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ABSTRACT

The thesis concerns the rescarch into the development and application
of empirical guidelines regarding the capability of site investigation to
define uncertainty in ground conditions and hence to minimise contract
cost, The data has been abstracted from the documents of contracts on
the Northumbrian Water Authority's Tyneside Sewerage Scheme and, to allow
cost comparisons to be made, a system of index-linking costs has been

used, which removes their time-dependency.

A sinplified theoretical approach, bazsed on probability theory and
decision analysis, has becn included to model the situation of decision
under uncertainty and comparisons are subsequently made between this
approach and the empirical results. Conclusions are reached regarding the
possiblé reduction in risk, financial uncertainty, with increasing site

investigation,




ACKNOWLEDGEMENTS

This thesis wouid not have been possible without the assistance
of members of the stafl of the Northumbrian Water Authority,
- particularly Central Site Office staff, who aided me in obtaining
records and accounts for the various contracts. I would also like
to give special thanks to my supervisor, Professor P,B.Attewell whose
direction and drive played a crucial part in the production of this

thesis,



To Ililary:

who makes all things possible,



CHAPTER

CONTENTS

Acknowledgements

Abstract

Symbols List

1

2

Introduction

Theoxry

Methodology

Impirical Results

Contractual Procedure

Comparison of Theory with Empirical Results
Future Developments

Conclusions

References

Page

18

31

60
75
78

80



SYMBOLS TESE

a

()

H(8)

h(€)

m

"

m

m(g )

action
action under no investigation

action which maximises the value
of terminal utilicty

action which maximises the
decision under prior knowledge

cost of sampling
Expected value
investigations (type)

no investigations

known function of 3

correlated random field
unknown property

unit cost of error

unit cost of overestimation
unit cost of underestimation
unit cost of investigation

unit terminal loss constant

Universal Loss function

Terminal loss function

mean of additional tests
mean of original tegts
resultant mcan

mean value of ©




P(B) -

P'(o)

P(x]@~

Pn (e)_

number of tests
prior numher of tests
posterior number of tests

optimum number of tests

Probability distribution of g
Prior probability distribution of ©
likelihood of probability distribution of ©

Posterior probability distribution of @
Regression coefficients
gample variance

Universal utility function
Universal utility without action
terminal utility

utility of sampling

Universal utility with respect to included item(s)

Conditional value of included items

conditional value of terminal utility

investigation results

résults of prior investigations

auto correlation function

Variable defining ground conditions

Association of variables relating to ground conditions
Estimate of variable based on no information

Variable at value where choice of action immaterial
Population standard deviation

population variance

population mean

independent residuals random ficld

product of the probabilities



CHAPTER 1

INTRODUCTION




CHAPTER 1

INTRODUCT ION

Many advances have been made in the tunnelling industry in the
technical areas of constructing more efficient machinery and support
methods. However,these improvements have not brought with them a
commensurate improvement in the prediction of costs and it is still
common practice to design for a Worst-case' rather than an optimum
design. Why is it that the prevailling attitude is that tunnelling
is an 'art' rather than a science, sometimes with a greater faith
in intuition than in information?

The main obstruction to a change in attitude is the relatively
large area of uncertainty ,in financial terms,'risk', that is inherent
ir: tunnel contracts. The major element of uncertainty is the
variability of ground conditions, even though information about it
is provided by site investigations. The need for improvement in
site investigation is appreciated by all sides of the civil €ngineering
industry, as demonstrated hy a recent seminar in London (QUARRELL,1979).
To see how and where site investigation could be improved, a basic
understanding is required of how it affects contract cost. The
production of data for developing empirical relations is one of the
prime aims of this research.

The original approach of this research into the cost effectiveness
of site investigation in tunnels was theorctical, using probabilistic
theory, especially Bayeésian inference, to set up a framework whereby
information can be updated, thus modelling the cumulative effect of

site investigation, A detailed study can be found in (ATTEWELL,

CRIPPS and WOODMAN, 1978), but a strai:htforward version has been



file:///vorst-case'

included in the following chapter, In a desire for brevity, several
simplifying assumptions have been taken, The reasoning behind these
assumptions, as well as their validity, has also been included, with
an extension ol the discussion in a later chapter,

With the theoretical framework developed, the resecarch could turn
to the prowlem of abstracting and isolating cost data prior to the
development of empirical relations between site investigation and
contract cost escalation, All the information used in this report has
been abstracted from the records of several contracts on the Northumbrian
Water Authority's Tyneside Sewerage Scheme, which includes 75 km of
interceptor sewer and involves a total cost of the order of £100,000,000,
Farther information is provided by NORGﬁOVE and STAPLES (1976).

As no standardised form of abstracting information existed, the
early studies werc carried out with special thoroughness so that any
approximations made in the analysis of_later studies (and in the interests
of speed) could actually be quantified by extranolation from error bands
based on the early studies,

With the production of empirical cost data, the twin lines of
research could be brought together for comparison, It was apparent
that although a single, important risk factor, éite investigation had
been selected and isolated, the affects of all risk factors needed to
be considered, if only subjectively, for an overall view,

The introduction of these additional factors bring a concomitant
requirement for a contractual model, The contractual sct-up has been
well documentoed, and thus only a brief summary of the salient points
has been included in the thesis, The creation of a contractual model
generates a number ol problems which, although financially motivated,

arc rocted in the philosophy of the input of both the Contractor and



Client and affect the ultimate outcome. Such problem detail must be
considered outsidevthe boundary of the present rescarch, llowever, to
illustrate the contractor's estimation of rigk at tendering and to
comparc it with the contract cost escalation, an empirical estimation
has been introduced. The problems of risk analysis in construction
work are complex and, as with any statistical data, the larger the
sample, the more accurate will be any inferences, The research upon

which this thesis is based hopes to show that quantitive statements

can be made about the cost effectiveness of site investigation, provided

that sufficlent cost . data related to comparable engineering (contractual)

situations is available,
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CHAPTER 2

THEORY

The theory behind the problem of optimising site (sample)
information in the prevailing conditions of uncertaintiy can broadly
be split into four phases,

The first phase consists of defining the problems, the limits
of the investigation, and the alternative courses of action with
their relative outcomes, These outcomes will depend jointly on the
decisions taken and the uncertainty of the variables, Also included
within this phase is the comparison of the different outcomes, which
is usuallyderived on a cest/time basis, The alternative courses‘of
action are design decisions based on previous engineering experience,
which allows reasonable cost estimates. However, the uncertainty in
the ground varijables, such as soil behaviour, requires some assumptions
to be made.

Soils have & heterogeneous character, which arises from the
random nature of the natural processes involved in their deposition,
Certain of these processes of formation have been stochastically
modelied (ALONSO and KRIZEK, 1975); {for example,sea waves influencing
the formation of beaches and hydrological variables,

The strength ofprobabilistic models is not that they provide
a firm optimum strategy, but that they give a range of possible
answers with associated probability levels. These multiple solutions can
allow the Engineer to use his critical judgement to reach an optimum
decision,

Previously two types of model have had widespread use toreflect un-

certainty in soil behaviour; 1) regression eguations with independent



residuals (BAECHER,1972); 2) a correlated random ficld ( VENEZ IANO
and FACCLOLIY975), The regression equation is usually presentwd in

h(g) = ) R.F(B) + V()
P51

where h(g) is the unknown property ,
£(9) is a known function
Ri are regression coefficients estimated from available data,
and Y(g) is an independent residual random field measuring the
local dispersion about an expected value, This residual error is
assumsd to be uncorrelated with any other residual error at a different
location..
The second alternative of the correlated random field H(ﬁ) leads
to a first order analysis, which has the advantage of being distribution-
free and utilises only the first two moments (mean and variance) and
correlation coefficients of the random variableé as méasures of uncertainty
and joint behaviour, The covariance gives an indication of the spatial
distances within which some degree of correlation might bhe expscted.
(The usual distances between points of soil reccnnaisance are larger
than the distances indicated by the covariance.)
Two advantages exist for considering the soil uncertainty using
this second method. The first is that the spatial correlation
function is continuous at zero, a property not shared by regression
models with independent residuals. Second, a completé knowledge

a priori (before sample) or a posteriori (after sampling) is an

unnecessary assumption with a sufficient description bheing given by
the first two moments,. Sufficiency is defined as containing all of

the information within the data to describe the field.



It is now desirable tc make the assumption that the soil under
consideration behaves homogeneously, -even though heterogeneity
is ihe expected condition, as the representation of a non-homogeneous
field is beyond the scope of everyday use of the Engineer, This
assumption is, however, in line with common site investigation
practice; for example, in the analygis of borehole data, the major
part of available S5.I. information, boundaries are defined
around regions of similar conditions,with single figures, ascettained
from field and laboratory tests, being ascribed to soil properties.
If the region is not homogeneous, then references are made to items,
such as inclusions or lenses, and subjective assessments are made
regarding their behaviour and the effect of their nresence on the
region as a whole, From a mathematical viewpoint, a field ig
homogen eous if it has a constant mean and an autocorrelation function
dependent solely on the spatial argument, that is

m(@) = /V* = constant

/3(,?1)91‘3 - P(gt’n@13

Thus far, the field has been considered as a random variable,
However, decision parameters are not usually affected by a single
variable, but by a series of independent variables forming a function,
All these variables (8 ) may be associated into a common set §e:§ or

) i e ig
© if vectorial notation is used.

In order to proceed, it is necessary to assign a form to the
continuous random variable (8), which is used to definc ground
conditions in a sampling situation.

Although sawpling in gite investigation provides a series of
discrete results, it is more convenient to consider it as a 'quosi

continuous' method and hence to assume that the random function is



continuous, Since information will beé required .concerning the
posterior probability density, the form of the prior probability
density should be such that it minimises the computational problems.
One such form is to assume that ground conditions can be
represented by a normal distribution: B
Plo) = meber exp| (o)
Jo2me® 26

where ! and 02 are the population mean and variance, respectively.

This assumpticon leads direclly on to the probabilistic phase,
where the Engineer requires a method of revising his current decision
based on information provided by aaditional sample information. A
ready-made (o0l 6 Basyesian Inference,is available, which allows the
combining of sample information with other information for subgequent
inference, This method has been used in business studies for some
time and fits neatly into the Engineer's desire to express, in
objective terms, a degree of belief.

In a verbal form, Bayes'Theorem states:

(Prior probability)(Likelihood)
Z( Prior probability)(Likelihood’

Posterior probability =
where Prior probability P'(8) is the probability that a state
of the world (8) exists,
and Likelihood P(xi6) is the probability that particular results
(x) would be obhtained from experiments (e, given the true

state of conditions was (0)

and (Prior probability)(J.ikelihood) is a normalising factor

Therefore, using prime and double prime to signify prior and
posteri or  probabilities, respectively, Bayes' Theorem can be

re-written in notational form as,

‘”{?'x Y P/ 5
P(o]x) = P(8) <;B>Z/(G)(‘)(xl‘8>



Returning momentarily to the use of a normal distribution to
specify ground conditions ,there are several advantages to the
approach, It has mathematical tractability; that is, it is
relatively easy to specify the posterior distribution, and the
likélihood function is also uniquely specified. The posterior
distribution is also a member of the same conjugate family that is normal
distribution, as the prior distribution, so that successive

applications of Bayes'

Theorem are not difficult. It is, therefore,
feasible to calculate cxpectation from the prior distribution.

So far, nothing has bheen dicfatéd about the prior distribution.
If a large amount of sample information is to be collated then the
posterior distribution will be weighted heavily towards it and‘will
be relatively insensitive to the prior distribution. In this case
the prior distribution can bhe said to represent an 'informationless'
state, As the amount of sample information decreases, the choice
of prior distribution plays an ever-increasing role. However, it
is likely that any prior distribution will be based on available
data whether they comnprise subjective old records or objective

preliminary tests, In order to indicate this reliance it is

necessary to re-define the parameters of the normal distribution

P(9> = exp | = (8 -Jéi)l

st Ay iy
ARo 20

tests have already been carried cut with

Assuming that n

. . 2 .
results (x') and a sawmple variance of 5 then the population

H

] 2
variance ( ¢ ) would be,

= 82 ard mean (m")
n

or the prior probability of (0),expressed as P'(0ix'), shows the

conditional nature of its density function through the ldentity,



P, 9 i> , - _J[EL,_ . gg _ l>1 !
( ,< ) J 27wS™ =Ty 25*

The likelihood of a distribution of a further (n) tests, given

results (x) is,
P(X 9} exp -(m—-932~
‘/2 T xk 28>

where m is the mean of (n) tests.

The posterior distribution P”(@Lx3>d is proportional to P'(8|x"')

and is therefore proportional to,

I

exp -1 ((Hm‘)i- + (n’m’>l ~+ (V!+n’) —"29(’m1 +Hm)f

;
.
!
a

‘

2.8* /g
. X ] "
o [t (b o+ () (0 ) ()
s J
where ‘ n" =n + n', or the sum of the results,
and m'" =n'm'+ n m, or the posterior mean.

1t

n

The posterior distribution (probability) is,

P”(G‘x ﬂ %:qﬂ CXP L g;lmi)l

This analysis indicates that it is possible for the Engineer to

make some probabilistic statements aboutl the results of any additional
testing. Eventually, he must make terminal decisions based on his
current state of information. However, initially he must decide
whether the additional sample/investigation is expected to be

useful enough to justify its cost, In order to take this decision
he must have estimated a utility or loss function for any possible

outcome,



The uaiversal utility (U) of an action sheuld he dependent
on the investigation (e), the results of the investigation (x),
the results of the action (a) and the state of the world (8).

If set notation is used, then U} = Ugé,x,a,{é Although it will

be shown later that there is a direct relation between utility and
loss functions, it is usual, when optimising sample size, to deal
with the loss function, of which three main forms are favoured,
The simplest is the linear loss function which is linear between
the result of action (a) and the state of the world (9), That is,
if a <6 then the loss is ku (6 - a) where ku is the unit cost of
underestimation, while if a>~96 then the loss i3 ko (a - 9) where
ko is the unit cost of overestimation, These constants (ku) and
(ko) can be adjusted to show the relative importance of under-
estimating or overestimating a decision.

An alternative is to assume that the costs of underestimation
and overestimation are equal (ku = ko = K) and that the loss is
proportional to the square of the error,that is proportional to
(a—e)z, The resultant loss function is called a quadratic los
function where the optimum action is the expected value of (8), that
is, its mean. Using the mean as a certainty-equivalent obviates
the need for a complete determination of the prior distribution,

A third formof Logs function is to assume that the loss is
proportional to the exponential of the error ,that is proportional to
exp [u - Lg which wouldimply that only a small saving would accrue
from overestimating, whereas there would bhe a large potential loss
from underestimating.

The expected utility of any action (a) given information ()

from experiment or investigation (e) dcpends on how accurately the
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conditions have heen predicted,

& U(“l;xn“} & Egix ) U(él'x'a'@>

1
¢

where E is defined as the cxpected value EVp U = U POl x) ao,
that is, the expected value ol U(e,x,a) is dependent on the postcrior

probability P"(81X),

Since the decision-maker has the choice of maximising his
expected utility, given experiment (e) and outcome (x), the expected
utility of this informatioﬁ E We,x) is equivalent to the expected
utility of any action (a) maximised for the action (a),

or, E U(gx) = max E U(@,X)&\)

However, the expected value of the experiments must be equivalent
to the probability of the outcomes (x) given experiments (e)

multiplied by the expected utility of the outcomes:

E U(e) 7 Epe- B V(&%)
= B .MQXQE U(e,x,a>

xbe

= B WA E” -U(Q»X'“’ﬁ>

Xie - a pix

The objective is thus to maximise the expected utility of the
experiment, This reasoning can equally well be expressed as a

branch of a decision tree;

Move No:~— 1 2 3 4 5]
Move By:- Decision Chance Decision Chance
Maker Maker
/ g v
~—— \( Ule,x,a,0)
S
Choice e X a o

Dependency - p(‘( I e > P”(g ! X)



12.

If the utility U(e,x,a,0) can be expressed 1in monetary terms,
then it can be represented as the sum of two parts: 1) the utility
related to the cost of perforuming the e%periment: u_(e,x), and
2) the utility related to cost of undertaking the action (a) given the
true state of the world (8), which is known as the terminal utility:

(a,9).

Therefore, U = ut(a,e) + uS(e,x).
. This simplification ignores non-monetary consequences, such as
disturbance,
It follows then that the expected utility of an experiment

E U(e) can be represented as the sum of part utilities:

E U(e) = E max E U

Xle Olx ° e
— A\
= ‘Exle ) Ww”xa EQIX . Lls(e,X) + ut(a.,@:i

Since, by definition, us(e,x) is independenf of (a) and (©),
this equation can be rewritten as,
X/
D= B fufesx) + ma 1
E Ule E .. ug(e,x) + max, le’u‘t—(ang
which could also he written as,
E Ue) = E.;g(e)-r E u (e,)
where u,s(e§ Exle 53 (G X)
and ut(e> = k . FGX [: .U (o\ 9)

il

xle

Estimation of the expected sampling utility, E us(e), is fairly
simple, since us(e,x) is usually either independent of the results (x)
or simply-related to them,

Computation of the expcctied terminal utility, T ut(e) is also
facilitated if it is a function scolely of the action (a) and the
state of the world (8), because, for a given (e,x), it will depend

on (e,x) only through the measure P'"(0ix ) and not through the utility
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function itself.

Before showing how this simplification can be used with
reference to specific utility functions, the concept of loss
tunction and value of information will be discussed,

If it is assumed that the state of the world (90) were known
and the terminal action (ao) could be chosen, then the utility may
hbe defined in these conditions as (UO). Consider, then, that there
is the choice of experiment (e) with results (x) and subséquent

choice of action (a). The definition of the loss of opportunity,

or loss function (L ),is given by
X

L= V-

X

where U = U for all a,.
o ,

<

If the sampling and terminal utilities are additive, then the loss
function can be similarly split.

Defini the cost of in c = - then = + Lo -
fining cos5 sampll g ( S) u_ th n, U < . ug = u c

The cost of no sampling is (e > = O
. ko) o ’
Thereiore, U = (C{
] & o) 90
Define the terminal loss function 1t(a’6) as
= \
| a9)=u(a@ - u(a J
‘ t( J ¢ o/ o_} & 169
Therefore, L = ((Q @) -4~ (Q »)
In written form, this result means that the loss function is the sum
of 1) the cost of investigating rather than choosing a terminal decision,
2) the cost of tﬁe opportunity of making the wrong decision after
the investigation has been conducted,
Since the loss function can be expressed as the sum of the terminal

Joss function and the sampling cost, so also can ithe expected loss

-
function, B L% ],
X
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o ElL) < Eltfa,8)] + Elelexd]|

Provided that it is accepted that the loss function can be
separated into two parts, the analysis of the expected loss
‘functions can sometimes facilitate the choosing of optimum sampling.
If it is trwe that experiments in (e) space can be ordered, such that
E[ut(en)] and E[?s(enﬂ aré functions of increasing (n) ,

then the objective becomes the maximisation of

E[U<e">] : E [ut(eh) - E [cs(enﬂ
or minimisation of £ LL (e,.,X] = k [Le(en)J + F [Csécn\)]’

If the optimum value of n is n*, then in certain instances n*
will be defined hy an equation, which has an egplicit solution or
can be solved using iterative processes, Usually, however, El:ut(en{l
and E [cs(en)] have to be evaluated at discrete points and plotted
against (n), |

Assume, then, that b [L(en')] = E [1t(en,i] + E [cs(en,)]
has pbeen computed for some value n' of n, Then the increase in

expected utility for n> n' is

Efue)] - efuer)] = E[(e)] - gL
- Jeluten)]- ELG] - [l o) - ERte,

Therefore, since E [1t(e]) ] must be non-negative,
’ 1

v Epte]- epes)] = E[tes)] fate.] - Efete

if the right-hand side of this equality is negative, then the

left-hand side would also be negative,




Thus, (n) cannot be optimal unless,

E GS(GHB -k Cs<€’> € E ((e’)
& n

Given the prior situation of (n') with associated investigation
cost and terminal loss function, the highest value of (n) which satisfies
the equality is an upper-bound on the sample size,

Assume that ut(aa, 8) > ut(a,e), for all a where ag is the
decision that maximises the terminal utility,

Assume also that E[ ut(a',6 ﬂ = L {Lu(a, @)J‘ , for all a,
where a' maximises the decision measuring pior probability.

Then, 1if (%D ) is an experiment capable of giving perfect
information, i1ts cost would be c (e ).

S (e8]

The net utility would be,

«© 6’ E (:5<:eoo
and the net utility of action without information (UO) would be,
U = -“—(a' ) _
° La’ o 0.
Theretore, (Uy - Uo) will be positive if,

E cle,) < ua,,0)~ ula)p).

Defining the conditional value of perfect information, Vt(emf 8), as,

Ve ew’i)) = th(aeag) - ué(a'l@)
its value prior to the action would be its expected value or the
expected value of perfect information (EVPI):

EVFI = E;.[%(e,Q)} = Eé,[uxt(ae,f)) ’ue(a;Q)] _
lHowever the expected terminal utilities of action without information
and with perfect information are, respectively,

i, (2] = &) ua,0)

t>©° e vy
and - £fu, (e,) *E;.ué(ag,ﬂ).
Theretore, EVP/ = 59’.[;/6(90-0,9)] = E.[vt(ew;] = £ ué_(ew)] ~E Ezé(eo)],
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The value of sample informaticn can be¢ approached in a similar
manner, If (a') is defined as the optimum action under prior
distribution, that is,

/
EE / - SR
L u (@ 9) “ max I ula 9)
[ > ) a g ¢ ) 1
if {(a ) is the optimum action under the posterior distribution
x I ¥

2

given results (x) from investigation (e),

- & al :
E"@IA" ut(a.x,&) = M&Xqulx‘ “t(ﬂ,&’)-

By choosing action (ax), the terminal utility is increased hy,
4 -/ ) i
E ooula,8)~E ula )= Viex)
Bix ¢ X) 0l x t ) ¢ .
where Vt(e,x) is the conditional value of sample information, which
is conditional on (x), or after (x) has been ascertained. However
the expected value of sample information (EVSI) can be ascertained

from, )
E e o) = Efv(e)] .

The expected utility of any investigation is the expected
utility of an action without information E» ut(eo)] plus the
cxpected value of that information E [Vt(ex)’

E[Ué(ex}] - E&(@D} + E[v ()] .

Similarly, the expectea net gain of samplé informa{ion (ENGS)
can be defined as,

ey = E[ ()] - El(ey] .

As stated previously, the terminal utility function can be
formulated in different ways, dependent, in a civil engineering
context, on the Engineer's concept of the problem, Assuming that
the primary objective is to maximise the expected information value,
the results can be shown graphically with D [V(enil plotted against

(n), where,

E[vte)] = E[een)] - E[ecen
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) +

In the simple case, where two actions are¢ possible, a, = (al,a2

the terminal utilitly is linear and the cost of sampling is linearly-
related to sample size, then it is feasible to assess the optimum
sample size,

Using the previocusly-utilised normal distribution, the prior

probability, P'(8|x), is proportional to Q’XF (9 - M )il and

Zz
- A
the likelihood, P(x|9), is proportional to £ D (Zgj!) j

<
The action set A = 3; a 61 §

and ut 9) .9 . (i = 1,2)
L
Defining the breakdown action as 8@ = S = 'é;; .’
mm—
£ = X,

with the terminal loss constant ! é
4
and a [ (1 >] -
| C L€ =
S h lé‘S’?

then the expected net gain F[V (e ):l'LS,

I
A~
!
A~

lr\/vﬂ = EV@) ‘—Eme)
*)/1L[D>

i

ca

* n' n'+n -

g - ’lél/'L
b = 6!: m !n

and LN(bg> = (9"b%§)F(9>G}9
D&

with LN(D*) being the standard density function which is computed

in statistical tables as the Unit Normal Linear Loss Integral.
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CHAPTER 3

MELHODOLOGY

The ultimate aim of this research is to assess whether any
empirical relations can be drawn between investigation results,
actual eonditions encountered and the engineering choices made,

If any relations are apparent, then it should be feasible to use
them to link practice with the detailed tunnelling cost models
produced from probabilistic or set theory,

The assessment of any empirical relations needs to be formulated
from detailed cost data and it was the acquisition of this data that
forms the basis of the present work, Data acquisition has comprised
the assimilation of the financial details of contracts let by the NWA
as part of the Tyneside Sewerage Scheme, This scheme, with an
estimated cost of £100 million, consists of replacing 180 major
sewers flowing into the River Tyne with a rationalised system of
75 km of interceptor sewer flowing on both banks to a centrally-
situated treatment works.*Sece Figure 1 for location of scheme and separate

. contracts.

The contracts were ,usually,3-5 km in length and their costs could
be split into two categories,. The first category dealt with costs
associated with the construction work, knpwn as Contract Costs, and
the second deall with the costs associated with the site investigation.
Within either of these categories costs could be further subdivided
into fairly discrete headings. For instance, under Site Investigation
Costs the main subheadings are Preliminary Site Investigation, Main

Site Investigation, Site Investigation Supervisory Costs and Costs

With preliminary treatment of west-east (from Gateshead) and east-west
(from S.Shields) flow at Jarrow for transfer in system to Howdon
treatment works and treatment of south bank east flow af either Dunston
or Derwent Haugh (not yet decided which) for direct transfer at
Scotswood into the north bank interceptor sewer.



L9,

NYId NOIWVOOT — 3WIHDS 3IOVH3IMIS 3AISINAL 16y

Gv3HsS3lvo
SHIOM
juswiE219.d
MmodIef

MOYBvr

|auun)  Jemesg

e
; cLO
voydig euhy | 819 91¢D
. ATLSVOMIN
8vO
621D 8610
8C1D vvD
SYHIOPA JusuiEedl] T ]
aBemag UCPMOM I T I T
S Hep wy g ' £ 4 I 0
S1oBJJUOD J3Y1Q momr
¢ D
0
— \ S]OBIJUOD JaMaS J0}da0Ia)u _@.Ulﬂ
_ 2pISaUA]-
v3s .
HLHON /moo v




20,

of Materials Testing and Geotechnical Tunvestigation duriung Construction.

Although most of the costis were accurately known, in certain
cases cost estimates needed to be derived, The usual methqd has been -
to try to use two or three different approaches to arrive at a figure
and then compare these figures to assess an average cost,

At the completion of the detailed study for the fourth contract
the method of data collection was reappraised to assess whether any
short cuts could reasonably be applied to circumvent the time-consuming
method used previously.

Comparison of the elements that constituted the contract cost
has indicated that the summation of the certificated work and the
site supervision costs (usually hoth more accurately known) amounted
to better than 94% of the total cost and on the higher-value contracts
to within 2% of the total cost. It therefore appeared reasonable to
concentrate on these two elements, plus an allowance of 2% of the
tender price as design costs. It should then be possible to give the
total contract cost 4 5%.

Comparison of the constituent parts of the site investigation
cost was not so clear-cut, Where probing ahesad of the tunnel face
occurred, the amalgamated cost of probing and payments to the main
site investigation contractor was within 85-95% of the total site,-
investigation cost, However, the lack of probing on Contract 40
gave particular prominence to additional items, For example, the
Materials and Geotechnics cost on Contract 40 was 21% of the site
investigation cost, whereas on Contract 52 it was only 4% based on
monetary values ot £1740 and £3200, respectively.

With raspect to the Materials and Geotechnics cost dufing a

contract

3

the method employed has been to ascribe a part directly
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to site investigation, with a percentage of the Materials cost assumed
relevant (o soils testing. Although this method could only be

applied to two of the four contracts studied at the time of writing,

it did secm to give a realistic answer, The cost of site investigation
supervision, the other major item, was very dependent on the vagaries

of personal memory, but apart from Contract 31 appeared to lie within
10-15% of the site investigation contractor's cost and on balance it

was better to eliminate it from consideration by specifying it as

12,5% + 2.5% of the main site investigation cost,

Thus it appeared that the same order of accuracy, as with the
contract cost, could be achieved by assessing the total of the payment
to the main site investigation contractor (+12,5%), probing and the
Materials and Geotechnics cost, worked out as previously, Care still
needed to be exercised to ensure that no large-scale site investigation
programme, instigaled during the construction phase, was overlooked.

A list could then be built up of the cost informatién required
from a contract:

A, Contract Cost

1) Certificated vValue

2) Site Supervision Cost

3) Tender Price (2% as Design Cost)

4) List of Claims and Variation Orders detailing value

and cause

B. Site Investigation Cost
1) Payment to main Site Investigation contractor(s)
2) Cost of any probing or similar work
3) Materials and Geotechnics Costs during the construction
phase

In Tables (1 and 2) the contract costs and site investigation



TABLE 1

COMPARISON ON CONTRACT COST

NWA CONTRACT NO,

Certificated Cost
Total Cost

Site Supervision Cost

Total Cost

Site Supervision Cost

Certificatad Cost

Other Costs
Certificated Cost

Other Costs
Total Cost

%

%

%

%

27

31

7.0

40

95.3

52
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costs of the four detailed studieés arve coumparcd,while in Table J
the actual monetary values of these contracts are compared with the
estimates, as based on the foregoing arguments,

It will be seen in Table 2 that for each contract there is a
column designated "adjusted" costs, which costs differ slightly from

1

the actual costs, This term "adjusted'" means the January 1979 value of
the costs and the reason for the need for this adjustment will now
be explained,

In order for comparisons to be made both within contracts and
between contracts, it is necessary to eliminate any variable factors
which influence the costs,

Because of the period of time elapsed between the inception of
the original Tyneside Sewerage Scheme and the final completion of the
individual contracts, in some cases in excess of ten years, it would
be unrealistic to make any cost comparisions, without making
adjustments for inflation. Over the ten-year period (January 1969
to January 1979) the value of the pound has dropped (at a variable rvate) fr=
L06p to 35p, using average 1970 value = 100 as per Contruction Indices, g0
accounting for this time-dependency had to be achieved in a manner
which took account of the variation,

No absolute method of performing these adjustments was known,
so the choice of method depended on the required degree of weighting
towards certain constitutive factors and on the amount of complicafion.
Several methods were tried with, where possible, direct comparisons
being made hetween them, Three of the methods were based on the
'Economic Trends' issued by the Central Statistics Office and
published by HMSO,

a) Purchasing Power of the Pound

This method of index-linking is the most rudimentary in that it
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assumes that all costs are subject to the same fail in value, with
no reference beéeing made to the underlying factors which affect the
purchasing power of the pound, If the value of the pound at the
rate of payment was 42p, say, and at the chosen base date wés 35p,
say, then the value of thecost (x) should be increased by a factor
(=) to give the relative value of the cost of the chosen base date,

bH) Wholesale Retail Price Index (WRPI) and General Retail Price
Index (GRPI)

These two further indices, published by the Central Statistics
Office, have the attractiveness of being the most generally-quoted
and best understood. They differ from each other in that the WRPI
refers to all manufactured products sold in Britain, whereas the
GRPI1 includes services,

It would be expected that there should be an inverse relationship
between either of these price indices and the purchasing power of the
pound. For example, if January 1977 and January 1979 are considered,
the GRPI values, assuming an average 1970 value = 100, are 235.9 and
283.4 respectively, while comparative figures for the purchasing
power of the pound are 42p and 35p. Therefore the correction factor

. 42
previously stated of (53) = 1,20 would be for the GRPI the
283.4

inverse of the indices, i.e. (23r 9) = 1.20 (to two decimal places),
J.
effectively the same,
Using either WRPI or GRPI the adjustment ratio is direct, For

example, if the payment date was January 1974 with a GRPI of 136.8

and the chosen base date December 1976 (229.8), then the ratio to

229.8

update the cost would be (136,8

). This case of manipulation can

be extended to payment dates after the chosen base date, for example

January 1977 where the adjustment would be Cg%ng or a veduction

235,97

in cost,
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c) Construction (Baxter) Indices

As mentioned previously, the civil enginzering industry
realised the necessily for introducing an in-built inflation
adjustment into contracts programmed to last more than one year,
Since February 1974 price fluctuations in labour, plant and a
range of construction materials have been accounted for by indices
published monthlyby HMSO in the UdnstructionlIndices,

The method allows the Engineer and Contractorprior to the
commencement of the contract, to agree the breakdown of a (0,85)
stahle coefficient split into the various categories, e.g, (0,4.)
labour, €¢0Q.2) plant, and so on. The remaining (0,15) is normally considered
as fixed. The monthly interim certificates can thus be altcred
to allow for inilatlion,

It would appear, on first examination, that this method would
be ideal for index-linking all contract costs, but there are some
severe problems. First, and most important, a considerable number
of the costs pre-date the inception of 'Baxter' Indices and there
is no method of extrapolating the existing system. It would, also,
be difficult to assign costs, outside the direct construction, to
relevant categories, such as land and legal fees,

A further problem manifests itself with the Baxter Indices,

as there appears to be two methods of updaling cosis to a chosen

[}

base date. When used to index link cost during a construction
contract, all costs are referred back to a base month, usuaily 12

days - prior to the mmencemnent of the contract, In order to

update costs to your chosen base date one has the alternative of
reversing the process and then using the Baxter Indices to iink

the original base dite and the choser base or one can link the




date of payment to one's chosen base date via the Baxter Indices,
The resulting answers show a fair degree of divergence,

d) Term Contract Rate Index

This trial method was used on the first of the contracts, C27,

to link the annual percentage increase to costs to the annual

change in the cost of an essential site investigaiion item, The
chosen item was ""Shell and Auger Drilling from 0'-30' " an itenm
integral to most site investigations. The scope of this item was

found, however, to be vefy limited and its use was not repeated in
any of the further contract studies,

The annual percentage cost increases related to the various
methods have bean compared in Figure 2. it will be seen that
there is reasonable agreement between the hybrid Baxter Indices and
GRPI, with a correlatién coefficient of 0.95 GRPI was therefore
chosen as the main method of price adjustment, as it had the
benefits of spanning the complete period under investigation, that
is ) from 1968 onwards, as well as good tractability, which allows
simple revisions to new base dates, This last benefit was an
important factor since the originally suggested base date of
December 1276 already looks inappropriate and even the revised base
date, January 1979, 1s currently over a year out of date,

Inflation is not the only factor that distorts cost comparisons.
Another obvious factor is the physical dimensions of the tunnel.

It is evident that costs are likely to be more closely-related to
excavated volume than the linear metre, the quantity usually
specified in Bills of Quantities,

Initially only construction length was considered, but as the

comparative figures for Contracts 31 and 40 indicate, the adjusted
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costs por linear metre bear little relationship, boiag £482/1in,a,
and £1565/1in.m., respectively., It is not until the adjusted cost
per excavated volume is examined (5-11,94/1113 for C31 and 51178/1113 for
C40) that a closer agreement is found, that is, within approximately
8%.

The influence of geological conditions should also be included
within this category of distortions to cosl comparisons as they are
the main integral factor governing the choice of how much of each
tunnelling method is used on a contract. Categorisation of the
ground into anything more specific than 'rock', 'soft ground' or
"f411' would be difficult owing to its high degree of variability.
This last problem is discussed further in Section 6, which deals
with the whole guestion of applying the practical results of the

research to the theory.



CHAPTER 4

EMPIRICAL RESULTS
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CHAPTER 4

EMPIRICAL RIESULTS

Having produced the data in a form whereby comparisons can be
made it is interesting to see what, if any, trends are indicated,
The basic form is created by reducing the contracts to sets of
figures, These costs are set out in Tables 4-9 but an explanation
is required detailing what is included and excluded in th@ various
headings, so as to facilitate their interpretation,

The items included within the contract cost are fhe construction
cost, interpreted as the certificated value of the work undertaken
by the main contractor, and the additional costs. In aggregating
the additional costs every attempt was made to ensure consistency
of constituent elements, The two main elements were the design cost
and the site supervision cost, which could be accurately abstracted
from records, The design costs, however, were based on a percentage
of the tender price, as no accurate figure was available for the complete
Tyneside Sewerapge Scheme ,which was how the project was originally envisagec:
and designed, Other items included within the additional
costs were the land and legal fees, incurred by the NWA, and sundry
items paid for directly by the NWA, which avoid the contractor's
profit mark-up. Although in the cases so far studied the legal
fees have been small compared with the construction cost, the
situation could arise where large compensation claims would be paid
out, which could seriously affect the total contract cost.

Although wmost of the constructién work on these contracts
concerned excavating and lining of sewer in tunnel and the sinking
of associated shafts and manhnles, there was an additional amount
of peripheral work, in the form of, for instance, finishing work.

In all but one case, these costs have bheen allowed to remain within
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FARLE 4

Tunnelling Costs Contract 27

Location

Type of Contract
Contract Dates
Tunnel Length

River Tyne Sewage  Siphon Tunnel
Admeasurement, 4th kdition, VOP
slay 1973 = June 1976

438m between shafts

Excavated Diameter 3,40m
Finished Diamaoter 3.20m

Tender Price £2,299,932.37

Cost Adjusted
to Dec.197G value

Cost Adjusted to

Actual Cost Y
actualtl LOoL Jan.,1979 value

Construction Cost (¢£)3,120,948.08 4,278,311 5,347,889

Additional Cest (A 281,300,996 355,942 444,928

Contract Cost (£):3,402,248.34 4,634,253 5,792,817

Cost/lin.m (E/m) 6,971.82 9,496.42 11,870.53

3
Cost/m (E/ms) 659 .06 897.171 1,122.14

Site Investigation Contracts Cci1, cz2, c17, ca22
Site Investigation Dates March 1969 - January 1974

Number of Boreholes 32

Cost Adjusted to Cost Adjusted to

Actual Cost

S1 Costs (excluding

Dec.1976 value

Jan.1979 value

prebing) @) . 28,836.87 61,634,17 77,042,711
Cost of Probing (£) 54,542.24 78,918.46 08,648,08
Total Cost of SI (£ 83,379.11 140,552,63 175,690,79
Av.,S5.1, cost/BH ( £/BH) 649,06 1,387.29 1,734,11
Cost of Claims and
VO's 125,126.04 171,515 214,394

attributed to S1I {g]




Tunnelling Costs
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1 IT r

AR Y
it G

Conteract 27 (Prima:yf*

Location River Tyne Sewage Siphon Tunnel
Type of Contract Admcusurcment 4th Edition VOP
Contract Dates May 1973 - May 1975 '

Tunnel Length 488 m (between shafts)

Excavated Diameter 3.4m (3.67 m if shafis considered as part
of tunnel length)

Finisheéd Diameter 3.2m

Tender Price

Actual Cost

Construction Cost(g£) 1,031,882.16
Additional Cost (£) 195,687.13
Contract Cost (£) 1,227,5869.29

Cost/lin,n ,(£/m) 2,515.51
Cost/m3 (£/m3) 273.80

Site Investigation Contracts

Site Investigation Dates

Number of Boreholes

Actual Cost

S.I1.Costs(excluding
probing) (£) 26,766,117

Cost of probing(£) 54,542,24
Total Cost of 5.I1.(£) 81,308.41

Av.S,I,cost/BI{(£/BH) 1,116,.32
Cost of S.I./1lin,.m
(excluding probing)(£/m) 54,85

Cost of Claims and
VO's attributed to 125,126,04
S1 (£)

Cost adjusted to
Dec.l976 value
1,620,535
247,612
1,868,147

3,828,17
361.88

C1, C2, CL7

Cost adjusted to
Jan.l976 value
2,025,669
309,515
2,335,184

4,785.21
452,35

Apr.1969 ~ Aug,.1972

16

Cost adjusted to
Dec.l976 value

57,485.10
78,918.46
136,403.56
2,397.50

117.80

171,515

Cost adjusted to

Jan,.1979 value

71,856,38
98,648,08
170,504 .46
2,996.88

147.25

214,394

*Contract 27 (Primary) refers to the part of Contract 27 dealing with the

excavation and primary lining of tunnel

in the figures as C27P.

and shafts,

It is represented



Tunnelling Costs

Location

Type of Contract:

Contract Dates:
Tunnel Length:

Ixcavated Diameter:
Finished Diameter:

Tender Price:

Site Investigation Dates

Number of Boreholes

S.I.Costs (excluding
probing) (£)

Cost of probing (£)
Total Cost of S.,I. (£)
Av,.S.I.cost/BH (£/BH)

Cost of S.I,/lin.m.
(exluding probing)(£/m)

Cost of Claims and
vO's attributed to
S.I. ()

Actual Cost

4,057.36
1,037.74
5,095,10

103.26

1.36

16,380

34,

TABLE 6

Contract 31

Scuth Rank Intercepntor sewer
(Revrolle's to Stoneygate Lane)
Admeasurcment 4th Edition Fixed Price
May 1973 ~ May 1975

2753 m

1.78m

1.20m

£8563,437,45

Cost adjusted to Cost adjusted to
Actual Cost Dec, 1976 value Jan 1979 value

Construction Cost (£) 737,635,779 972,578 1,215,723
Additional Costs (£) 111,668, 58 173,762 217,203
Contract Cost (£) 849,304,37 1,146,340 1,432,926
Cost/lin.m.(£/m) 285.67 385.58 48)..98

3 3 ~
Cost/m (£/m”) 114,80 154,95 193.69

Site Investigation Contracts c3, Cl4, C17

Sept.1969 - Mar,1972

35
Cost adjusted to Cost adjusted to
Dec.1976 value Jan,1979 value
9,063.85 11,329,811
1,719.21 2,149,01
10,783,06 13,478.82
231,11 288,9C
3.05 3.81

28,000 : 35,000



Tunnelling Costs

Location:

Type of Contract:
Contract Dates:
Tunnel Lengtih;
Excavated Diamter;
Finished Diameter:
Tender Price:

TABLE Y

Contsact 32

Nopth Bank Interceptor Sewer

(llowdon bSewage Treatmont Works to Willington)
Admeasurement vOP Claouse 4th Tdition

April 1974 - NMay 1977

2508 m

3.20m and 3.97m

2,93m

£2,386,524,91

Cost adjusted to

Actual Cost Jan, 1979 value
Construction Cost(g£) 3,861,662,07 5,426,167
Additional Cost (£) 280,322,98 404, 710
Contract Cost (£) 4,141,985,05 5,830,877
Cost/lin,m,{(£/m) 1,475 .07 2,076,52
3 3
Cost/m (2/m”) 173.28 243,94

Site Investigation Contracts ¢1,Cc 3,C14,C17,C22,€37,C51,C74

Site Investigation Dates Nov, 1969 - Sept. 1375

Number of Boreholes

S.I.Costs(excluding
probing) (£)

Cost of Probing (£)
Total Cost of S,1 (&)
Av,S.1.cost/BH (£/BH)
Cost of S, I./1lin m

(excluding probing) (£/m)

Cost of Claims and VO's
attributed to S,I1.(£)

11

Cost adjusted to

Actual Cost Jan, 1979 value
18,635,02 41,275,05
0] 0
18,635,06 41,275,05

197.23 448,78

6,64 14.70

725,498 819,367




Tunnelling Cosths

Location:

Type of Contract:

Contract Dates;

North Rank Intercepior Scweyn
(Willington to Low Walkew)
Adweasurcement 5th Rdition CPR
May 1975 - May 1977

Tunnel Length;: 3183 m
Excavated Diameter: 3.0 m
Finished Diamncter: 2.83m

Tender Price: $£3,5562,651,23

Actual Cost

Construction Cost (g£) 3,631,029.,14

Additional Cost (£) 178,444,24

Contract Cost (£) 3,809,473.,38

Cost/lin.m (£/m) 1,196,82
3 3

Cost/m (£/m ) 135,78

Site Investigation Contracts

Site Investigation Dates

Number of Boreholes

Actual Cost

S.I.Costs(excluding

probing) (£) 9,528,111
Cost of prohing (£) -
Total Cost of S.I,(g) 9,528.11
Av,.S.Il.cost/BH (£/BH) 112,12
Cost of S,I1I./lin.m
(excluding probing)(i/m) ' 2.99
Cost of Claims and VO's
attributed to S.I1.(£) 28,560

Cost adjusted to
Dec,1976 value
3,671,543
222,509
4,003,062
1,257.63
142,68

Cost adjusted to
Jan, 1979 value
4,725,679
274,408
5,000,087

1,570.87
178.22

Cl, Cl4,CL7,C37,C51

Dec,1968 - Mar,1975

49

Cost adjusted to
Dec,.1976 value

18,586,99

18,586.99
233,66

5.84

Cost adjusted to-
Jan,1979 value

23,233,174

23,233, 74
292,07

7,30

34,3175



Tunnelling Costs

Locaticn:

Type of Contract:
Contract Dates:
Tunnel Length:
Excavated Diameter:

Finished Diameter:
Tender Price:

Actual Cost

Construction Cost ()
Additional Cost (£)
Contract Cost (£)
Cost/lin.m, (£/m)
Cost/m3 (£/m3)

Site Investigation Contracts

Site Investigation Dates

Number of Boreholes

8.1, Costs (excluding

probing) (£)
Cost of probing (£)
Total Cost of S.I, (£)
Av.S,1,cost/BH (2/BH)

Cost of $.1./lin,.m(£/m)
(excluding probing)

\

Cost of Claims and V,.0's
attributed to S.IL. (£)

G’

6’

TABLLI 9

Contract 52

North Bank Tnterceptor Sewer
(Low Walker to Trafalgar Street)
Admeasurement 5th Ldition CPF
Teb,1976 -~ April 1979

4562 m

Soft Ground = 3.35 m

Rock (Avrchti Construction) 3,35 m
2,75 m

£5,548,626

Cost adjusted to
Jan, 1979 value
304,683 7,106,500

349,884,175 490, 754
654,567.75 7,597,254

1,458,170

155,66 177.94
c4, C22, €37, C74
Jan, 1970 - Feb., 1976
85

Actual Cost Cost adjusted to

Jan, 1979 value
36,956,.34 69,755,.83
36,907.44 44,147,00
73,863,178 113,902.,83
290,78 615.88
7,89 15,30

498,000 538, 768

37,
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the construction cost as ithey did not provide any substantial influence
on the overall cost, Howaver, in Contract 27, where a large amount of
surface works at Jarrow Pretlreatment Works was included, the cost of

constructing the tunnel and North and South access shafts was assessed
separately and is included in Table 5., under Contract 27 Primary.

Even on the construction of a sever, different site conditions
will lead to different constructional methods, usually into open-cut
excavation, soft ground tunnelling and rock tunnelling. Not only
is the method of excavation dependent on tunnelling category, but
also the choice of primary lining. For instance, in an open-cut
situation precast reinforced concrete culvert section may be used,
whereas if excavation had heen by tunnelling precast segmental rings
would have heen the usual choice,

To illustrate fhe relative importance of these dificrent working
me thods, with respect to cost appraisal, the investigated contracts
have been broken down into the percentages of tunnelling category based
on both contract length and billed price, . The results are shovn in
Table 10, Tho percentage costs in Table 10 exclude the site
mobilisation cost of the tunnelling equipment, so, in order to chow
thé complete cost of excavation and primary lining)Table 1L has been
included giving the respective financial values,

Returning to the tunnelling costs in Tables 4-2, an importaﬁt
series of costs come under the heading "Value of Claims and
Variation Orders attributable to Site Investigation”. In terms of
the theory these costs are the monetary results of actions, For
instance, on Contract 27 the action was the use of a roadhecader to
excavate the tunnel under compressed air. The result of the action
not being optimum was that,when the tunnel face conditions consisted

of two thirds 'hard' sandstone, the machine was unable to proceed
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and had to be removed, The monctary result of the action was a
Clause 12 claim from the Contractor which,including the four weeks
delay, cost the client £114,325,24, In other cases where the
problem is not so severe it is possible that it can be covered by the
issue of a variation order, This practice is often used where the
true extent of a problem is on a greater scale than the allowance
made for the condition in the Bill of Quantities, For instance in
Contract 52 part of the additional cost for remedial work to the rock
tunnel drives was paid as variation orders,

The costs under this heading are, therefore, the aggregate of
Claﬁse 12 claims,related compensation claims and variation orders, where
inadequate information about ground conditions could be seen to be the
cause, The relation of these costs to a geotechnical loss function is
discussed in Chapter 6,

Taking comparisons one step further, certain ratios and percentages
have been made of the costs and are shown in Table 12. The most
commonly quoted of these figures, the percentage of site investigation
cost to construction, lies within the -expected range of g - 14% for
all the contracts, except Contract 27, where thé special conditions
necessitated continuous advance probing,

To facilitate the appreciation of the concepts behind the theory,
certain of the ratios and percentages have been used to produce
rudimentary graphs. The first of these graphs, Figure 3  compares
the value of claims and variation orders attributed to site investigation,
expressed as a fraction of site investigatlion cosis, against Ulhe
site investigation costs expressed as a percentage of the construction
cost.

Intuitively it is to be expected that the lower the relative site
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All costs adjusted to January 1979 value

Fig.3 COMPARISON OF THE RATIO OF COST ESCALATION TO EXPENDITURE
ON GROUND UNCERTAINTY WITH PERCENTAGE INFORMATION COST



46,

investigation cost the higher the risk of large claims, and, conversely,
the higher the site investigation cost the lower the risk of claims.

Of the cases studied so far four fell into the category of low site
investigation cost and one in the high site investigation cost bracket.
If sufficient data were available to produce a scattergram,bit is
expected that it would take the general form of Figure 4, where the

area of maximum shading would indicate the maximum number of contracts,

CLAIMS

SITE INVESTIGATION COST

FIGURE 4
Although little can be assessed from Figure 2 there are indications of
a wide dispersion in the range of 3-134%, as expected from the higher
risk.

In formulating Figure 3 only the absolute values of site
investigation cost are considered, taking no account of site
investigation density, which would be expected to be directly related
to information density. In order to create a measure of information

density two further graphs (see Figures 5and 6) have been drawn,



,
o))
O

i
t

linear

Qc32

,’\
( W0 m)

s i) per

’

40

Site Investigation Cost
" metre of Tunnegl

20

) attributable to
ation

v {7
s
S3UG

nd VO

a
Site Inve

Ocen
O c 40

3

(.
N
0 ' 4 3 12

Claim
o
-

-:) C27F
Site Investigation /Construcﬁon Cost (%)

/

All costs adjusted to January 1979 value

Fig. 5 COMPARISON OF THE RATIO OF COST ESCALATION TO
EXPENDITURE ON GROUND UNCERTAINTY PER UNIT  LENGTH
WITH  PERCENTAGE INFORMATION COS5T



Claims and VOs (£) attributat!

e t//
of

s

-
P

S

@
D~
o~
S &
- S
) O
- =
n )
o
32

&

[
o D
5o
oo
£y 40
<
o
= >
[ U]
=0
L
93]

lnvestigation
e

Sit
ERs

]
o

sz

C 40
O]
O c 31

Fig. 6

Al costs acdjusted to January 1978 value

COMPARISON
EXPENDITURE

4

OF THE
ON GROUND

SXKCAVATED VOLUME:

CO3T

D ATIEN
}‘\l’l.. s

OF

Site aneS“QBUOH///Conshucﬁon Cost {%)

ESCALATION TO

UNCERTAINTY  PER UNIT

PERCER

2L PFORGATION




i j i s 15 Ay 1t sowelr anertl W pe mnit
which usc site investigation costs pes unit scwer longth and per un

ecxwcavated volume, respectively, It can be seon that the original
shape of Figure 2 has bcen substantially unaffected, which would
¢ [ Flgu

""" the diffcrent
contracts,

Expressing 'Claims and V.0's attvibutable to Site Investigation"
as a fraction of the Site Investigation Cost serves to illustrate
the potentially large discrepancy between the money expended on
reducing uncertainty about ground conditions and the ﬁost escalation
of a contract caused by this risk, It does not, however, allow
direct comparison between the claims (results of non-optimum actions)
and the site investigation, For this reason TFigures 7 and 8
have been drawn, showing claims and claims plus site investigation
costs expressed as a percentage of adjusted construction cost.

It is evident that neither of these graphs represent any marked
deviation from Figures 3 and 4 , although they do, perhaps,
empnasise the uniqueness of Contract 27 (the sub-aqueous tunnel
less than half a kilometre in length),

It would be premature at this stage to altempt to establish any
empirical equation for the graphs in Figures 7 and 8 , Non-linear
regression analysis was altempted on the data, but the results were

inconclusive,
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CHAPTER 5

CONTRACTU AL _PROCEDURE

In order to better understand the problems of relating theory
to the actual results, there is a preliminary neced for an appreciation
of current tunnelling contract procedure, For an in-depth analysis
reference should be made to (ABRAHAMSON, 1973), (LEENEY, 1979) and
(ABRAHAMSON, 19 79).

With the increased specialisation of tunnelling contractors and
a diminishing number of contracts leading to increased competitiveness
and lower profit margins, there is a clear incentive, particularly
on the part of the Client, to reduce disputes and apportion risk
equitably.

1t is in the interests of both the Client and the contractor tp

minimise uncertainty, Without evidence of the very low probability of
high cost risks contractors are liable to make allowances for them,
which, in turn, will have to be paid for by the Client through a higher
tender price, Lqgually the costing of high risk is liable to penalise the.
careful contractor and aid the foolhardy or inexperienced contractor
in winning a contract, as the latter is less likely to make realisgtic
allowances for unknown variables,

In the contracting situation, risk is compounded f(rom the -
unqguantifiable costs related to uncertainties and there is a wide
variety of risks involved in planning: work over a future period.
Uncertainties, which influence contracts, fall into three main
categories,

Government influence, both direct and indirect, manilests
itself through the control of such factors as inftlation, interest
rates and also in the implementation of laws relating to labour,

safety and so on. Although not really applicable to this country,
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The stability of the society can play a major patt in forecasting
contractor costs abroad.

In the cases studied so far the Cient has also been the
Engincer, so factors influenced by both of these have been lumped
together, In the private sector they would be separated under the
two headings. The Client/Engineer influences the contracl through
the formation of the Bill of Quantities and Specification aud also
in the control of the contract where disputes ca+v arise over workmanship
or personnel relations,

The third category relates to uncertainties in the physical
conditions, which can lead to unforeseeable circumstances and
compensation claims.. It is with attempts to examine this third
category that the present research is concerned, with tunnelling
contracts being used since they are probably the most sensitive of
civil engineering works to variations in suBsurface information,

The present research has looked into admeasurement contracts,

a system of contract most widely used throughout the civil engineering
industry. It bases its achievement of a fair price for the work

on the  use of competitive tendering, usually from a list of

selected tenderers assuming that competition will induce the
contractor to assess realistically the risk assigned to him.

Contracts are ugually let under the Conditions of Contract and
Forms of Tender, Agreement and Bond for use in connection with Works
of Civil Engineering Construction 5th Edition (June, 1973, revised January
1979), which are documents agreed by the Institution of Civil kngineers,
Consultants and the rFederation of Civil Engineering Contractors, The
document is morc commonly known as "The ICE Conditions of Contract'.

Within its framework there are clauses which relate specifically to




provision for unforeseen conditions and the major ones will be
explained in greater detail below,.

However, bhefore detauiling the clauses to thch a contractor
has recourse for additional payment or time, it is desirable to
explain what is expected of a contractor prior to the comnencement
of a contract, a requirement which is covered in Clause 1l of the ICE

Conditions of Contract.

Inspection of T ohy The Comtractor shal! he Jdeenmed to hesve inpected wnd eaamined the Site and its sur-

Site. roun d!'l\ ~avd to have satisfied hiseclt Before st
and sub-sord vty as s praciicable and b
therew:th wivich miy hase been e
of e Site the exent and acture of
Works the means of conmmuincation w
and inzencial to have obined for bome,
as o risks contingencies aad ali other cird .

Suffciency of 2y The Contracror shalt be deened 1o have « his tender

Tender, as 1o the vorreiiness and sué ney of the rates and prices stoed by him i the Priced Biil of
Quangities which shall tencept sso ar as by oiliernee providad e Contracty cover all his
obliatzons under the Contenet,

e s tender s to the rature of the ground
wornmtion in connect:on
cory the Torm and nature
for the completion of the
commndation he mas requice
i bt above- toned)

: his tende

inied hnaeti ne sthmi

As can be seen, it i3 not a precise definition. Although
investigations are required for the site and its surroundings , they
are not required for the subsoil,where the contractor is only
deemed to have satisfied himself as to the nature of the subsoil,.
The Clause would suggest that he need not resort to opening up the
subsoil provided he takes into consideration the available intormation,

Contractors would have the right to recompense if, the Client
warranted the informationhe provided or asked the Contractor té
use it in his estimate at the tender stage.

Similarly, the Engineer does not have the power to warrant
any information and may be in breach of warranty of his authority
should het do so, Any reckless (knowing not 'true', but nol knowing
'untrue') or fraudulent (knowing 'untrue') statement made to the
Contractor regarding conditions would allow him to have recourse to

damages, Even if the misrepresentation is made in innocence, the
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contractor would still be entitiad o end the contrect, Care
therefore, needs to be excrcised as to what was actually vepresented,
with the usual format being that Company X made boreholes with
results "such and such', In this situation it would be difficult
for a contractor to claim any misrepresentation,

The inclusion of the phrase 'taken into account' in the 5th
Edition is an improvement over the 4th Edition, where it was only
implied and clearlyindicates that any information provided by the
Client should only be one of a number of factors governing the
tender, It follows that the more information that is provided,the
higher will be the degree of significance that can be applied to
it and the more difficult for the Contractor to check. It would
seem only reasonable that Contractors should be acquainted with
what facility they have for undertaking additional site investigation
should they wish to do so.

In a case where the Contractor believes that he has a
justifiable claim to additional payment, fhe Clause which he iuvokes
depends on the nature of problems, If the cost is due to alteration
in the billed gquantities then it is likely that it will be covered

by Clause 51 ar Clause 56,

Ordered St (1) The Enghicer shall onder any sariei
Variations. he neceasiary for thie wampleian al the W
for any other reason shaltin his opinion bedesd
of the Works,  Such varintions may mclude
in quality fonm charicisr bind position dimers.
micthod or timing of ceny cuction {f any).
Ordered {2y No sach v eon shadl b
Yariations ta be AN such orders shulf be piven iowri

in Writing ovidud ‘
: ACCC Ty Lo vin any seck onder i the Tt mstance the Coaty Shebcomply with sueh
Griad vrd oF s senn

i o m\ oart ol e Woorks it noay in his opinien

AR

A have ot du erdn any v ima loat
!’I W aaTivICTT Y cetnpletiog Ganctioning
My omissions sobstituniess airations Cbinges
andevel or dine aad cluages i the s pecibied ~equence

wde by the Contiacior without an order by the Poeineer,
wd i i far any cosson the U n< icey shatt finad g

ach oral order shadl “L Cconfir m owgtipg by llu
stances. e noin oW
oraond s un v e vontradnee
THEIE: h s decned (o baothe Eagocer leveid or decined
10 be ordered m weitme o uccordance \\nh Beobitines {0 and 420 o e Claase hadl inoany way
vithate ar invahid e the Contract bt tie value ¢ ooy of afl wuch vaaiatians <hall be ciken ingo
accoutl i dascertanming to aiionst of the Conpawet Prce.

woir possible
o ord arder
W e er Torth-

NS I

Nao 'n:;..lh 2

Changes in (3 No order vt

ne shadl be rogiired casr i the guantity of any
Quantities, .

wegk wWihnere such ancrciase or deoreine is gt reen ender thiy Clyuse b is
the tesult of the quantitivs exceeding of being tews lh v these stated b the Bill of Quantities.




General opinion holds that the extent of tivis clause limits
the variation to any part of the work, but does not include an
alteration to the whole works, for example, a change of locaticn,

To be validated by the clause, the variation must have been
authorised prior to the undertaking by the Engineer who can only

do so under special authority from the Client, (The Client cannot
make the order as he would be in breach of contract.) This order,
whether verbal, later to be confirmed in writing, or written, does
not exclude drawings or sketches which indicate a definite method of
working. A point worth noting is that the contractor may not,

under his own authorisation, alter the work and would be liable to pay

damages if he did so.

Measurement and, 86.

Valuation (1) The Envineer shall except as otherwr e - iited ascertain ind de

crmine by admeasurement
the value in accordance with the Contract ot the work done in aceardancs with the Contract.
g‘:c'::;:to;{ fate (2) Should the aciual guantites exceuied in respect ofant irem be srenter o lovs (an those
T stated in the Rill of Quantites and i1 in the opmion ot 1 ee sach increase or decrease of
ftsedf shall so warrant thie Pngineer shall afier consubaiion wih the Contractor deternsine an
appropricie 1ocrease or decrease of any rates or prives rendered unreasonable or iapplcable in
consequenee thoreot and shidl notry the Contractor accordingly.
Actending for (£}

Measurement.

The Engineer shall when he reguites aay nunc e parts of the work 1o B¢ measured give
reasonable notce 1o the Contractor who shadi itend or cend o caalticd cvent 1o assist the £
or the Lpmueer’™s Reprosentative in mabing such e e and vhobl fernash all sarticnlar
required by either of theme Shonld the Comiristor pol sttend o neghect of onit 19 send such
agent then the measdrement made by the Eogmesr or cpproved iy him shall be taken to be the
correct measutement ol the work.

Where it can be proved that there is a difference between actual
quantities and billed quantities, the Contractor has a right to an
increase in the rate. Similarly, if a decrease in quantity makes a
particular working method uneconomic, he would have a right to an
increase 1n the rate. In effect, the Client is guarantecing the
quantities estimated from the site investigation, The estimation of
a suitable revised rate should take into account whether the original
rate was uneconomic for the specified guantity allowing for any

inflexibility in his working method.
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Where the additional cost due Lo unforoscen conditions cannot
be included with the Bill of Quantitics, ov by using billed rates,

the Contractor has recourse under Clause 12,

Adverse Physical 12 ¢ I0dunmy the ovcention o the Works the Contracinr b \H swounies phaoscal condittons
Congitians and P seather conditons o condstions dise e weatier ¢ wad ansdrictions
Artiticial Pty 0 oty e ';,L- . oinoen

Qbstructions, N .
c','v:u'-"uu corractor and the Conis

S ot bonve heen iacureed ! 'h i b
red he shalt el e iteads tomahe ans e for mlnl cned pare
pnstant o Clanee 3200 and B! speats ne such notiee the
ol obaracoos. voncantered aod with the noniee o P
fler e detnis ol iln:
and the extent o the o

rred which
donet been
ne netice to the
voditions and or
hic there-
B obebane o s preposiny to ke
epated delity b or Barererence vath ihe execution of tie Worky,

N

wivcipebed cliects theree!? the rciseres

Measiires to be 2y Fellowmyg receipt of oo notee snder seh-chiise i) ol this Cliuse the l'x:ymccr nuy il
Taken, he thinks i orer alia:—
(i) require the Contractor to p'n\yxh an estimate of the cost of the meusures he is
taking of 15 proposmyg fe fal
thy  approve in wnting such mumlrc.x with or without modilicaion;
(W) ene winttennstructions as to hiow the phyvscdd conditions or arificit! obstrctions
are to be dealt with:
)y order wsispensien under Ciause 46 er s armtion under Clause 51,

Delay and Extra (4 Mo tne extent that the Engineer shadl decide thut the whaele or came part of the said

Cost. pinvsical conditions or arbticial obstractions could not reason ihiv hive been farcseen by an
cvperiencad contractor the Enpineer shal! e any dolay suttered by the Contradnr as a resalt
of such cos RS Or abSEICEIS I dCrount i ddicrning any adenson of tine (o which
the Contractor s epntled under Clacse 14 and the Contractor shail subiect 1o Cliuse S203) (not-
withst g thet the B N \ Puse BRIy HINTUSHONS OF HJ\ s pucsuznt (o sub-cheuse
(21 of Clause) be paid in :xg\‘u(d‘mu with Claese €0 snch am o represenis the reasoaible
cost of Garmyie out any addiional worb done and addinenal ('ml,lnicli\m;:l Flint ased which
weuid net bave Been done o =8 tind sich conditions or obstructions or such past thereof s the
Case gy beonat heen cn od rocether wiih o reasonahle ,"Lnuun addirion thereto in
respect af profit ned the reasoabic costs mcaried by the Contractor by ressen of any aaavoidable
delay or diuption of woiking sutfered as o consequence of encountenng the said conditions or
ohnbachions of such et thereot.

ih
x.nl

Conditions (4 ke Eogineer shall deende that e

Reasanably i whede or in part huve been reasonably fore
Foreseceable. N

physival conditions or aruficia! obstructions coold
U by an experienced contractor he shatl o intorm
the Contractor i writin:z as soon as he <hail have reached that decssion but the value of Any variation
previously ordered Tyl porsuant 1o sub-cliee (2§ of this Clavse shall bhe ascertained in
accordance with Clause 2 and included 1 she Contract Price.

This clause is at the centre of the risk-sharing principle and

hinges on the phrase”....which conditions or obstructions he (the
Contractof)considers could not reasonably have been foreseen by an
experienced contractor,..'"  The ambiguity of these words is a major
cause of disputes,

The fact that the condition might have been foreseen does not
automatically discount the claim, The general consensus of opinion
is that there is likely to be no claim if an "experienced" contraétor
could have foreseen a substantial risk in the condition,

It is often arguéd by contractors that a particular design
showed that the Engineer did not expect particular physical condi tions
to eventuate, (A case in point was on NWA Contract 32 Tunnel Drive
C4-C2 where the Contractor maintained that the tolerances specified
in the Bill of Quantities indicated the Engineer did not expect to
encounter the prevailihg conditions of waterbearing sands, silts and

gravels.) From a legal point of view, however, even if this situation
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was a failure on the part of the Enpginecr, (ihe author's opinion is
that it was not a failure) it does exempt the Contractor ftrom his full
duties under Clause 11,

Often, enforced alterations to the working method disrupt the
critical path (Clause 14) programme and the Contractor would be
entitled under Clause 13 to claim for any costs due to the delay
and disruption, In order that , in this situation,the Contractor
is not placed in a position whereby he would have a claim against him
for liquidated damages due to overrun of the contract period, Clause
44 can be invoked to enable him to receive an extension of time for
the completion of work,

In addition to compensation for any alteration to contract
work as specified under Clauses 12,13,51, the Contractor has the
right to claim damages for breach of contract due to delay and disruption
of his programme, Usually it is lost profits that the.CQntractor
wishes to recoup; that is, the fact that his plant and labour are tied
up in a contract for longer than originally envisaged reduces his
ability to gain profit from alternative contracts during the overrun
period, Although it is common practice for a Contractor to base
his disruption claim on the difference between brogrammed and actual
progress, it is hecessary for him to prove what his actual progress
would have been,had the cause of the delay not e¢xisted, Assessmaant
of disruption is,therefore,very difficult, with the arbitrator left
to judge the bulance between fair recompense for the Contractor and
losses due to his own inefficiencies,

5o far, this section has dealt with the method whereby the
Contractor may recover, under an admeasurement systom, any additional

costs caused by unforeseen conditions, However in the situation where
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there is insufficient informaticn available about conditions to
enable the Contracior realistically to price his risk, there are
alternative types of contracts where the Client accepts a large
share of the risk.

In the case of Target Cost contracts, an estimated value is
assessed, which is altered to reflect any variations in work or
escalation of costs, An accurate record of the Contractor's
costs is kept and the difference‘between the actual and target
cost is shared between the Contractor and Client in a pre-arranged
manner, Often the overheads and profit are separated from the
rest and paid on a fee basis.

If the Client is prepared to accept even more of the risk,
he can have the work carried out under a Cost Reimbursible contract,
The Contractor carries only minimal risk, as costs are paid out
as the work is carried out, with the overheads and profits again
paid out on a fee basis, usually calculated as a percentage of
costs, It is essential in the case of Cost Reimbursible contracts
that the Engineer and his staff keep tight control on site expenditure

to ensure a satisfactory return on the Client's money,
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CHATTER 6

COMPARISON OF THEORY WITH EMPIRICAL RESULTS

The theory was developed along the lines ol considering a contract

as an amalgamation of four phases; exploration, delermination, action

and outcone, Of these phases the one that is of primavy interest to
the Engineer is the action phase, so initial consideration will he given
to it.

The action phase can be considered analogous to the bosic design
decisions. Results from the fesearch would indicate that the design
choices for tunnelling can be split into three discrele categories:

Excavation A, 1) Open-cut Excavation

2) Soft Ground tunnelling

3) Rock Tunnelling
4) Pipe Jacking

Primary B. 1) Smooth Bore Tunnel
Lining 2) Bolted Segmental Rings

3) Colliery Arches
4) In-situ Construction/Pipes

Additional C. 1) None
Measures 2) Compressed Air

3) Chemical/Cement Grouting
4) Others (eg, freezing)

Thus a basic design.choioe for a contract could be listed as
(A2, B3, Cl). The choice in category A is usually entforced by physical
parameters, length and/or depth, and its choice eliminates choice in
categories B and C, Similarly, choice in category B restricts ohoice in
category C.

Using Contract 32 (Section MIC4-MHC2), as an example, the ground
conditions, length of contract and depth to (most) of the line made
choice A2 the only alternative. In the case of primary lining, although
" (Bl) would have been a possible alternative, the ground conditions over
(most) of the contract made B2 the only viable solution. The only

difficult decision came with whether or not to have additional measures,
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The choice could further be reduced on cconomic grounds to whether or
not to have compressed air, In this situation only two states of the
world needed be considered (a) Compressed Air is needed (Oa), or (b)
Compressed air 1is not needed (80)°

This example could be illustrated by a part of a decision tree:

a //////// v

o u(Y)

- U(Z)

a

where U(X) is utility of the action (a.) making provision for
compressed air when it is“not needed,
U(Y) is the utility of the action making no provision for
compressed air when it is not needed,

and U(Z) is the utility of the action making no provision fox

compressed air when it is needed,

In order to proceed further, an understanding is required of utility
and how the results can be used to create a physical representation, The
theory indicated that if utility can be thought of in monetary terms,
then the overall utility can be subdivided into the terminal utility and
the utility of investigation,

Starting with basic assumptions concerning the site investigation,
the theory has assumed the cost to be either independent or simply-
related to the number of tests, which tests were in turn considered as
discrete events with single outcomes. However, in practice there is a
wide variety of tests ranging from seismic surveys to index tests and
varying in complexity, cost and informational.value.

In assessing the cost of site investigation, the method used in

the rescarch has been to formulate an average cost per borehole, which
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achieved the aim of creating a unit of informaticn encompassing all tests.
Comparison of the adjusted average cost per borehole to the average
number of tests per borehole is shown in Pigures 9 and 10 and would
indicate that the simple relation holds reasonably well for four of the
five contracts. The other contract, Contract 27, was a special case,
with restrictions on the number and extent of boreholes,

Intuitively, it is to be expected that unless the high-cost of a
particular borehole can be offsct by a large amount of information from
it, that is, an increased number of tests, then the value of undertaking
that borehole should be questioned, This argument could be extended to
the value of additional information on an individual borehole basis.

On the question of the representation of terminal utility, the problem
is more complex. The first problem is whose terminal utility is being
considered, or is there an absolute utility, which is a combination of
both sides utility? The Engineer's, acting as an agent for the Client,
is subject to professional obligations, regarding, for example, safety,
as well as financial obligations, ensuring the quality of work at a
reasonable price. A Contractor will be similarly motivated to maximise
his profits without prejudicing his chances of future work. In orderxr
to assess his potential profits the Contractor must be able to estimate
both the value of the work and the value of the work to him, These
two valuations are not necessarily coincident, as the attractiveness of
a contract is influenced by factors external to the work, such as
utilisation of labour and plant, cash flow, and so on,

It would therefore apﬁéar reasonable to consider, for either side,
the contract to be made up of a fixed cost plus a potential cost based
on the inherent risk in the contract multiplied by the percentage of
risk assumed by that side, This potential cost is realised in the form

of clainms,
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It would be opportune at this point to show some supplemcutiny
evidence which supports the idea that Clause 12 claims can be used to
derive a loss (negative of utility) function due to geotechnical
uncertainty.

The initial reaction in this work was to assume that the 'low'
winning tender could lead to high claims as the contractor tries to recoup
lost "profit'; similarly a 'high' winning tender could lead to lower
claims as the contractor might be willing to sacrifice some of his high
profits for the 'goodwill' that a trouble-free contract generates.,

In order to test these hypotheses an estimation of the variation
in tendering was deduced by comparing the winning tender with the
average of the second and third tenders (see Table 13). The second
and third tenders were chosen since it was considerced that they would
be competitive, whereas higher tenders may not have been, A graph;
Figure 11, has been drawn which directly compares the percentage by
which the winning tender was bélow the average of the second and third
tenders with the percentage that the final cost was greater than the
tender price.

Two points arise from this graph. First there appears to be no
correlation between a 'low' tender and the amount of overspending in
claims, which reinforces the opinion that the client probably pays
less than the true cost of a variation (THOMPSON and BARNES, 1877).

Given the assumption that a contractor's tender is made up of a fixed
price plus an allowance for risk, it appears therc may be a relation
between the variation in risk pricing, cxpressed as the variation in
tender price, and the maximum overrun of tender price that could be
anticipated, Unfortunately there is little hard evidence to support

this idea. However, if-this form of graph were to be confirmed by
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NWA % WINNING TENDER BELOW % FINAL CONSTRUCTION
CONTRACT AVERAGE OF SECOND AND COST (EXCLUDING PRICE
NUMBER THIRD TENDERS VARIATION) ABOVE
TENDER PRICE

27 5.15 +10.7

31 3.75 -13.7

32 9.65 +16.8

40 10.53 -18.9

52 10.94 - 5.3

TABLE 13 variation of Tender Price and Construction Cost
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other contracts in diffcrent branches of civil engineering, it would

greatly ease the Client's problem of estimating the ultimate cost for

loan sanction or cash flow analysis, Additional results ave required

prior to any firm conclusions regarding the use of a function to

encompass the maximum tender overrun of construction cost, To demonstrate

the idea of an all-embracing function a basic quadratic curve has been

inserted to fit the existing results, An offset from the zero ordinate

axis has been introduced to represent the idea of a natural conservatism

on the part of the contractor to cover rizks unpriced by the Client,

for example,
Clause,

In

a shortfall in remuneration from the Contract Price Fluctuation

all contracts studied in the rescearch the final selection of

contractor was arrivea ot by the competitive tendering of selected

tenderers.

To illustrate how the utility functions of Client/Engineer

and Contractor interact, a cost-risk space could be created with

Contractor and Client in opposite corners,

Client's
Risk Share
Increasing

%

Client's
Position -

1]
Contractor's Cost Decreasing Contractors
100 B— : 0 Position
! Contractor
7 {
o ; 25 Risk Share
1 : ~easi
50 50 Increasing
\ B %
\ 5
25 \ : 75
\\ .
D
0

Figure 12

100

Client's Cost Incrcasing

vessses.Client's Utility Curve
———————— Contractor A's Utility Curve

Contractor B's Utility Curve

Cost Risk Space
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Figure 12 shows the form that Lthis cost-iiskgrace could take, In
a contractual sense the Client's risk could be thought of as extending
from zero in a turnkey contract to 1CO% in a direct labour contract.

The Client usually specifics (by implication) the level of risk he is
prepared to accept by choosing the form of contract. The shape of
the Contractor's utility curve shows his degrece of risk aversion,

Two utility curves have been shown in Figure 12 for different
contractors' tenders and it is clear that, if minimum tender price were the
governing factor, at the 75% risk level to the Client, Contractor A's
tender would be selected; similarly, at the 25% risk level to the Client,
Contractor B's tender would be selected, If it were to be assumed that
the Client was indifferent to his final location is cost-risk space, then
his optimum position would be at a minimum distance from his graphical  origin.

In the indicated case both the Contractor's utility curves are below
the Client's utility curve, and hence represent an expected saving on
what the Client is prepared to pay. It would be feasible to show a
situation where none of the Contractor's tenders came up to the expectation
of the Client in which case the terminal utility would have to be a
compromise solution,

Having discussed the meaning and use of utility, it is now possible
to proceed with the example shown in the decision tree where the example
question was whether or not to provide for compressed air on section MH
C4-C2 on Contract 32, The utility of the action making provision fox
compressed air when it is not needed would, in monetary terms, be the
negative mobilisation cost for compressed air, since it is unlikely that
compressed air would be used until ground conditions required it, This
Qalue can be termed (-C ). The utility of the action making no provision

for compressed air when it is not needed would be nothing. The utility
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of the action making no provision for compressaa ailr wien it is nceded
would B¢ slightly more complicated, but, as a simplication, consider it
as the negative cost of undertaking the work with compressed air in the
programme. Inits turn this c¢laim (CL) is likely to be proportional to
the error in judgement (£), CLf The constant of proportionality (fc)
has been designated as the risk factor,

It is now possible to calculate the probability (P*) where the potential
gain in not making for compressed air is equivalent to the risk of having
to introduce it at a later stage and suffer a claim, From the decision
tree,

U(X) =P*xU(Y) + (1-P*)U(Z)
replacing with the monetary equivalents,

(~C) = P*0 + (L~P*)(~-C-CL)

or , Px = CL
C+ CL

- £
C +f &
_ c

This expression would indicefe that if the risk factor is high or,
equally, if the error in judgement is large, the probakbility of conditions
being better than those requiring compressed air would need to be 1, that
is, a certainty.

The cost of mobilisation for compressed air can be assessed reasonably
accurately, so in order to produce a numerical value for the probability,
an estimation is required of the maximum cerror in judegement and the risk
factor. Tne alternative for the risk factor would be to allow the Client
to place a maximum valuc on the claims he was prepared to bear, For example,
he might allow 10% of the total contract cost. An alternative would be to
use the tentative infarmation from PFigure 11 to predict a value of maximunm
risk factor in terms of the construction cost, If the tenders are known,

then the relative percentage of the claims can be read; for example, a




1.

tender divergence of 4% would give a maximum visk factor of 0,1,

Before discussing how to estimate the crror in judgement it is
necessary to understand what is meant by it, Error in judgement is the
deviation of actual conditions from predicied conditions, where these
conditions are linked to desigzn decisions, Therefore, in order to
create an estimation of error it is necessary to know wihich tests ars
usel to influence declisions, Usunlly, tests are not considered in
isolation, butl are combined with different weigzghtings to form a group.

This group could be termed a design factor and there may be ssveral design
factors on a contract, Although this grouping is usually made sub-
consciously hy the Engineer, the introduction of tunnelling cost
programmes for computer (WHEBY, 1973) has scen the objective crzation of
desizgn factors, In the cass of soft ground tunnelling a stability number
is used which combines the cohesion with the internal angle 6f friction,

The ervor in judzemant can then be expressed as the deviation of the
design factor, created from the actual conditions{ from the design factor
ass=ssed from test results, If the assumption of the theory is accepted,
that the probability distribution of conditions is normal, then it will be
comnletaly specified by the mean and variance of the test results, when
combined as a design factor, Care would need to be taken to ensure that
the variance from a small number of tests was noi unrepresentative of the
population variance, A way round this problem would be to nlace a minimum
coefficient of variation on the results, This minimum value could be
taken from a larger sample, for example from work detailed in HARR,1977,
where ssveral soil parameters are shown with their mean, variance and
coefficient of variation (see Tables 14,15 and 16),

Without being specific, this s=2ction has ﬁried to highlight conditions
where empirical resuits gained from the research can be allied to theory
in ovder to aid the Engineep in his decisions, The final sections will
deal with areas of future possible developments and some of the assumptions

made both in this scction and the previous theory section,
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CHAPTER 7

FUTURE DEVELOPKMENTS

At this stage it seems appropriate to discuss some of the areas
of error, pointing outlt possible lines of research or alternative
approaches to the problem.

Ideas have been introwuced from a variety of theorctical
approaches in an attempt to explain and where possible, model in
relatively simple terms the complex problems of tunnelling. In
several cases there are attractive, if more complicated, alternatives
to some of the assumptions previocusly made in the text, An example,
which requires further discussion, is the assumpticn that ground
conditions can bhe modelled using normal distribution functions,

The innerent weaknesses of using the normal distribution function
are that it is symmetric over its range and assumes that negative
results are possible,

In site investigation, neither of these assumptions can be
considered to be truly valid, so if a greater degree of accuracy is
required an alternative function shouid be used, for example a beta

function of the form,

ot A
f(x) = E (x - a) (b - x)
«-rp-+l
where c = ! B, (b-a)
X 4+ B+ 1
and a and b are the end limits.

The beta function overcomes the problems of the normal distribution
function in that it has a limited range between points (a) and (b)
and also posseses skewness, which allows il to model results which are

heavily biased to a specific region.



Several of the ideas, which lie oulside the mainstream. of the
research, have only been briefly investigated and further resecarch
could bring fruitful results. An area, where this comment is
particularly relevant, jz in the introduction of the concept of a
contractor - client cost/risk space,

A cost/risk space has been used in research (ASHLEY,1977) to
model joint-venture civil engineering in the U,S,A, flowever,
its applicability to competitive tendering has not, so far, been
tested, Any attempt would fequire an in-depth knowledge of the
contractor's approach to tendering as well as that of the client,
Different contractor strategems would obviously lead to different
contractor utilities,

The use of a cost/risk space allows visual representation of
the relative positions of the client and contractor and how an
alteration in either position affects the position of the other.

As mentioned previously, if the client is indifferent to his position
on the utility curve then it is probable that the ultimate contractual
solution would be mutually beneficial. Unfortunately, in a body
subject to public accountability the selection cf a non-minimum

tender would lead to heavy criticism, so a primary step would appear
to be the education of all concerned, whether directly or indirectl&,
that the minimum tender does not necessarily lead to the minimum

cost,

Assuming that acdeptance ol cost/risk space as a uscful tool
is forthcoming, the quastion remains as to how movements in cost/risk

t

~gpace can be translated into 'real' terms, Crude adjustment in

cost/risk space could be achieved by altering the ftorm of contract,
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for example, from admeasurement to target cost, ltowever, a subtler
form of adjustment is required if it is to have sufficient adaptability
in an on-going negotiation, A rapid shift in cost/risk space could
only be achieved by restructuring the contract to allow alterations

to be included at both the pre-tender and post-tender stage.
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CHAPTER 8

CONCLUSION
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The initial basis of the research was to investigate the cost
effectiveness of site investigation in tunnels axd the effsact that
this information had on overall cost. However, it was soon realised
that the information could not be considered in isolation and the
research was extended to include aspects of general civil engineering
contract risk whelher c¢conomic or political in origin.

The main achievement of the research has been to show that it is
possible to visualise contracts as a series of decision and state
variables, Appreciation of these various factors should facilitate
better planning at the investigation stage. Further, in separating
out the effects of the major state variable, ground condifions, as a
series of cost percentages the research has illustrated quantitatively
the sensitivity of contract cost.to site investigation information,

There is a large potential for sensitivity analyses, not just
in tunnelling, but in the whole civil engineering field, as an aid to
increasing the Engineer's awareness. Any analyses should include
all the key factors affecting cost. Work (ASHLEY, TSE and EINSTEIN,
1979) has already been started on this subject, where a ranking
system was used to clarify further the main variables,

Concerning the cost-effectiveness of the site investigation
of the tunnelling contracts, overall conclusions are difficult.

The production of case histories allows specific problems to be
highlighted, for example the need for slake-durability tests where
tunnelling is expected to be in mudstones and shales, With the

accumulation of data from a series of case studies it can he shown
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that the problems eéncountered on any tunnelling coatlract can be
divided into two 'loose' categories, The first category of problems
occur because the site investigation information is cither insufficient
or misleading, which increases the difficulty of choosing the optimum
design decision &t the tender/pre-construction stage. The second
category concerns problems where there is sufficient information for
the optimum choice but inadequate information to accurately predict
the extent of the action, Thus slake~durability is an example of
the first, whereas additional excavation would fall into the second
category.

As errors in the second category are, by definition, unlikely
to affect design-decisions, no large-scale alteration to working
method would he expected, Where fundamental design-decisions are
brought into question, the possibilities of cost escalation are
increased.dramatically as illustrated by the major claims on the

tunnelling contracts.studied,
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