



85

~ 0.8r
%
@
5 o0sf
z
5
o 0.4 a-GOOD MANAGEMENT
¢4
[T
L 0-3
>
F
_ 0-2
ul
o
o1}
0 ! 1 1 1 1 1 } 1 | IR
0 1 2 3 4 5 6 Y 8 9 10 11 12
BREAKOOWN TIME (BDT), Hrs.
[N
o 0~4F
> b- FAIR MANAGEMENT
z 0.3+
w
>
o
& 02
LL i
W
Z 0
<
-
2 0 | ] I i I ! I ] T T f i
0 1 2 3 4 5 6 7 8 ] 10 i 12
BREAKDOWN TIME ( BDT), Hrs.
w —
= 0.4
- c - POOR MANAGEMENT
2 03
w
p)
o
@ 0.2t
w
w
..>_ o1 r
-
<
-
W 0 1 1 1 ] ! ] N g t 1 - 1
0 1 2 3 4 5 8 7 8 9 10 11 12

BREAKDOWN TIME (80T}, Hrs.

FIG. 5.13 RELATIVE FREQUENCY DISTRIBUTION CURVES FOR
BREAKDOWN TIME (BDT) UNDER GOOD JOB CONDITIONS.



a - GOOD MANAGEMENT

RELATIVE FREQUENCY (RF)

- — bt = ! — _a'
0 1 2 3 4 5 6 7 8 9 10 1" 12

BREAKDOWN TIME (BDT), Hrs.

@
@
2 O.L’—
< b - FAIR MANAGEMENT
2 0.3
w
1 4
“ 9.
11]
>
Z
<.
w
o
£ & S —
0 1 2 3 4 5 6 7 8 3 10 11 1
BREAKDOWN TIME (BDT), Hrs.
“©
4
> 0.4
¥
W oak ¢ - POOR MANAGEMENT
(@]
W
@
wop.2b
w
>
—
w
x
0 L | \ | I N I I e N A |
0 1 2 3 4 5 6 7 8 3 10 11 12

BREAKDOWN TIME (BDT), Hrs.

FIG. 5-14 RELATIVE FREQUENCY DISTRIBUTION CURVES FOR
BREAKDOWN TIME (BDT) UNDER FAIR JOB CONDITIONS.



87

o

E o.4r

>

z ENT

Z 0.3 a- GOOD MANAGEM _

jas )

a

w

T o2

w

2

7 0

-

w

9 1 ] ] I 1 t t 1 + + = —|
0 ] 2 3 4 5 6 7 8 9 10 1 12

BREAKDOWN TIME (BDT), Hrs.

w

Z 0.4

= [

§ 0.3 b - FAIR MANAGEMENT

o

o

w 0.2

w

P

= 0

-

w .\

x 0 | ] ] | L 1 | L » 3 1 1 1 ]
0 1 2 3 4 5 6 7 8 9 10 11 12

BREAKDOWN TIME (BDT), Hrs.

W

e 4

i 0.4

=

Yook c- POOR MANAGEMENT

(]

W

e 4

w 0.2

w

e

: 0.1k

o -_/\\

w

“ 0 : ! L | 1 ! | ! 1 ] ! L |
0 7 2 3 4 5 6 7 8 3 10 1 12

BREAKDOWN TIME (BDT), Hrs.

FIG. 5-15 RELATIVE FREQUENCY DISTRIBUTION CURVES FOR
BREAKDOWN TIME (BDT) UNDER POOR JOB CONDITIONS.



88

downs being failure functions belong to this family of probability
distributions. Behaviour of a number of time dependent processes
conforms to exponential distribution (6,136,146). The special
classes of exponential distribution are the fwo-parameter exponen-
tial and three parameter Weibull distributions. The Weibull
distribution gives more refined repreéentation taking into account
the effect of all parameters in the probability distributions such
as the location, scale and shape paraméters. This has, therefore,
been considered for testing the fitness of the BDT data. In this
case the Weibull distribution is found to be best fit due to the

following reasons

Weibull distribution is apblicable as a failure function
whenever a system under study consists of more than one component.
- Complete failure occurs due to the most serious defect only out of
a large number of defects that may be present in»the system(136,
148) . This is precisely the case in the tunnel excavation process
in which all subsequent operations might be stalled due to hold up

in any one of the preceding operations.

The probability plots of BDT for all the conditions are
presented in Figs. 5.16, 5.17 and 5.18 for good, fair and poor
job conditions respectively. These plots reveal an exceptionally
good fit of the data into Weibull distribution for all the condi-
tions, The need for statistical tests is, therefore, not felt due

to the good fit indicated by the probability plotting.

5.5 Probability Distribution for Advance Per Round (APR)
The advance achieved in different excavation cycles is a

function of both the controlled and uncontrolled factors. The

advance may be controlled by adoption of a predefined drilling
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depth and the control of actual drilling operation. The loading
of explosive charges in the various holes at the tunnel face may
also be controlled. However, the fragmentation characteristics of
the rocks will be governcd by.the jointing, dip‘and strike of rock
formations apart from the above mentioned controllable factors.

This may affect the actual advance under a given set of conditions.

The scrutiny of data (Figs. 5.19, 5.20 and 5.21) collec?ed
for tunnel under study reveals thét an advance of 2;44 m was
achieved for over 46% of the cycles and of 3.05 m for over 24% of
the cycles under good job condition. The actual advance achieved
under this job condition is shown in Table 5.4. Similar tables
for fair and poor job conditions are presented in Apwmendices IX
and X respectively. The relative frequency curves are shown in
‘Pigs, 5.19, 5.20 and 5.21 for good, fair and poor job conditions
respectively. The curves show that the data is unevenly scattered
for most cases and does not indicate a definite tfend for any known
probability distribution. This is further confirmed by plotting
the data on the probability papers for various distributions. Since
none of the plots sbowed a linear fit, it was decided not to use
the probability model for advance per round but to adopt a weighted
average value for the advance from the processed data for all the
cycles under each job and management condition. These weighted

values are shown in Table 5,.,5.
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CHAPTER 6

COMPUTER SIMULATION OF TUNNZIL EXCAVATION

6.1 General

Planning for tunnel construction is & complex exercise,
Due to the stochastic neture of this activity, the deterministic
conventional approach is inadeguate. TFunnelling involves grappl-
ing with uncerteinties at all stages and for such situations,
stochastic simulation offers the best solution. Specifically
simulation may be used where analytical solutions are impracti-
cable. Throuéh the use of simulation one may experiment on the

1
real system, i.e., the performance of real work may be imi;ated.

With the availability of computers, endless permutations and

ccmbinations can be experimentad with and aporopriate decisions

taken based on the results of these experiments. These experi-

ments have to be cerefully plennad and performed so as to

e

conceptualize the essence of the whole process and also to take

N T rm— e v

~intc account the effect of wvarious exogenous veriables and pare-
———— RS [

= N
meters on the performance of the system. The actual field
R ‘_——'——f .

performemce data chesen with the analyst's expericence and adop-

fdion of statistical methods and probebility functions for analy-
sis give an insight into the working of stochastic phenomenon

ike tunnelling.

Thers are two types of effects to be studied in simulation.
These are, the main effects and the interaction effects (101). In
the present study only the main effects (AWT and BDT) have been
studied and it is présumed that the effects of interactions.

(performance times for individual oparations) are taken care of

by these mein effects.
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6.2 Flow Chart for Simulation Experiments

The general outline for planning‘simulation éxpefiment
for tunnel excevation is given in the flow chart shown in Fig.
6.1. Out of the nine steps listed in the figure, the first
three have been discussed in the preceding chapters of this
study. The remeining six steps are evaluated and discussed in

this chapter.

6.3 Estimation of Parameters of Probability Distributions
Statistical analyses of cycle time data has revealed
that the log-normal distribution is the best fit for AWT and
Weibull distribution for BDT (Fig. 5.10 to Fig. 5.12 and Fig:
5.16 to Fig. 5.18). The gencration of values for these compo-
nents of the cycle time raguires the estimétion of parametecrs:

of these distributions. This is discussed here.

6.3.1 Estimation of parameters for log-normal distribution
The variate of interest in this casc is the actual work-
ing time in hours. If it is designated as x and its logarithm

(tc base e) has a density function f(y) given by

-~

.27

£(y) = ! exp| (-1/2) Z;fx:} j“ soe (6.1)

6 [2n

Y

-»< y <

where log x = y, and x 2 0, then x follows the log-normal

distribution,

6‘2
The parameters, Hy and y

variance of y in Eg.6.1.

correspond to the mean and
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The axpected value (EX) and the variance (VX) of the log-
mormally distributed variate x are given by the following

relations.

1. o 2 .
DC =expi>l-4y +‘°"‘2L , LA (602)
» 1 20 2
VX = eXpL‘2H +-dy 1 exp (GY ) - 1

Since the wvaluaes of EX and VX, are known from the observed data,

2 )
Hy and 5& can be expressed in terms of BEX and VX and evaluated,

From Eg.6.3
VX 2
—=—_ =exp (F,7) -1 ces (6.4)
(£x) 2 i
exp ( GYZ) = i1
(8x)
2 VX
(o3 == log{.*‘- +—l} , ceo (6.5)
y (=02
From m. 602,
g 2
log(ex) = HY +-~§*‘
. T VX
_(EX) . .

The values of 6y22nui HY can be computed using Eg. 6.5

end Eg. 6.6 regpectively knowing the values c¢f EX and VX.

The parametric estimetes for log-normal distribution for

all the nine cells of job and managément matrix are given in

Table 6.1.
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TABLS

PRI S

6.1 .
| wad 6 e
Caaeemb

ESTIMATES OF PARAMETERS OF LOG-NORMAL DISTRIBUTION FOR'‘AweS& N HOURS

Vs

Management condition
Good Fair Poor
14.683 2.880 18,917 4,448 22.006 6.009
Good ’
2.680 0.1152 2.934 0.1111 3.085 0.1111
- 11,777 6.117 18.605 8.192 24,756 12,454
Job Fair ' i
condition 2.545 0.2077 2.912 0.1529 3.199 (0.1418
17.260 7.035 19,995  9.025 28,049 17,938
Poor '
2.837 0.1528 2.984 0.1494 3.323 0.1501
INDEX
EXA STDX i) EXA is mean of AWT,
ii) STDX is standard deviation of AWT,
| BY STDY iii) &Y is mean of log (AWT), and
iv) STDY is standard deviation of log (AWT)
6.3.2 ‘Estimation of parameters for Weibull distribution

The breakdown time in hours is the variate under study here

which is derivable from Weibull distribution function. Weibull's

distribution is an extension of exponential distribution. Its
density function f(x) is given as,
C—l.l C \
_c X=a _(x-a
f(x) = = !j(—g—) | exp [ (-5—0 } cee (6.7)
and the cumulative density function F(x) is given as .
F(x) = l-exp {j-(§§§00] ... (6.8)

b >0 and ¢ > 0.

for x > a, a 2o,
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Hera a is the location parameter which is zero for BDT 51n¢e the
origin for the den81ty function of BDT is taken at zero. Thus,
only two merameters are left for evaluation. These are : the
scale parameter (b), and the shape varameter (c). If c is equal
to unity, Z=Zqg. 6.7-becomes identical to the densiég function for
an expénential distribution. If ¢ 2 1, the distribution is bell
shaped and if ¢ < 1 it is J-shaped like the exponential. The

expected value (EX) and variance (VX) for Weibull density function

£(x) are given by the following expressions.

EX:bTﬁ(}:—Jrl) | .. (6.9)
VX = b2 l ((2?+ 1) - (8X)° ‘ ... (6.10)

From Eg. 6.9 and BEg. 6.10, b and ¢ may be expressed in terms of

EX and VX and may be evaluated as follows :

EX :
b=._.(_.1.__3. : eee (6.11)

VX ZCP) |
(2x)2 LT“F |

Eg. 6.11 and Egq. 6.12 involve evaluation of Gamma function whose

(6.12)

values may be taken from the tables (94) and used in Zq. 6.12.
This eguation. may be satisfied for a given accuracy_(O;S% in this
case) to yield a value for ¢, and then b can be evaluated from Eq.
6.11. The values of b and ¢ for this study have been determined

by a computer program (Apvendix - XI) and are given in Table 6.2.
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TABLE 6.2

RSTIMATES OF PARAMETZRS OF WEIBULL DISTRIBUTION FOR BDT IN HOURS

Managemant condition
Good Fair Poor
1.924 11,228 2.932 35,015 4,746 89,830
Good
1.2916 0,6046] 1.6688 00,5390 2.7353 0.5433
3.099 70.124 2.805 64.365 3.853 54.169
Job Fair .
ondition 1.185 0.4396{ 0.9818 '0.4237] 2.339 0.5620
3.028 111.697 §10.147 385.500 {24.230 1335.,437
Poor
0.7605 0.3759| 6.0686 0,5565(18.651 0.6816
INDEX
EXB VX i) EXB is mean of BDT,
ii) VX is veriance of BT,
b ot iii) b is scale parameter, and

iv) ¢ is shape parameter.

6.4 Evaluation of the Model

This step of simulation represents the first stage of testing
the simulation model prior to actual computer runs (Fig.6.1). Initial
value judgement concerning the adeguacy of the model is made. The
operating characteristics in this model take the form of probability
distributions for which the tests of goodness of fit have been made
and suitable probability distributions satisfying the statistical
criteria have been identified. 1In this step the following aspects

of model study are taken care of :

i) Variables not pertinent to the study are not included.
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ii) All exogeﬁous variables which are likely to influence the
behaviour of endcgenous variables are included.

iiii} The functicnal relationships have been accurately formulated.
' This entails selection of the suitable probability distribu-~
tion functions satisfying the physical phenomenon under
study. :

iv) Estimation of parameters of cperating characteristics has
bean corre=ctly done. '

v) The endcgencus variables conform to the historical data or
production records on the basis of hand computations.
6.5 Computer Simulation Model
The computer program developed for simulation is given in
Appendix XII, The simulation of tunnel excavation activity
entails generation of AWT and BDT for each cycle along the entire
tunnel length. The values of AWI and BDT have been generated
using subroutines for this purpcose and random numbers for genera-
tien of the values have been adopted from the library function
available in DEC SYSTEM-20, as R = RAN(X), where R is the random
number between 0.0, 1.0, and X is any real integer number like
4, 5, eveess 36, 37 etc. The computer program has been developed
in FORTRAN language and is equipped with suitable switches for
availing options in the selection and use of a particular probabi-
lity distribution function for generating values of both AWT and

BDT.

6.5.1 Input data for simulation

The input to computer simulation model is in the form of
lengths to be excavated in each job condition and % of the length
failing in each management condition for that particular job
condition for Pandoh-Baggi Tunnel. The lengths for each job
condition are derived from the geological profile (Fig.4.2) and

the job classification (Table 4.5, and Appendices IIT and IV).
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These lengths for the three job ccnditions, viz., good, fair and
pcor have been found'tc be 9584 m, 791 m and 908 m respectively
tcotalling tc 11283 m. They cover the tunnel length excavated
between January, 1966 and December, 1973, except 123 m 1eng£h

which experizanced cavity formaticn.

The lengths excaveted during the year 1965 and 1974 were
not included for simulation since the initial pericd in 1965 was
used for arrangements, training and aceclimatisation; while in the
year 1974 attention pad been diverted to concrete lining of the
tunnel. However, the length for which simulation is dnne ceovers
85.7% cf tha total length of the tunnel (which .comes to 11283 m),
while the fizld data for analysis was available for 57.9% of the

tctal tunnel length (which came to 7625 m).

The field data covering lengths excavated in different job
and management conditions and the percentage of length and cumula-
tive % length in different management conditions for each job
condition are shown in Table 6.3. The cumulative % lengths under
different sets ¢f job which have been derived on the basis of
tunnel profile (Fig.4.2) and the classification system described
in Table 4.5, have been used as input data for simulation and

are shown in Table 6.4.

The values fcr parameters of log-normal and Weibull distri-
butions are input as shewn in Tables 6.1 and 6.2 respectively. The

advance per round has been input as shown in Table 5.5,
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PERCENTAGE LENGTHS EXCAVATED IN EACH JOB AND MANAGEMENT CONDITION
(Based on field data)

= -
Job Management| Length |Total length|% of total|Cumulative %
conditionjcondition |excava-iin job in job in each job
ted condition condition jcondition
(m) (m)
Good 1744 0.3121 0.3121
Good Fair 2693 5589 0.4818 0.7939
FPoor 1152 0.2061 1.0000
Good 526 0.3470 0.3470
Fair Fair 898 1516 0.5923 0.9393
Poor g2 n,0607 1.0000
Good 124" N.2385 0.2385
Poor . Fair 204 520 0.3923 . 0.6308
Poor 192 0.3692 11,0000
Total 7625
TABLE 6.4

CUMULATIVE LENGTHS AND

PERCENTAGES IN EACH JOB AND MANAGEMINT

JONDITION
Job Cumulative |Cumulative percentage length in management
condition length condition
(m) Good Fair Poor
Good 9584 0.3121 0.7939 1.000
Fair 10375 0.3470 0.9393 1.000
Poor 11283 0.2385 0.6308 1.000
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6.5.2 Generation of log-normal variates
The log-normal variate x to be generated may be found from

the ecguation of the standard normal variate z given as,

log X = K

Zz = 6 x e 00 (6013)
¥
or log X = My +0’y.z e o0 (6014)
and X = exp (“y 1—6}.2) ' see (6415)
B 1y

K

L -7
where 2 = == eee (6.16)

\/.ff.;

and ri.is the random number generated. The value of K is chosen
such that the computational efficiency is balanced against the
accuracy. LIf one chooses K equal to 12 there is a computatiohal

advantage since (K/12) becomes 1.

Thus, x is given by

12
X = eXp (Hy +C>'y(‘2 ri = 6-0)‘] se b (6017)

i=l 4

The subroutine for generating log-normally distributed variates

is given as follows:

SUBROUTINE LOGNOR (EY, STDY, AWT)
SUM=0.0 ' '
DO 1T=1,12

R = RAN(4)

1 SUM=SUM + R ,
AWD=2xP [ EY+STDY* (SUM-6.0) |
RETURN | )

END

Here R is the random number generated by the library function in

DEC SYSTEM~-20 Computer for generation of random numbers.
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6.5.3 Generation of Weibull variates
The variate x which follows the Weibull distribution may
be generated if we use the inverse transformation of the cumula-

tive density function of x which is given by Eg.6.8, that is,

c ' ‘
F(x) = 1-exp [— (E%é ] ... (6.18)

For BDT the scale parameter a is zero

it

» C
. . F(x) = 1-exp {—(%) ] ve. (6.19)

) _
or 1-F(x) = exp ‘—(%0 } eee (6420)

But 1-F(x) r where r is the random number such that 0< r<1

i

4 )l/c

. 8 x = b(-log r eee (6,21)

For generating BT the subroutine 1s given below :

SUBROUTINE WEIBUL (BEDT,CEDT, EDT)
R = RAN(6)

BDT = BEDT* (-ALOG(R)** (1,/CBDT) j
RETURN

END

Again, R is the random number generated by the library function.,

6.6 Job and Management Factors Based on Computer Simulation
Computer simulation model generates values of AWT and EDT
for each excavation cycle based on input parameters of statistical
distributions fo: a particular condition of job and management.
For the same condition the APR values for each cycle are adopted
as given in Table 5.5. Total cycle time (TCT) is computed as sum
Oof AWT and BDT for each cycle. APR and TCT are cumulatively added
until TCT adds upto total hours in a month which is 720. The

corresponding cumulative value for APR is the advance made during



109

the month. When the tunnel length under a particular set of job
- and management condition is completed, new set of data fbr the
next set of conditions is used for generating monthly advance
rates as discussed above. This is done for all the nine sets of
job and management conditions. The computer prints out values of
APR, AWT, BDT and TCT for each cycle and also their monthly

averages.

The average monthly advance rate is then computed for each
set of conditions and job and management factors computed as shown

in Takle 6.5,

TABLE 6.5

Lo JOB HIND MANAGEMENT FACTORS BASED ON SIMULATION RESULTS
(Based on ideal monthly progress of 140 m)

Job Management| Average ekpected Job and management factor
condition|condition | mecnthly advance - ~
(m) =olgd
. 140 .

1 2 3 4

Good L 1.8s O 0.80
Good Fair 87.2 0.62
Poor 64.1. 0.46
Good 78.2 0.56
Fair Fair 44,9 0.32
Poor 26.1 0.19
Good 39.2 0.28
Poor Fair 31.2 0.22

Poor 17.7 0.13
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CHAPTER 7

DISCUSSION OF RESULTS

7.0 This study is based on extensive field data which has
been statistically analysed and used to simulete the tunnel
excavation activity. The results of various aspedts of the

study are discussed in this chapter.

7.1 Development of a Clagsification System
7.1.1 Job classification

| The first finding of this study is that the job conditions
for tunnelling may be grouped into three categories as against
five or mére-suggested by various iﬁvestigators for the purpose
of providing rock suppcrts. Moreover, this categorization may be
done on the basis of the knowledge of six simple parameters (Table
4.1). All these parameters can be known from the in?estigations
which are normally carried cut before planning for construction
of the prcject. Thus the job classification can be done in
a8dvance of the actual planning and construction. This will result
iﬁ precise estimaticn of total time for tunnel excavation in the
planning stage, since tunnel advance rates in different rock
formaticns falling in different sets of job conditions can be

computad con the basis of this study.

It has besen observed that the type of rock along with the
jointing pattern plays the most significant role in tunnelling
and affects job classification. While the phylites were found
by the author to be generally a good tunnelling media on most
Indian projects, talc schists were found to be poor. Further,
the formaticn of cavities can not be ruled out even in good job

conditions and this predicticn at the investigation stage is
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-

difficult. Therefore, the prediction of tunnel advance rate
either by computer or with manual computation can not be done for

this exceptional job condition.

According to this classification system 74% of the total
length of Pandoh-Baggi tunnel passed through good, 17% through
fair and 8% through poor job conditions, The remaining 1% length

involved cavity formations,

The comparison of job conditions as predicted by the
proposed classification to that adopted by project geclogist is

shown in Table 7.1,

TABIE 7.1

COMPARISON OF GEOLOGIST'S AND AUTHOR'S CLASSIFICATION SYSTEMS
(percentages of total tunnel length)

K Rock category*
Baegs Good Fair Poor

Pre-construction (1964) forecast

by geologist (77) 35 51 14
Post-construction (1974) _
observations by geologist (77) 69 22 9
Author's classification based on

pre-construction forecast(Table 4.1) 74 17 9

*The geologist had named his three rock categories as good to
satisfactory, satisfactory to fair and fair to poor.

Table 7.1 clearly shows that the classification as developed
in this study (Table 4.1) agrees well with the actual ground condi-

tions as observed by the geologist.
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7.1.2 Management classification

The deviation in tunnelling progress from month to month
in the same job. condition ;s a pointer to the.management to gauge
its own effectiveness. The causes for fair or poor management may
be easily identified from the study of rating parameters in Table
4,3, It is significant to note that there is a very close inter-
relationship among and interdependence of various parameters., The
improvements in some of the items would automatically improve
conditions in certain other allied activities. For examble,_the
training of drilling and blasting crew will help to reduce over-
break and avoid any need for secondary blasting in addition.to
saving of.some time in the performance of these operations.
Similarly the training of mechanics and operators will help in
-reducing the breakdowns in addition to improved productivity from

equipment,

The points of inflexion on the cumulative relative frequency
curves for equivalent monthly progress (Figs.4.3 to 4.5) were
considered to indicate the changes in management conditions. This
fact was confirmed from the study of the values of actual working
time which were listed in different class intervals for each
month, while the months themselves were arranged in the aﬁscending
order of their effective monthly progress values, The values of
AWT for those months which fell in a different management condi—
tion as indicated by the point of inflexion principle showed a
distinctly different trend having peak frequency for different
values of actual working time than that for the previous manage-

ment condition.
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The development of parameter ratings is an iterative
process. The values proposed here may need slight modifications

when the sample size for data to compute these values is larger,

7.1.3 Job and manégement factors based on field data

Job and management factors based on field data Weré éomputed
using an achievable production of 140 m per month under good job
and good management condition as the reference. These values are

tabulated in Table 4.10.

7.2 Ascertaining Distribution Patterns for Cycle Time
7.2.1 Statistical analysis

Ih order to simulate the tunnel excavation activity, the
input statistical parameters t& the model are the advance per
round, and means and standard deviations of actual working time
and breakdown time. These values, as derived from the present

study are shown in Tables 7.2 and 7.3.

It is observed from Table 7.2 that under the good job
condition the mean advance per round does not vary significantly
for the three management conditions. It has wvaried significantly
under the fair and poor job conditions. It is felt that the
advance of 1,07 m for poor management under fair job ;ondition
is rather low. On the other hand the advance of 1.31 m for fair
and poor management under poor job condition is on the high side.
These values should be within the ranges suggested in Table 4.1,
The optimal advance for a particular job condition could, however,

be computed through optimisation analysis (18).

In general the advance should be so selected that either

a maximum total cycle time of 24 hours or of 16 hours is maintained.
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SUMMARY OF RESULTS OF STATISTICAL ANALYSIS FCR ACTUAL WORKING

TIME (AWT)
Job Management Average Actual working time (AWT)
condition|jcondition |advance Mean (X) Standard cov(%)
per round v g -5
(Table 5.5) (Table 6.1)|deviation(0) 2 2100
s (Table 6.1) || X
(m) (hrs.) (hrs.)
Good 2.58 14,68 2.88 19.62
Good Fair 2.61 18.92 4,45 23.51
Poor 2.42 22,01 6.01 27.31
Good 1.52 11.78 6.12 51.94
Fair Fair 1.38 18.61 8.19 44,01
Poor 1.07 24,76 12.45 50.28
Good 1.09 17.26 7.04 40.76
Poor Fair 1.31 19.99 9.03 45,14
Poor 1.31 28.05 17.94 63.95
TABLE 7.3
SUMMARY OF RESULTS OF STATISTICAIL ANALYSIS FOR BREAKDOWN TIME
' (BDT)
Job Management |Average Breakdown time (BDT)
condition |condition |advance —
per round Mean (X) Standard . COV(%)
(Table 5.5) |(Table 6.2)|deviation(v) 2 %100
(Table 6,2) ‘[y ]
(m) (hrs.) (hrs.) .
‘Good 2.58 1.92 3.35 174.48
Good FPair 2,61 2,93 5.92 202 .05
Poor 2.42 4,75 9.48 199.58
Good 1.52 3.10 8,37 270.00
Fair Fair 1.38 2.80 8.02 286.43
Poor 1,07 3.85 7 .36 191,17
Poor Fair 1.31 10.15 19.63 193,40
Poor 1.31 24,23 36.54 150.82
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This will instill confidence and urgency in the working crew to
control the.cycle time within the shift period and hence increase

the tunnelling rate.

The probability plots of actual working time on log-normal
probability paper show a linear fit thereby validating the assump-

tion of log-normal distribution applicable for actual working time,

Similarly, the probability plots of breakdown time aon.weibull
probability paper also show an exceptionally linear fit, The break-
down time, thus, follows the Weibull distribution as is well known

for such phenomenon (67,136).

7.2.2 Computer simulation

The excavation of Pandoh-Baggi tunnel was started in June,
11965 from Pahdoh heading and was completed in December, 1974. For
the purpose of present study the simulation has been carried out
for the period from Januvary, 1966 to December 1973. The initial
few months of the year 1965 which were used in training and accli-
mocization, and the vear 1974 when attention had been diverted to
concrete lining, were not considered for this simulation. 1In
addition, the cavity reaches (exceptional job conditions) were also
not considered for analysis and simulation as these did not involve
cyclic operations. The simulation has been éarried out to compute
calender time of excavation. The Holidays falling during the
construction period have, therefore, to be separately considered.
Percentage lengths for each job condition and under different
management conditions were computed for months identified by
points of inflexion in Pigs. 4.3 to 4.83. The lengths(}h each job

-~

condition were derived on the basis of job classification (Table

. f
4.1). The results of simulation indicated a variatién of only
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- 4,68% with the actual construction period as sﬁown below :

1) Total calendar construction period from January, 1965 to
December, 1973 for both Pandoh and Baggi headings taken

together is 192 months.

2) Period lost in tackling cavity portions for both the

headings is 13 months.

3) Period lost due to holidays for both the headings @ 15 days/
year/heading is 8 months. Thus, the calendar period |

actually spent in excavation is 171 months (192-13-8 = 171).

4) + Period indicated by computer simulation is 163 months.
1.0 . : 171-163 .
5) Deviation in completion time comes to =—=7— x 100 =4 .68%.

This shows that probability distributions for AWT and BDT and
proposed job classification system are excellent representation

of actual tunnelling activity.

7.3 Comparison of Values Derived from Field Data and from
Simulation Data

A comparison of values of job and management factors derived
from field data and those derived on simulated data is shown in
Table 7.4, It is found that the two sets of factors compare well

with each other.

The factors based on simulation results are oniy marginally
higher than those obtained from real data. The difference is not

significant since the probability distributions selected for AWT

and BDT inherently account for these variations. All values of
factors based on simulated data except one of them are either

greater than or equal to the counterpart obtained from analysis
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of field data. It is felt that the factors should be given in
range of values rather than single values in view of the non-
uniformity of chditions even within the same job and management
condition. The recommended values of the factor ranges are also
shown in Table 7.4. The range covers the values in the two sets

of factors and is,in itself, quite narrow. If prudently used,

these values could provide a good guide to a planner in his
estimation of rates of achievable progress on a tunnelling

project.
TABLE 7.4

COMPARISON OF JOB AND MANAGEMENT FACTORS EVOLVED FROM FIELD DATA
AND SIMULATION RESULTS

Job Management Job and management | Factor range

condition condition factors based on recommended for
g | oy B 3

E}?ld7datafsimula:10Q)~use on projects

Good 0.78 0.80 0.76 - 0,81

Good Fair 0.60 0.62 0:58 -~ 0,63

Poor 0.44 & 0.46 0.42 ~ 0.47

Good 0.53 0.56 0.53 ~ 0.58

Fair Fair 0.32 0.32 0.30 - 0,35

’ Poor 0.18 0.19 0.16 - 0.21

Poor 0.13 0.13 0.10 - 0.15
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CHAPTER 8

CONCLUSIONS AND RECOMMENDATIONS

This study is based on large volume of field data collected
from several Indian tunnelling projects. Extensive use was made
of data collected for Pandoh-Baggi tunnel of Beas-Sutlej Link

project and successful computer simulation was also done.

8.1 Conclusions
The conclusions presented below will generally apply to all

tunnels using conventional drill and blast method with full face

excavation.,.

The job and management classification of tunnelling condi-

tions indicates that

.0

iy All tunnelling conditions are adequately represented by
the proposed job classification system (Table 4.1).

ii) The quantification of factors affecting the quality of
management (Table 4.3) gives an insight into the whole
process of tunnelling. It could provide a handy tool
for control of wvarious operations during actual
construction.,.

iii) The points of inflexion on the cumulative relative
frequency curves of equivalent monthly progress (Figs,
4,3 to 4.5) appear to provide basis for significant
chenges in management conditions. Alternatively, the
management conditions may be evaluated from Table 4.3
which gives numerical ratings for various parameters,

It has also been established in this study that the behavi-
our of prominent components in the tunnelling cycle is statisti-
cally well defined for all tunnelling situations. The analysis

of Cyclé time data revealed that :

i) The data for actual working time (AWT) and break-down
time (BDT) which are two components of the total cycle
time conforms to log-normal and Weibull probability
distributions respectively, for all sets of job and

management conditions;
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ii) The testing for distributional assumptions has been
done by probability plotting method which has been
found to be quick and reliable;

iii) The statistical parameters for actual working time(AWT)
are its mean (EXA)and its standard deviation (STDX)
and the mean (EY) and the standard deviation (STDY) of
its logarithmic values. Similarly, the statistical para-
meters for break down time (BDT) are its mean (EXB),
variance (VX), scale parameter (b) and the shape para-
meter (c) . These eight parameters for all the nine job
and management conditions have been evaluated from the
field data (Tables 6.1 and 6.2)7

iv) The data for advance per round (APR) did not fit into
any of the known probability distributions. Therefore,
the weighted average values have been adopted for each
job and management condition which are realistic. The
best advance rate for any job condition could be eva-
luated through optimisation;

v) The methodology of simulation as used for the study is
proved adequate due to the similarity of values of job
and management factors as obtained from field data and
as obtained' from simulated data;

vi) In view of the validity provided by the field data on
production actually achieved, the range of values
proposed for job and management factors appear to be
reasonable and could be used in planning a tunnelling
job.

8.2 Recommendations for Further Work
The study has exposed other problem areas where further
investigations seem to be indicated. These are listed below under

two distinct headings.

8.2.1 Collection of data

i) The present state of recording of data on projects is
unsatisfactory. Accuracy and proper detailing of the
field data in its recording are highly important. A
format for recording cycle time data has been suggested
in Appendix I.

ii) The upkeep of data and its availability after a project
is completed is not assured on most projects at present,
This aspect needs attention of construction managers.,

iii) Geological information during construction needs to be
compared and correlated with pre-construction informa-
tion on all major projects.
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Data files for tunnel construction should be créated
on computer peripherals. ‘

8.2.2 Analysis of data

i)

ii)

iii)

iv)

V)

Statistical analysis of time of each principal opera
tion in the tunnelling cycle should be made so that

the model could be improved.

The ecffect of improving management quality in each job
condition should be separately evaluated.

A serious study of breakdown time patterns should be
made to assess the effect of different types of break-
downs on production rates, ,

Analysis for different advance rates per round may be
made .

Management parameters as adopted in the study have
sub jective overtones and could perhaps be improved
with greater expert opinion.
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COMPUTSR PROGRAM FOR COMPUTATION OF
W2I BULL DISTRIBUTION PARAMET IRS

COMPUTATION OF WEIRULL DISTRIBUTIOR PARALETERS
OPEN(UNIT=1,FILE='RESL,DAT') '
PRINT 61
61 FORMAT(8X,'EX',8X,'VX',9X,'B',9%,'C")
60 READ(1,1) EX,VX
1 FORYAT(2F10,5)
PRIIT 1,EX,VX
1wCOuT=0,0
C=0,5
ADNC=0U.5
CALL RESDUE(EX,VX,C,RESL)
IF(ApS(RES1)=-0,001)3,3,102
102 1I1IF(RES1)2,3,4
2 C=C+ADC
CALIL, RESDPUE(EX,VX,C,RES31)
IF(ABS(RES1)-0.001)3,3,90
90 IF(RES1)2,3,5
5 Ci=C
C2=C1l=ADC
6 C=(C1+C2)/2,
CALL RESDHE(EX,VX,C,RES1)
IF(ABS(RESL)=0,001)3,3,9
. IF(ReS1)7,3,8
7 C2=C
GO TO 6
8 Ci=C
GO TN 6
CONPINUE
22 C=C+ADC
CALL RESOQDUE(EX,VX,C,RES1)
IF(ABS(RES1)=0.,001)3,3,101
101 IF(RES1)55,3,22
55 Ci1=¢C
C2=C~ADC
66 C=(C1+C2)/2,
CALIL, RESDUE(EX,VX,C,RES1)



ti

c

99

17

86

1000

100

IF(ABS(RES1)-0.0011)3,3,99
IF(RES1)77,3,86

Ci=C

GO TO 66

c2=C

GO TN 66

COt,IhuKE

FORNAT(5X, 'NCONT='15, 'RES1=",E14,6)
Z2=1,/C

CALL GAMA(Z,RES)

AL=RES

B=(C*EX) /Al

PRINT 100,EX,VX,B,C

TYPE 100,EX,VX,B,C

GO TO 60

FORMAT(4F10,5)
CLOSF(UNIT=1)

STOP

ElD

SURROUTINE RESDUE(EX,VX,C,RES1)
Z=1,/C

CALI, GAMA(Z,RES)

AL=RES

7=2,/C

CALY, GAMA(Z,RES)

A2=RES

RES1=1,+VX/EX*¥%2~2 %¥C*¥AZ2/(A1*A1)
PRIWT1,RES1,C
FORKAT(2F10.5)

RETURN

END

SUbROUTIJE GAMA(Z,RES)
IF(Z.LE.1,0E=02)Z=1.,0E~02
FORMAT(5X,'Z="',F13,7/)
PRINT 2,2

DINENSION CZ(16)

152



11

13

Cz(1)=1,0
C72(2)=0,57721566
CZ(3)==0,655H7807
C7(4)==0,04200263
CZ2(5)=0,16653861
CZ(6)==0,04219773
CZ(7)==~0.00962197
CZ(8)=0,00721894
C7Z(9)==0,00116516
CZ(10)==0.00021524
CZ2(11)=0,00012805
CZ2(12)==0,00002013
C7(13)==0,0060000125
C7(14)=0,00000113
CZ(15)==0,00000020
CZ2(16)=06,00000001
PI=3,1415926
IF(Z=1.)10,10,11
SUnr=0,0

DO 8 I=1,16
SUF=SUN+CZ(T)*Z*%]
RES=1./SUM

GO TO 13
GRRZ*FZXEXP(=7) %5QRT (2, %P1/2)
GTI=1,/012.%2)+1,/(288,%7.%Z)
GT2=139,/(51840 ,*¥Z¥7%%2)+571 ./ (2488320 %2%Z*2%7)
GT=1.+GT1~GT2
RES=GB¥GT

COuTINUE

RETURM

END
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COMPUTER PROGRAM FOR S IMULATION OF
TUNNEL EXCAVATION

SINMULATYION OF TUwdlFL EXCAVATION
DIKEISIOr BA«T(4,4),CANT(4,4) ,EXn(4,4),AP0(4,4),PL(4),EY(4,4),
3K(4,&),STDX(4,4),BBDT(4,4),CHDT(4.4),AthP(4,4),STnY(4,4)
OPEA(UKYT=1,DEVICE="DSA!' ,FILE="'SIM ,DAT")
IF Suw=0 SURRQUTINE wEIRUIL 1S USED ¥R A1
IF + o =1 SURROUTINKE LNUR IS USED FOR AT
IF 'sh=i SUBROQUTINLE EXFoy IS USED FJIR BDT
IF . Sp=1 SUBRDUTIIE wEB3UL XIS JSEL FUR ALT
READ(1,4)NSW,NSB

PRINT 4,08%W,NSR

TYPF4,NSW, 1SR

FORLAT(212)

KK=4

h=1,

DIST=0,0G

DISTZ=0,0

AVAWT=0,0

AVEDT=0,.,0

AK=0,0

TLrE=(,C

JC=NUIRRER OF JOB CUNDITILRS

LC=1UMBER OF MANAGEMEST CusDITIONS
DSTH=0,0

TTZ=0,0

READ(1,4)JC,C

PRINT 114,3C,nC

TYPE4,JC,rC .
KRFAD(L,2)CCRY (T, J),T=0,1C) ,u=1,JC)
TYPE112,((Y(L,d),I=1,1C),u=1,uC)
READCL,2) C(STPY(I,J),1=1,7C),\d=1,uC)
TYFELL13,C(STLY(T,d),I=1, C),J=1,0C)
FOKFAT(215)

READCL,2) C(BANT(X,J),1=1,1C),d=1,4C)

TYPE 114, ((BAYT(I,J), =1,.C),Jd=1,uC)
READCL,2)C(CAT(T,0),1I=1,+C),d=s1,ul!)

TYPE 115, ((CanT(T,J),I=1,,:C),d=1,uC)



111
112
113
114
115
116
117
118
119
120

310

311

410

16
411

21
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READ(1,2)C(EXB(L,d),151,4C),Jd=1,J0)
1YPE 116, ((EXB(I,Jd),1=1,.C),J=1,4C)
READ(1,2) ((BRDT(L,J),1=1,18C),J=1,4C)
TYPE 118, ((BrOT(I,J),J=1,JC),1=1,4C)
READ(1,2)(CCHDT(I,J),I=1,¥C) ,J=1,dC)
TYPFE 119, ((CRDT(T,J),J=1,1C),T=1,iC)
RFAD(1,2) CCAPD(I,J),I=1,1C),d=1,4C)
TYPFR11T, (CAPULCI,J),I=1,:.0),d=1,JdC)
READCL,2)CCARTLRPCL,d),1I=1, C),u=l,uC)
PYPE 120, CCASTLP(I,Jd),1=1,.C),J=1,.1C)

CFURMAT(9FR,S)

FOR®AT(S5X, 'JC="',15, C="',15/)
FORMAT(5X,'EY=',9F10,3/)

FORAAT(BX,'STDY="',9F10,3/)

FORYAT(5X, 'BART=",9F1L.5/)

FORMAT(SX, 'CAWT=" ,9F1u.5/)

FORMAT (5%, 'EXR=' ,9F10,3/)

FORMAT(5X, 'APO=!,9K10,3/)

FORIAT(SX, 'BaDT=",9F10.5/)

FORMATI5X, 'CaPT="!,9F13.5/)

FORAAT(SX, "Av TLP="',9F8,4/)

PRINT 311

DO 310J=1,0C
PRINT6,(EYC(L,J),1=1,tC),(STDY(L,J),T=1,0.C),C3A T(T,d),1=1, iC), (CANT
1T(1,9),1=1,+C)

FORBAT(4(3F9.5,5X)//)

FORAATOL2X, 'EY ! ,30X,'STDY !, 30X, 'dA I T',3C%X,'CALy'/)

PRTI'T alil

DO 410Jd=1,uC

PRIMNT 16, (RbDTCI,J),151,,C),(ChDCCr,d),I=1,. C), (rpXn(),a),I=),¢C
1),(APGCL,0),1=1,..C)

FORNMAT(4(3K9.5,5X)//)

FORMAT(L12X, "BRDT',30X,'CADT ', 3uX, "KX3',3uk, 4P /)

PRINT2, ((AHTLE(I, "), 1=1,.C),0=1,JC)

=4
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READ(1,3)E7",17,(PL(L),I=1,3),1]

TYPES,ET,1 2, (PL(I),I=1,3),11

PRINTS,ET,nZ, (PL(I),1=1,3)
3 FORMAT(F10.,4,15,3F10,.4,15)

FOR:‘AY(SX,F10.4,15,3FL0.4,15)
31 IF (i8S obile D)CALL WEIRUL(BALT (i, 12) ,Cr 7 (Wl ywd) panTLP Gy 2) k0, KK)

IF(iSkerthel)CALL LAORCEY (N, dZ) ,STOY( ,07) ,ALT ,KK)

IF (. SBeEw,")CALL EXPoT(EXB(#,8Z) ,bBDT,KK)

JF(SR.E.1) CALL YEBUL(BBDT(4,42),CruT (!, 2),0Dr,KK)

AVALTSAVARTHAAT

AV3DT=AVBDT+BDT

AK=AK+1,

TCT=AwT+BDT

TINFE=TIAC+ICT

DIST=DIST+APU(N,IZ)

GO TO 100

GO Tu(10,20,30),i

PRINT 13
13 FORMAT (10X, 'APOY 11X, MG, 14X, 'aF ' 11X, "R, 6X,'20 K J0',4X,"'Z2 lor

ATINE',6X, 'REAARKS!)
15 PRINT 40,APC(M,8Z),A4T,BNT,TCT, N7

TYPE 40,APGCI",8Z) ,AWT,3DT,TCT,itZ
40 FORMAT(2F13,2,'+',F6,2,'=',F6.2,17X,113)

GO TOL 1uov
20 PRINT 57,APO(N,HZ) ,AuT,HDT, PCT, A%

TYPE 50, APG(N,i2) ,AnT,BLT,TCT,1.2
50  FOPMAT(F13.2,13X,F13,2,'+',F6.2,'=',+6,2,5%X,112)

GO TO 100
30 PRI«T 60,AP0QCI,NZ),AdT,BDT,TCT, 2

TYPF 60 ,APO(N,#7) ,A6T,BOT,TCT,t 2
60 FURFAT(F13,2,26X,F13,2,'+',F6.2,'3',F6,2,14)
100 DD=D*¥720,

IF(TIME=UNR)22,130,13¢
130 DST*=DIST=DSTI

PIT =TI AkL=TII*

AVIP=T1../AK



131

22
110

210

211

32

140

157

AVAuLT=AVAET/AK -
AVEDT=AVBDT/LK

AK=0,0

D=P+1.

PRI+T 131,DSCi ,AVT!",AVASNT ,AVREDY

TYPF 131 ,DSTs ,AVTa,AVANT,AVKDT

AVar "=0,0

AVEDT=T,0

LSTI=NIST

TIF=TI"E

FORVAT(/28X, 'PROGRESS FOR .0, Th="' ,KT7,2//728X, 'AV,CYCLe 91, F PFHR
1TH=' ,F7,2//28X, ' AV MONTHLY AvT=',F15,2//28x,'AV. D TaLY nuis!?
15.,2//71%X,120('=')/)

IF(DIST-ETI211,110,110

TTZ=TI'E=TTZ

DISTZ=0IST~DISTZ

PRYLT 210,DI8TZ,TT7,TIKE

TYPF 214,DISTZ,ITZ,TINE

TTZ=TINE

DISTZ=DIST

FOR»ATCISBX, "200E DIST=",F7.1/35X,'20"E LLma=' , b 7,1/35%, " ' vutal
1=',Fh.1)

IF(IT.EQ,0) GU TU 21

CLUST(UsIT=1)

STnp

XX=(DISTP=NnIST2)/(ET=DISTZ)

IF(XX=PL(H))31,32,32

PRINT 149,PL(M),DISTZ,TTZ

TYPF 140,PL(*),D1STZ,T12

FORPAT (20X, "PLIN)=" ,15,4,5X,'DISTZ=" ,FT7,1,9X,'TT2=",F7,1)
H=t 41

GO TO 31

E/D

SURROUTIMNE WEIBUL (BAWT,CA+T,AwILP,AT,KK)

RLO=RAYN (KK)

KK=Kn+1

R

PR |

11

M



IF (KK, GE,55)KK=4

AsT=BA*T *(=ALOG(R10))I*¥¥(1./CAYT J+ALTLY?

RETURN

END

SURRNUTINY EXPNT(EXB ,RDT,KK)
RA=RA.. (5)

KK=Kh+1

IF (KR ,GE.55)KK=4
BDT=~EXRA*¥ALOG(RA)

HETURY

IRy -
SURKROUTEINE §LIOR(EY,STDY,AWT,&KK)
SUi=0,.0

DC 51I=1,12

R=ERA (KK)

SU#=SUX+R

KK=KK+1

IF(KK,GE.55) k=4
ALT=EXP(EY+STDY* (SUM=6,0))
RETHk

(LN

SURRNUTINI “EBUL(BRDT,CBDT,BLT, K<)

R=RAYM(KK)

KK=RK<+1

IF(KK,GE,53)KK=4
BDY=BBOT¥(=ALOG(R))*¥(1,/CHOT)
RETUKP

]

D
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