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ABSTRACT

Planning the development of an urban area is a complex
operation. In practice, and often intuitively, the required style
of the ultimate development is reduced to a series of discrete but
converging aims and the plan that is usually adopted attempts to
achieve these aims at minimum cost. If only the geological factors
which impinge on planning decisions are considered, a particular
structure will cost the least to build in locations offering the
most favourable ground conditions. A generally more economic
venture will also result when the expected cost of building the
structures in less geologically-favourable locations is allowed to
influence the style of development during the planning process.
Unfortunately, suitably precise geological and geotechnical information
for conditioning the planning decision is seldom available at this
early stage of urban development.

Balanced against the cost of geological data collection are the
concomitant savings which arise from a reduced risk of foundation
failure. When the two, costs and savings, are equal, further testing
and analysis become financially redundant. However, the benefit to
the overall urban development costs brought about by performing site
investigation can be prone to much uncertainty. In this thesis,

a probabilistic method for the evaluation of the economic advantage
likely to accrue from site investigation activity has been developed.
As a demonstration of the application of this theoretical analysis,
the actual site investigation for a settlement tank at Howdon sewage
treatment works (near Newcastle-upon-Tyne) has been examined.

During urban development, most geological and geotechnical data
are collected immediately prior to the foundation design stage. In
order that geotechnical data can be made available at the early stages
of planning or for higher level probabilistic evaluation, a digital
computation facility for the storage and processing of considerable
quantities of data is necessary. In discussing the use of such a
facility the thesis describes a suite of computer programmes called
Geosys which have been written for the storage, retention, retrieval
and presentation of geotechnical data obtained during site investigation

studies.
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CHAPTER 1

INTRODUCTION -~ A BRIEF CONSIDERATTION OF
PLANNING FOR URBAN DEVELOPMENT

1«1 Aims of Planning.

In order to achieve a desirable distribution of limited resources,
and to ensure that future needs are Icatered for, an urban plan must be
formulated. For such a plan, a set of guidelines such as those
suggested by Keeble (1964) and listed below can be used:

(1) promotion of accessibility of homes and other urben

facilities;

(ii) efficient employment of resources;

(iii) zoning of activities into areas of compatible land use;
and (iv) pleasant development.

Planning for urban development,with these ideals,must include the
consideration of many factors of varying importance. The influénce the
existing infra-structure, the available sources of energy, and other
resources have on the plan must be measured. Bventually, the extent to
which the plan fulfils its intended purpose must be measured,and so the
consideration of any urban development proposals must be based upon an
assessment both of the existing situation and of the expected outcome.

The physical state of the ground is one factor amongst a host of
other factors which planners must consider in formulating development
broposals. Clearly, any effort to utilize geotechnical engineering in
urban development planning will only be successful if it is organized
within normal planning procedures. Thus,an examination of méthods
used for deriving plans may well prove benefiéial in the search for

suitable means of performing the necessary interaction of data.
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1.2 Development Restraintse.

The consideration of such planning ideals as accessibility,
efficiency, compatibility and pleasantness may only be incorporated
in a planning procedure if these factors are quantified in common
terms. Without a method, even if it is an informal one, any attempt to
compare one set of development proposals with another is unlikely to
lead to a conclusive answer. Some difficulty arises over deciding the
scope of planning activity which will usually apply, since some
situations will be in the sole charge of the planners, and others may
be wholly outside their influence. However, it may be expected that
the main factors affecting the distribution of facilities within the
urban plan will be communications and to a lesser extent the water
supply. Because the transportation of goods and people is both expen~
sive and time~consuming, economic urban plans minimize movement. Such
Planning methods identify the most cost=effective proposals rather than
those which most nearly meet the ideals already mentioned. But the
application of financial restraints in urban development are inevitable
where external financial restrict:i:ons are imposed.

The promotion of mobility by increased accessibility,particularly to
motor traffic, has itself resulted in a restraint due to the resulting
congestion. In fact the wisdom of constructing demand-orientated rosds
has been questioned on both environmental and economic groundse. The
growth of personal movement is shown by O'Flaherty (1969) in Figure 1.1
to be alarming.  Although between 1945 and 1965 there was a doubling of
the passenger miles travelled, the numbers carried by public transport

actually declined. The resulting growth in vehicle population and the



percentage of non-bypassable traffic indicated by statistics published
by the Ministry of Transport (HeMeSe0.y 1967) in Figure 1.2 suggests
that total congestion of some conurbations is a likelihoode If traffic
expectations of the Ministry of Transport (H.MS.O., 1567) in Figure 1.3
are compared with saturation levels derived by O'Flaherty (4969) in
Table 1.1, it is clear that this could occur before the year 1980.

More recent developments which may tend to curb the proliferation of
private transport, due to the generally-acknowledged disproportionate
burden of increased fuel costs it bears,are liable to only delay
eventual congestion.

A projected demand for water by Oskley (1972), in Figure 1.k, suggests
that consumption will more than double the 4950 level by the beginming of
the 21st century. Although rainfall in Britain is sufficient to meet
this unrestricted demand, large scale storage and distribution systems
would be required if short~term or localized shortages are to be avoidede
According to Ineson (1970) there are sixty-nine million cubic metres of
water per day available in the north of Fngland, of which only an extra
Lol million cubic metres per day will be required by the year 2000.

This figure represents an increase of only 2% Per annum compound interest
on the present consumption. Other areas such as the south east of
England do not have resources so much in excess of demand, but even here

it is doubtful whether de-salination will ever be viable as an altermative
to surface and groundwater control schemes.

During urban expansion, increased sewage treatment capacity is an

obvious requiremente At the present time some urban areas are without



satisfactory sewage treatment facilities,and further urban development
coupled with improved pollution stendards has added impetus to sewage
treatment plz;.nt design and construction.

Future urban requirements for land are not regarded as insuperable,
since the population of Great Britain is not rising quickly. So although
much of the existing housing stock is unsatisfactory, in his allowance for
a population rise of 19 millions between 1967 and 2000, Stone (1963 and
1967) expects little change in the proportion of gross national product
already devoted to the comstruction undustry. This may be demonstrated
by adopting a reasonably low housing density of 124 persons per hectare
and assuming that all houses built before 1930 will be replaced by the
end of this century. However, since the resulting land requirement of
0.64 million hectares represents only 3% of the total land ares of Great
Britain, total land needs do not appear to be too great. On the other
hand, neither are the resources. Since there is an obvious reluctance
to use good agricultural land or very high housing densities to provide
the accommodation, it is becoming increasingly necessary to examine hither=
to non-developed areas, especially for industrial expansion. The land
available may be derelict, may have been used for dumping wastes, or may
be in low-lying estuarine areas subject to flooding. All these land
areas provide their own special problems,but these problems are mainly
due to the variable character of the land, low b;aaring capacity and high
ground compreséibility.

Urban development plans are necessary to ensure that limited resources
such as land, water and also money are allocated in anm effective manner.

In performing this allocation the planner must also be mindful of the



ideals already mentioned. Consequently, a successful urban plan will
both accommodate the development restraints and comply with the defined
objectives. Obviously, the many factors must be considered during the
formulation of an urban plan, and the procedure is recognized as a
multi-disciplinary activity.

The present objective is to examine avenues in urban planning
bractice where geological or geotechnical interaction may well be
beneficial to the eventual development. Hence, although information
gained about ground conditions might aid the harmonization of the
development with its environment, it is only: by examination of factors
already established as development restraints in planning procedures that
ways of including others might be obtained.

1.3 Urban Models.

Urban plans must meet not only present but also future needs. Hence,
a reliable method must be derived for predicting changes due to the plam
and otherwise affecting it. These projections are largely based on extra=-
polations of past experience utilized by the inter-dependence of sensitive
Parameters in models. Once calibrated, such models can be used to fore-
cast trends by injecting certain control data. Naturally, the data
available, often variable in type, usually comprise statistical information
concerning the present levels of movement of people and goods, but factors
influencing the location of urban facilities and communications are also
employed. The basic types of model are as follows:

(i) growth factor;
(ii) gravity model;
(iii) interactance model;

and (iv) opportunity model.
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The growth factor model is a correlative model,which has been used

by the Iower Pioneer Valley Regional Planning Commission (1970), in which
future urban requirements are predicted by correlation with expected
population changes. Unfortunately, since the underlying factors
influencing land use are ignored in this re~grading of existing facilities,
there is no assurance that the area will develop in a co-~ordinated and

balanced manner. On the other hand, in the gravity model the amount of

expected activity is predicted by assuming that movement is governed
analogously to the force exerted between two physical bodies. Hence, the

number of physical movements, or trips Tab,between two places a and b is

DIl

where k is a constant
Ma and Mb are respectively "masses" of a and b;
Da%s the travel impedance between a and b
and n is a-constant.
Population is often used as a measure of the relative "mass!" or attractive~
ness of an urban centre,and the travel impedance is taken as the distance,
or the cost of travelling, or the time taken in travelling between a and b.
This simple model has been criticized by Ta:rm‘er (1961) because of the
apparent non-l;i.near relationship between population and attractiveness.

He advocates a law of the form:

k MM
_ a |
Top = D exp [' tDak] c tT cee 12

where Ta_b’ k, Ma’ Mb and Dab are as defined for equation 4.1}

- d
C, and G, are constants,such that G = z M exp[ tDaj] y

t i=1
and Cb is given by a similar expression;

j is the number of other attractive centres;

and t is a constante.
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The interaction model is more sophisticated than the two models
described previously. and operates by an iterative process. The model
outlined by .Cordey~-Hayes et al.(1971) begins with the derivation of
urban facility allocation formulae based on the assumption that the
location of the residential population depends on non=-service industry
employment, the communications network,and the population density.
After the derivation of the basic industry model, the resulting service
industry population is added to the basic indu:stry population. The
analysis continues with this composite population and the iterative
brocess continues until a stable mode results.

The opportunity model described by Martin ~_9_'§__a_£._.(1961) operates on
the assumption that all jourmeys attempt to minimize the journey time
between zones which have a specific probability of being able to satisfy
the purpose of the trip. The brocess can be represented by equation

1.%:

Ta,b = Ta {e}c_p [— P Tc] =eXpP -P(Tc-Tb)J } oo 1.3
where Tab is the number of trips between a and b;

Ta and Tb are respectively the number of trips terminating
at a and b;
Tc is the number of destinations ;aearer to a than b;
and P is the probability that place b will satisfy the purpose
of the trip.
In all these models the comstants for calibration are generally
derived by surveys. However, in the case of P in the opportunity model
equation 1.3, very large samples are necessary, but unlike the gravity

model, the trip impedance is actively minimized rather than simply
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negatively exponentiatedo The suitability of a particular model for
a planning application depends on a variety of factorsy but this choice
may only be attempted wher,1 a large mass of statistical data areavailable.
This information used for testing and calibration will then be employed
to determine the effect of facility location on the extent to which the

plan meets its purpose.

1.4 Geotechnical Fngineering in Urban Development

Planning urban development has been recognized as a multi~disciplinary
activity, the procedures of which involve the manipulation of data
concerning the existing situation in order to accommodate Ffuture needs
as they arise. It is thereby an extrapolative exercise. In such a
procedurey the statistical information collected and collated will cover
meny subjects,so that many factors which influence the plan can be taken
into comsideration. Any additions to the factors to be incorporated in
the planning procedure must fit within the accepted overall strategy.

One fundamental requirement for including geotechnical studies in urban
planning relates to a means of assessing any resulting benefit. Obviously
the best justification for geotechnical involvement will be that better
urban development results, and since all plans must be tested to determine
their quality, or the extent to which they meet basic planning require-
meilts, the same criteria can be used to determine the value of geotechnical
data. _

Interaction of geotechnical science with urban development should be
initiated at an early plamning stage, but must also continue throughout
and perhaps after construction. Methods of designing foundation structures
that are sympathetic to the ground conditions are well established, although

improvements in the predictive techniques involved are always possible.
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However, to push this geotechnical interaction with urban development
back into planning and forwards into post-construction, some necessary
research along three lines is required:

(i)  development of a means of measuring plamning quality, both of
existing proposals and of their fubure effect;

(ii) a method of applying suitable geotechnical data to urban
development throughout that development, and of processing
the data;

(iii) a system for assessing the effect of ground conditions on
the plan.

Furthermore,it is clear from the consideration of the main restraints to
ﬁI:ban dewlrelopment that the rracticality of any strategy must, be tested by
the same criteria as the extent to which the plan fulfilis the original

objectives is measured.
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Cars per Capita
Locality .
HeMeS.0.(9967) | O'Flaherty (1969))
Inner London 0.325 0.30 = 0.35
Conurbations 0.375 0.35 -~ 0.40
Medium Towns 0.425 040 « 015
Typical Counties 0.475 0.45 = 0.50
Rural Areas 0.500 0.50

Table 1«1

Traffic Saturation levels in Towns
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CHAPTER 2

DECISIONS IN PLANNING

2.1 Criteria Used in Decision Making

Most urban plans are formulated so that the environment changes
in accordance with certain ideals. The principles upon which urban
development operates depend very much on circumstances such as the state
of existang development and the resources that are available. However,
an urban plan should promote accessibility, an efficient use of resources
and protection of the environment. Since any practical plan will
enventually be formulated as a compromise, the extent to which these
qualities are realised must be quantified as far as Ppossible so that one
plan can then be compared with another.

Recently, planners have been attempting to apply objective appraisals
of public reaction to changes in the environment. They have adopted two
approaches: (i) sociological;

and (ii) economic.

The first method endeavours to brevent intolerable environmental damage by
examining the sociological comsequences of planning proposals. ILuthans
(1972), Margulies and Raia (1972) and Hoinville (1971) have all utilized
community preferences correlated with behaviour as Planning quality
criteria. The Wilson report on noise (H.M.S.0., 1963) concluded that
panels composed of members of the public could define tolerable levels
of pollution,and similar controls could be extended to measure the
acceptability of plans. However, since it can be argued that their
decisions would be unduly dependent on their composition, the use of

special panels seems to have little to recommend it over the use of



planners and elected representatives performing this function.

Fconomic assessment is the second alternative. It has the
advantage of providing an immediate guide that can be included in an
economic emalysis. This economic penalty incurred by the damaging
features of otherwise worthwhile ventures can be derived by applying the
compensation principle advocated by both Waller (1968) and Iichfield
(1972).  For this approach, either the amount of money that people
would pay to be without a particular nuisance or the amount of compen=
sation they would require to allow it to affect them is ascertained by
surveys. However, a method which measures personal compensation suffers
from the difficulty of assessing general lowering of amenity. An
alternative approach is to correlate property prices with compensation
levels. But, although property prices quickly reflect any changes in
environment, the true market value of property is only proved when it
changes hands,and thus for areaé adversely affected by development plans
a depressed value results. However, multiple regression techniques
could be utilized to overcome this drawback, so that falls in general
property values could be correlatéd with environmental damage by using
control areas to identify sensitive factors.

Another method of economic assessment of environmental damage is to
invoke the principle of environmental compensation so that an amenity lost
must be replaced elsewhere. However, this would certainly be difficult
to apply in practice on anything but a limited scale,and in common with
other economic techniques it still sanctions damage.

The whole philosophy of introducing cash value into the analysis

can be questioned, but a guide to acceptable limits of envirommental



damage indicative of the seriousness and cost of avoidance will always
be required where planning allocates constrained financial resources.
It may be concluded that the process of up-~grading urban facilities
inevitably incurs not only monetary costs but also environmental ones.
In any scheme, the cost of keeping environmental quality at a constant
level by limiting the polluting effect of improvements may be the most
satisfactory way of overcoming this difficulty. In particular cases
this means that the actual cost of high quality soundproofing, lands-
caping, removal and rehousing of displaced populations would be
included in the cost of development. Other factors offering restraint
to urban development may also be included in an economic analysis of
blanning proposals. Since land and the provision of urban facilities
may be costed directly, the limitation of finance may be used as a
criterion of ﬁlanning quality provided that all the costs to individuals
and the community are included. It is also necessary to realise that
the plan must also be sensitive to some factors which will inevitably
be outside an economic analysis.

2.2 Applied Cost Benefit Analysis

The process of cost benefit analysis consists of totalling the

monetary costs and comparing this sum with the expected benefits. In

a free market, the comparative rarity of a particular commodity is
determined by its cash value. OF course, taking the net economic
benefit as the sole criterion of planning quality would almost invariably
be unsatisfactory since,clearly, many of the costs and benefits are not
appropriate to ecomomic evaluation. Even when an economic analysis is
feasible, the priorities of a private developer may be quite different

from those of the community. However, although financial economy may
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be imposed at the expense of what could be regarded as more worthy
ideals, without a measure of the relative abundance of the resources
required and the degree to which the plan meets the ideals already
mentioned, effective planning would be impossible.

The use of cost benefit analysis to derive a satisfactory
distribution and use of resources is well established in the justifi-
cation of ;oad improvements. Many criteria of varying economic
importance are included. The analysis of the more economically~-
dependent factors is well documented, Dawson (1968) having given guide-
lines to be applied when savings due to time, vehicle maintenance,
running costs, accidents and other considerations are calculated.
Naturally, the benefit of a particular improvement is highly dependent
on the amount of traffic using it. While the numbers of vehicles
already using a road can be measured,and the number attracted from other
roads can be deduced by fairly simple surveys, the traffic generated by
the improvement due to completely new journeys being made is difficult to
ascertain without recourse to the urban models already mentioned.
Generally speaking, any cost benefit analysis for Jjustifying expenditure
will be more complicated than this simple explanation suggests. In
their assessment of a projected London to Birmingham motorway, Coburn
et al. (1960) found that the economics of such a road were very sensitive
to vehicle speed and the cost attributed to People's leisure time.

The monetary costs include those of blanning, site investigation,
land, materials and construction, but costs due to bossible detrimental
effects that the improvement has on the environment may also be incurred.
Although the cost of special measures, such as landscaping or sound~

proofing of buildings, may be incorporated into the overall cost analysis



comparatively easily, other amenity losses are more difficult to price.

When all the costs and benefits have been assembled, the final
decision depends on a test of efficiency applied to the economic
consequences of the proposals. A straightforward choice of the action
which maximizes the difference between costs and benefits during the
planning operations may not be suitable for this when the alternative
Proposals involve different investment programmes. So the net benefits
are discounted to a present value over the life of the investment, and the
alternative which maximizes the bresent value will be adopted. As a
criterion of priority of alternative expenditure, the internal rate of
return which makes the present value zero cam be used. Of the two
methods, the first is generally preferred since it will maximize the
present value of the monetary funds available. In most instances,
proposals for which the internal rate of return is less than the discount
rate will be deferred.

The difficulties associated with economic cost benefit analysis are
prarticularly relevant to urban road building. It has already been
suggested that total congestion of some conurbations is likely to arise
before the year 1980. Also, it may be expected that the provision of
demand-orientated motor vehicle accessibility would inevitably cause
serious amenity loss,especially where additional road capacity is incor-
porated into existing urban infrastructures. To ease congestion at
junctions, multi-level road arrangements have been adopted; elsewhere
elevated and depressed roads have been constructed. The construction of
these structures has often been accompanied by serious loss of amenity

(apart from accessibility) in the immediate locality. Further improvements
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in accessibility with a minimum of environmental 1osé may be achieved

by the use of urban road tunnels as an alternative to new surface roads.’
There are examples of all these features in the Newcastle upon Tyne/
Gateshead area.

Projections of tunnelling demand made by the Organization for
Economic Co-operation and Development (1970) and shown in Table 2.1
suggests that tunnelling will play an increasingly prominent role in the
civil engineering operations associated with urban expansion. Although
the greatest percentage increase on a global scale is expected to arise
in connection with mining extraction operations, considerable growth of
urban tunnelling is expected. This activity will take place in order to
ald accessibility by the provision of trapsportation networks, and to
improve services. In contemplating a tunnelling solution to a particular
problem, the planner must be mindful of the sensitivity of construction
costs to ground conditions. In fact,the analysis of tumnelled roads and
their surface counterparts may be used as an example of the manner in which
geotechnical matters can affect development costs. Such a comparigson is
berformed later in the thesis.

Space for urban expansion may also be considered in a cost benefit
analysis. Although immense problems do arise in the reclamation of land
in estuarine areas, Rutledge (1970) concludes that the economics of such a
scheme can compare favourably with other inland developments. The main
difficulties in providing dry land free from the danger of flooding,and
capable of providing foundation support, can be solved by two basic methods.
Either dykes can be constructed and the area bump~drained, or the land
surface can be raised by the placement of fill to give height and cause

consolidation of soft sediments. OFf the two, the latter is usually
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breferred, since foundation support for low buildings is provided in
low bearing~capacity deposits where otherwise even services would
require pile-support. The provision of water/land separation is one
of the most expensive parts of reclamation. According to Rutledge
(1970), a rock-faced dyke of fill material is the cheapest variety of
barrier. This costs about £600-1200 per metre run at pPrices which
have been converted from dollars to pounds at the 1970 exchange rate
(Whitaker » 1971) and updated to 1973 levels by reference to the
construction cost indices in Table 2.2 (H.M.S.0., 1972a & b, 1974).

For docks, the least expensive method is to install a cellular sheet
pile which costs about £2,500 per metre, but since this is vulnerable
to damage in collisions, a pile-relieved platform costing approximately
£3,500 per metre may be more suitable for warves, although here an
accessible pile~bearing substratum is needed. Overall, it would
appear that whatever the thickness of the compressible layer, it is
generally more economic to provide accommodation in higher buildings
due to the relatively high cost of Piling necessary for even low ones.
This observation is demonstrated by the curves in Figure 2.1 which
relate the thickness of the compressible layer to the cost of unit area
floor space in buildings constructed during the development of an exten~
sive area reclaimed by the placement of 3.lm of fill.

Space for urban expansion may be gained by other operations for
improving the geotechnical characteristics of the ground in areas of low-
bearing capacity, and also in those of urban redevelopment. Such systems as
dynamic compaction,vibro-compaction,void filling and grouting have been found

to provide economic methods. For a particular site,10,000 square metres in area



comprising demolition fill between 6 and 7 metres thick and being
pPrepared for two-storey hospital development, Reina (1976) evaluates
three alternatives. The same specificationof 150 kN/ha average
bearing stress with a maximum settlement of 25mm, and a maximum
differential settlement of 12mm, was used for conventional piling,
estimated at a total of £102,000; treatment by vibroflotation at a
cost of £60,000; and £50,000 for ground improvement by dynamic
compaction. In selecting the type of ground treatment suitable for
a particular location, the economy of the particular method will be
governed by the ground conditions, required loadings, acceptable settle~
ments and the size of the site. However, on occasions, other factors
such as the acceptable levels of vibration and noise, and the site
access,must also be considered. Dynamic consolidation is only
suitable for non~cohesive soils, and generally speaking is only
economic for areas of treatmeat greater than 7,000 to 10,000 square
metres (0.7 to 1 hectare). On the other hand, vibroflotation is
economic on smaller sites and may be used for the treatment of most
soll types.

Other restraining factors may also be considered as costs in an
economic analysis of the development proposals. Thus, for an urban
plan,the total implied costs can be calculated for comparison with
alternative plans. Naturally, uncertainty regarding some factors
affecting the plan will bring about comsiderable uncertainty in the
financial consequences of adopting the plan. But these factors can
be identified in the amnalysis and be given priority in any investi-
gation activity. Obviously, for a planner to be in a position to make

a full analysis of the consequences of implementing a particular plan,



the necessary data must be readily available. In the case of geo-
technical data affecting the suitability of foundation types, it must
be available early in the Planning process in a form which the planner
can easily utilize.

2.3 Economics of Tunnelled Urban Roads.

The environmental problems associated with the adoption of new
urban roads to promote accessibility and ease congestion can be
reduced by the construction of tumnels rather than roads at or near
the surface. However, the environmental benefits of tunnels must be
balanced against their higher cost. Also, tunnels are structures
which are particularly sensitive to geological factors,so that justi-
fication of tunnelling solutions might be possible where ground
conditions are favourable. On the other hand, geology rarely impinges
strongly upon the decision process at the design stage.

Tunnels in urban areas would ideally be of the bored type due to
the disruption to existing development and shallow services caused by
cut and cover construction. As a prime example of such disruption and
of consequential environmental reaction, one may quote the Amsterdam
Metro under construction in 1976 using either a massive concrete caisson
technique or an 'under-the~roof' cut-and-cover technique. Although
other tunnels, deep foundations of certain types, the location of access
points,and geological and hydrological conditions all inevitably exert
some influence on a tunnel route, bored tunnels are easier to incorporate
into an existing urban infrastructure since they are less restrained by
existing land use. For road tumnels to be most beneficial to urban
surface amenity they would have to be of a sufficient size to

accommodate all traffic,including heavy goods~and public service-vehicles.
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Recent developments in tunnelling have led McBean and Harris (1970)
to conclude that the cost of tunnelling is rising less rapidly than
are other civil engineering costs. Improvements to the versatility
of tunnelling machines, changes to linings, better site investigation
and more effective ground treatment techniques are expected to reduce
still further the relative cost of tunnelling. The economics of
constructing both elevated roads and tunnelled roads are very
sensitive to locational factors. Although a general analysis is
difficult, a major influence on the cost of surface roads is the price
of land. On the other hand, in the case of tunnels the ground conditions
exert most influence, but this does not discount the comment made
earlier concerning the geology.

The price of land varies enormously depending upon its existing
use and location. This dependence is amply demonstrated by reference
to Table 2.3 which has been compiled from data published by H.M.S.0.
(1971a). The prices in this Table have been adjusted to 1973 levels by
use of the building land cost index in Table 2.4 by H.M.S.0. (1972 a &
b and 1974). Since in areas where demand for land exceeds supply, a
range of prices between £m0.035 and £m0.267 per hectare might be paid,
meny new urban roads are routed through slum-clearance areas to avoid
expensive land and likely environmental damage. Table 2.5 has been
compiled from data by Pool (1975) who reports that, in County Durham,
houses built at a demsity of 100 per hectare may be purchased for as
little as £30 each if declared unfit. For similar housing which has
been improved, a figure of £1,700 is more appropriate. Better quality

terraced housing can command prices between £2,500 and £6,000 each.



This intelligence suggests that the operation ofclearing residential
areas developed at 100 houses per hectare can cost between £m0.003
and £m0.59 per hectare.

A general guideto land costs near to London can be obtained from
Stone (1970) who has published the average cost of building land for
1964 as a function of the distance from Iondon. Using these data
adjusted to 1973 levels with Table 2.2 produces land costs in Table 2.6.
These costs compare well with those computed from the analysis by the
Greater Iondon Council (1973) in Table 2.7 (in which pPrices ranged
from £m1.2 to £mh4.8 per hectare) if it is remembered that land referred
to in the latter case is closer than 46km from London,and the costs
also include the diversion of services and some soundproofing involved
in tunnel construction. Teking the data in Table 2.5 and 2.6 together,
it would appear that the cost of land in urban areas can vary between
£m0.25 and £m1.09 per hectare. It may rise higher than this in some
areas,such as near to the centre of Iondon or other large conurbations,
and it may drop where a high bercentage of slum clearance or low density,
poor quality housing is involved.

The minimum amount of land required for an urban road with six
standard width lanes is about 3 hectares ber kilometre. Additional
land for side margins, embankments, cuttings, junctions and landscaping
may increase this figure to 7 hectares per kilometre. In the case of
urban surface roads in London given in Table 2.7y a figure of almost 6
hectares per kilometre was determined by the Greater Iondon Council (1973).
Using an areal land requirement of 7 hectares per kilometre with the

costs already determined produces an estimated land cost of between



2l

£m0.75 and £m7.63 per kilometre of three lane dual carriageway road.

A quotation of the overall cost of dual three lane roads, and not
including the cost of land, by James (1972) suggests an average of
€m0.77 per kilometre at 1973 prices. In costing individual jobs,which
for 1969 ranged from £m0.45 to £m4.89 per kilometre (at 1973 prices
updated with Table 2.2, H.M.S.0., 1972 a and b and 1974) James points
out that all the more expensive ones were urban roads, thus indicating
that even without land, urban roads are more costly than rural roads to
construct. Using the range of land costs already derived, the total
cost of building surface roads is likely to total between £m1.2 and
£m12.5 per kilometre.

Data published by O.EeCeDo (1970) relating the cost of tunnelling
in Britain to the diameter of the tumnel face is bresented in graphical
form in Figure 2.2. For this graph,the 1969 exchange rate has been
used to convert dollars to pounds (Whitaker, 1971) and the costs have
been updated by use of the construction cost indices in Table 2e2.

From Figure 2.2,the estimated cost of excavation snd primary lining
erection for a 13.0m diameter tumnel,in ground suitable for free-air
working, is between £m2.}4 and £m7.2. Reference to the case histories

of those tunnels,listed by O'Reilly and Munton (1972) in Table 2.8,
requiring ventilation works indicates that the cost of proyiding services,
internal finishings and the road decking amounts to between 2m2.31 and
gm5.77 per kilometre, the average being £mh.30 per kilometre at 1973
prices. Addition of this figure to the expected cost of tunnelling

from the 0.E.C.D. (1970) data derived from Figure 2.2 suggests that the
overall cost of tummelling in ground suitable for free air working will

be in the region of £m6.7 to £m11.5 per kilometre.
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An examination of case histories of existing tunnels has been
performed by O'Reilly and Munton (1972) and their findings are
summarized in Table 2.8. Unfortunately, average costs arrived at
from the tunnels in this Table are liable to overestimate the costs
of tumnels generally. The distortion in pricing due to the
inclusion of tunnels built as river crOssings, suffering from a lack
of surface access, unfavourable water conditions and difficulty with
site investigation, quite apart from poor geological conditions common
in British river valleys, is comfetely illustrated by examination of
the Great Charles Street and Kingsway tunnels. Although both are in
essentially the same geological formation, the latter, which was built
as a river crossing, cost 56% more ber kilometre than the other,
constructed beneath a city centre. Thisdifference can be explained
partially by adverse water conditions, although they were not con-
sidered to be serious. However, O'Reilly and Munton(1972) conclude
in Table 2.9 that bored tunnels can be expected to be built at rates
competitive with surface roads, especially where land costs rise above
£€m0.84 (1973) per hectare. With this figure in mind, Table 2.6
reveals that within 32km of London, and also very likely near to the
centresof other conurbations, tunnels and surface roads may cost
similar sums to construct.

Other data concerning the cost effectiveness of tunnelling as an
alternative to surface roads can be obtained from the Greater London
Council (1973). In this report, two broposed tunnel equivalents to the
now abandoned Ringway 1 in south London are costed for the purposes of
comparison with surface alternatives. Both the surface and tunnel

routes share the same access points and would provide three lane dual
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carriageways to carry traffic between Battersea in south~west London

and St.Johns in south-~east London, a distance of some 10km by an
approximately east~west route.

Tlustration of the influence of geological conditions on the cost
of tunnelling is afforded by comparison of the construction costs for
London Clay and for chalk. For the burposes of the analysis, the
roads have been divided into two portions: the western part extending
from Battersea to Clapham,and the eastern part from Brixton to St.Johns.
The respective unit costs for these from Table 2.10 are £m16.0 per
kilometre and £€m22.5 per kilometre. This indicates that the cost per
kilometre is 34% higher where tunnelling is in wet mixed sands, gravels
and clays, and fissured chalk instead of stiff fissured clay, although
in both cases free air working is envisaged.

In the plans for alternative surface and tunnelled road, the eastern
and western portions would be connected by a surface link. Also, both
the surface aﬁd tunnelled schemes have equal traffic-carrying capacity
and would be provided with the same access from the existing road net-
work. The costs included in Table 2.10 are those incurred due to
junctions, the diversion of services, compensation to property owners,
necessary soundproofing, and the provision of tunnel services. However,
no allowances have been made for the surface link common to both schemes,
maintenance and loss of rates to local authorities. It would be
expected that maintenance would be higher in the case of tunnels,whereas
the loss of rates would be more serious for surface roads.

The total cost estimates presented in Table 2.10 again demonstrate

that tunnelling can provide an economic alternative to surface- or near-
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surface roads provided that the geological conditions are favourable

to tunnelling and land is expensive. However, it should be noted
that only 76% of the 10km length of the tumnnel proposal route would
actually be below ground level. Moreover, although the permanent

land requirement is not large when compared with the land absorbed

by the surface scheme, over 1000 properties are affected compared with
1700 in the latter case. Even with these relatively high environmental
costs, the impact due to noise, visual intrusion, the felling of trees
and pollution will be less for the tunnel,and may well be further
reduced by fully exploiting unrestrained tunnel routings The original
ringway was planned to run adjacent to railway lines in order to lessen
the environmental damage, but in adopting similar alignments for
tunnels, any enhancement of cost effectiveness for the latter due to
possible advantageous tunnelling conditions has not been considered.
Reduction of the number of access points might equally be expected to
achieve better economy. In general, environmental factors affecting
the siting of access points are easier to accommodate for tunnels than
for surface roads,since slight adjustments to the tunnel alignment are
easier than similar changes to surface roads.

The difficulty of performing a meaningful generalized comparison
of tunnelled and near-surface roads has been amply demonstrated by the
foregoing analysis,but the costs derived by this comparison are
summarized in Table 2.11. Remembering that surface roads in urban areas
yave been shown to cost as much as £m12.5 per kilometre, by using land
and road cost statisfics, it would appear that tunnelled roads may be
economic in high land-cost areas with favourable geological and hydro-

logical conditions. Thus, it is demonstrated that under certain
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circumstances transportation tunnels will be visble Propositions,
but in purely economic terms they will not generally serve as the
breferred option. However, in envirommental terms for the public
atlarge, tunnels must be favoured. In addition to the benefits of
tunnels already listed, atmospheric pollution can be lessened and
adverse weather conditions do not interrupttheir use to the extent
experienced on surface roads. However, some people regard tunnels
as unpleasant to drive in (they are environmentally disastrous on a
local and temporary basis for the berson using theﬁ), breakdowns can
be more disruptive, and accidents and fires are potentially more
hazardous than in the case of surface roads.

One feature of the economic comparison between tunnels and surface
roads has been neglected so far. Since tunnels and surface roads
require rather different investment brogrammes, the net benefits of
each must be discounted to a present value over the life of the invest-
ment. Reference to Table 2.10 will show that tunnels can be expected
to take about 20% longer to drive than is the case with surface roads
having comparable capacity, even when they are constructed from several
points concurrently. If, for the Western scheme, the cost of £m110.5
is spread evenly over the projected comstruction period of 5 years, the
initial capital value will be £m192.1, where a constant rate of
depreciation of 10% over the construction period of the tunnel has been
assumed. In the case of the compafable surface road,if it is assumed
to have a life,benefits, and a depreciation rate equal to those operating
with the tunnel, then the expenditure of £m99.5 over 33 years implies

an initial capital requirement of £m143.9 , This meens that the

economic advantage of the surface scheme is really £€m48.2 and not £m11.0 .



Similar analysis of the Bastern scheme shows a difference 1n the
effective capital requirements of about £m139.7 and not £m66.3 .
Since, as stated earlier, it is usual for tunnels to take longer to
construct than surface roads, a further financial penalty is thereby
placed on their economic viability.

2.4 Planning Urban Development

In general, planning is an economic process in which the best
allocation of limited resources is the central requirement. Although
methods such as those suggested by Williams (1972) can reduce the
environmental damage caused by enhancing accessibility, unfortunately
burely financial criteria can bring the re~grading of urban facilities =
in particular those of tramsportation - into conflict with those of
amenity. However, in order to ensure the fullest interaction between
the factors involved, an economic basis is required. Only then can
proposals be viewed objectively for comparison with alternatives.

Several techniques have been evolved to minimize costs during

urban development. One such technique - threshold analysis - has been

utilized by Malisz (1963) to identify - and avoid points - at which
sharp rises in costs occur. Although changes of consumption with time

are not taken into account, it does encourage the efficient use of

resources found to be in excess of immediate requirements. Optimization
methodology has been used by Kozlowski (1970) to amalyse the upgrading
of urban facilities without deprivation of others. By this system,

when land has an existing useful purpose, the cost of development must
also include the cost of providing that facility elsewhere. From this

follows a useful concept in land use assessment, because the additional
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costs due to existing land use can be adopted as a suitability
criterion of future land utilization.

While it is freely acknowledged that the ground conditions can
have great influence on the overall economy of a plan, they are
largely an unknown factor at the early plamning stages. Unfortunately,
the effect on the global cost of development of providing suitable
geological and geotechnical information during planning is not known,
and frequently can only be calculated in particular cases after the
project is completed. Therefore, in order to obtain the best
distribution of resources within set total allocations, some measure
of the cost effectiveness of site investigation is a fundamental
requirement.

Generally speaking, the planner is capable of avoiding what are
blatantly obvious incompatibilities between geotechnics and foundation
requirements. But comprehensive geotechmnical information in these
early stages would be valueless unless the Pblanner had access to
sophisticated knowledge of individual foundation needs for the various
elements required in an urban plan. On the other hand, not only would
it be beneficial to formulate the urban plan to suit the geotechnical
conditions,but the site investigation should really be arranged within
the limits set by a particular plan. It would be regarded as unusual
to investigate all geological factors likely to affect an urban plan
at the outset. Even if physically possible, it would probably be
prohibitively expensive.

The assessment of geotechnical and other influences in planning

could be greatly improved by the definition of an additional cost

parameter. This would generally be highly dependent on location,and
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would indicate the amount above the minimum cost that is implied by a
particular proposal. Thus, it follows that there would evolve a
type of land use classification system in which the suitability

index is directly linked to the additional cost due to the location.
Furthermore,to utilize any uncertainty in the value of this parameter
as a justification for data capture would also be a beneficial outcome.
The economic urban planning method envisaged would be an interactive
and cyclic process in which the land use classification would change
as data become available,and the index becomes a more reliable measure
of the economic consequences of adopting the plan. Such a planning
process would be most apt in completely new urban development,although

its use in redevelopment might also be expected to yield benefits.
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Length in 1970 Expected length in| % Increase
Use (xm) 1979 Between 1970
(xm) & 1979

Transportation 63 212 Lp.3
Water Resources 90 196 84.9

Utilities 102 183 791

TOTAL 225 591 6145
Table 2.1 Expected Increase in Tunnel Length in Great Britain

(FI'Om O.E.C.D., 1970)
Index 1963 = 100
Year Average Value for Quarter of Year
for
Year 1 2 3 L

1967 113

1968 118

1969 123

1970 131 126 131 133 135

1971 142 138 142 142 146

1972 158 149 152 157 174

1973 194 178 186 199 212
Table 2.2 Construction Cost Index for the Years 1967 to 1973

(HoMeS.0., 1972 a and b, 1974)




Iocation £m/ha
(1973)

North of England 0.035
Midlands and Wales 0.047
South of England(excl.London) 0.267
Ingland and Wales 0.055

Table 2.3 Average Cost of Private Building Iand in
England and Wales (From H.M.S.0., 1971a).

Average Cost Index (1966 = 100 units)
Year Price Ave.for| Half Year | Half Year
£m per Ha | Year Jan~June Ju%yrDec
1963 74
1964 8L
1965 94
1966 100
1967 102
1968 118
1969 0.019 147 144 151
1970 0.021 150 147 156
1971 0.024 185 169 205
1972 0.040 324 268 381
1973 0.062 504 L95 516

Table 2.4 Building ILand Cost and Indices
(Compiled from HeMeS.0., 1972 a and b, and 197L)
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Type of Iand Original Use of Iand Cost of lLand
£m per ha (1973)
Agriculture 0.0012~0.0017
Virgin Residential Up to 0.04
Land
Indur:.;trial with 0.02=0.03
Services
Terraced Houses
(S1um Clearance) 0.003-0.12
Habitable
Developed Terraced Housing 0.25-0.59
Land
Industrial 0,062

Table 2.5 Cost of Land in Co. Durham (Pool , 1975)

Distance from the Cost of Iand Developed
Centre of London at 100 Houses per Hectare
(km) £m per ha (1973)

16.1 - 32.2 1009
322 =~ 8.3 0.69
48e3 = 6Ly 0.61
64.4 - 80.5 0046

Table 2.6 Cost of Iand Near Iondon (Compiled from Stome,1970)




Table 2.7

Scheme for Same Route
B item Road in Tunnel Surface Road
Section Section

East West Total | Bast |West | Total
Length (km) 4.5 6.1 10.6 | 4.5 5.9 [ 10.4
ITotal Iand
Requirement 8.0 10-6 18.6 2600 35.0 61.0
(Ha)
Land Require- * .
ment per km 1.8 1.7 1.8 | 5.8 5.9 | 5.9
(Ha/km)
Total Cost
of Land(£m) [110.5 [|149.7 |260.2 |99.5 83.4 [182.9
Cost of Iand * *
Iﬁ?r Ha(€m/Ha)| 4.8 1.2 2.7 Te7 1.4 1¢6

* average value

Cost of Land in Iondon for an Urban Tunnel and

Surface Road Schemes (G.L.C., 1973).




Date of Total Cost| Cost of Ground Conditions
Tunnel Construction | £m/xm,1973| Internal
Finishing
£m/km 41973
Dartford 1956~63 22.51 L.30 Compressed air in
river gravels and
silts
Clyde 1957=63 25.92 577 Compressed air in
river gilts
Blackwall 1960-67 28.88 .77 Compressed air in
duplication river silts
Tyne 1961-67 17.62 5.03 Compressed air in
boulder clay and river
deposits
Crindau s .
(Newport) 1963-67 9.77 51 Free air in sandstone,

limestones and marls

%
Gibraltar Hil]
(Monmouth) 1965-67 711 1400 Free air in marls,
clays and limestones

Heathrow 196668 6.07 3.61 Free air in London

cargo Clay

Mersey 1967-71 8+15 231 Free air in Bunter

Kingsway sandstone

Great Charles

Street 196870 L.59 0.71 Free air in Keuper

(Birmingham) sendstone.Partially

self ventilating
Road deck on invert

LS
Fort Regent [1968~70 2.22 0.48 Free air in
(Jersey) granophyre

*
tunnels not requiring ventilation

Table 2.8 Costs of Various Tunnels in Britain at 1973 Prices
(After O'Reilly and Munton, 1972)




Total Cost of

Type of Road Location 3 Lane,2 Way
Motorway &m/km (1973)
Ground Level Rural 0.37 = 0.92
Elevated Urban Retained 1604 = 2.21
Viaduct 221 = 5,92
Depressed Urban Open cut 0.89 =~ 1.32
Retained 2.65 ~ 5,30

Tunnel Urban

Cut and cover
Bored(free air)

Bored(comp.air)

515 = 14e72
6.62 - 11-77
26451 = 44,20

Table 2.9 Expected Cost of Near-surface and Tunnelled Roads in

Britain at 1973 Prices (Compiled from O'Reilly and
Munton, 1972.)



Urban Road ALt ernative

Tunnel Surface
Item Section Section
West Bast Total West East Total
Elevated } 1.0 3.0 3.0 6.0
Lengths Surface 1.2 3.0 2.9 |1 1.5 |V nn
(i) Depressed | 0.8 ,
lIIurmel 303 4-3 7. 6 b - -
Total 4.5 6.1 10.6 L.5 5.9 10.4
Construction 72¢1 | 137.0 209.1 %9.6 | 145.9 3545
(Cos‘l:s Iand & Services 37.6 11.8 Lo.4 56¢5 | 33.9 90.4
?;%3) Land Compensation 0.8 0.9 1a7 3.4 346 7.0
Total 1105 | 149.7 260..2* 99.5 | 83.4 | 182.9
®
Total/km 2L.6 2.5 2h.5 2201 | 14e1 17.6
® %
Constr/km 16.0 2245 19.8 8o8 | " 7.8 862
Land Permanent 8.0 10.6 18.6 26.0 | 35.0 61.0
el ey | ssitiona 1.5 | 0.7 | 2.2 - - -
Tgmggorarv N
Buildings
Properties| Demolished 690 300 990 1028 460 1488
Buildings 3L 17 51 117 104 221
Acquired
Total 724, 317  jhow 1145 | 564  |1709
Houses
Soundproofed 21 55k 205 816 1520 2536
Additional School, 2 schools|East
Soundproofing 2 Hospitals|Community|West
Public Hall|Centre
Time for Comstruction
(yrs) 52 P52 p-5% 4 3=l 4

*

average value

Table 2.10 Data for Comparable Tunnelled and Surface Roads in South
London.  (Compiled from G.L.C., 1973, and HoM.S.0., 1972
a and b, and 1974).




L Type of Road Included in | Cost Source of Comment
Tunnel or |Accommoe
Surface dation Costa @n/kn) Deta
3 lane Road only 1e2-12.5 | James (1972) |[Cost depends
Pool (1975) |on Urban
Stone (1970) |Density &
Surface Land cost.
2 lane Road only 0e5=5.9 O'Reilly &
Munton(1972)
3 lane Including 14.1-22.1 GeL.Ce(1973) |South London
Junctions
3 lane Tunnel & 6.7=11.5 | 0.E.C.D.(1970)Free air costs)
Fittings O'Reilly & Depend on
Munton(1972) |Ground condi-
Tunnel tions
2 lane Tunnel & 6.6~11.8 O'Reilly & |Free air
Fittings Munton(1972)
3 lane Including 24.5 GelieCe(1973) |South Iondon
Jjunctions
Table 2.11 General Costs of Surface and Tummelled Roads at 1973 prices.



CHAPTER 3

GEOTECHNICAL SITE INVESTIGATION IN URBAN DEVELOPMENT

3.1 Development of the Urban Plan

A congideration of the aims and purposes of urban planning
would indicate that individual structures are designed so that they
perform their intended function in a pleasant, safe and economic
manner. Planning has been identified as an economic process in
which factors influencing the cost of individual elements are
reflected in the global economics of urban development. In order to
examine more closely any interaction between the geotechnical
character of the ground and the style of urban development it is
helpful to follow the stages of development of an individual
structure. Engineering construction usually takes place in several
stages by a procedure illustrated in Figure 3.1. TFour sequential
stages are given in this Figure: the development plan, initial plan
(of the structure), detailed design (of the structure), comstruction
(of .the structure) and monitoring of the behaviour (of the structure).

The planning processes - already outlined ~ will be employed to
identify the desirability, purpose and location of the structure in
question. But unfortunately the investigation of ground conditions,
80 necessary for efficient foundation design, is not often undertaken
until fixed urban development proposals have been formulated. Such
a procedure obviously hinders the influence that geotechnics and any

ensuing analysis might exert on the plan since other locational



factors such as, for instance, journey time are allowed to take
Precedence. This situation may change, especially in the United
States where, by the insistance of the Federal government,
environmental impact studies are performed prior to all major
Federal projects. In the United Kingdom, no similar statutory
obligation rests with the developer, and during the preparation of
many plans little consideration is given to the character of the
ground. As an example one may quote the cost benefit amalysis

used as planning guidance carried out for the Third London Airport
(H.M.S8.0., 1971b)in which, instead of an effort being made to
isolate costs due to ground conditions, only general construction
costs were considered. This failure to use geotechnical information
during planning urban development has been criticized by Price (1971)
and the geographical location of new towns such as Skelmersdale and
East Kilbride in areas which are subject to ground disturbance due
to mining may be cited as further examples.

Once the need for the structure is identified and a location
chosen, then it is designed, built and monitored. The type of
structure will be dictated by the requirements of the plan, but the
actual design will mainly depend also on geotechnical and architectural
considerations. At this stage there may be so much uncertainty
regarding the ground conditions that even initial foundation design
is precluded. Some data collection may be contemplated as shown
in Figure 3.1, or alternatively more than one foundation type may be
considered.

Several foundation options will usually be available for a

particular structure. The criteria employed to appraise these will



depend on the type and function of the proposed structure, the nature
of the foundations being contemplated,and the ground conditions.
Structures built to special standards of post-constructional total
and differential settlement are not outside the scope of this
discussion, but it is considered that such buildings seldom figure
prominently in urban development. Therefore, the performance of

a foundation may be measured by:

(1)  its load carrying capability;
and (ii) the resulting limitation of total and differential

settlement.

When the type of structure and the basic foundation require~
ments have been defined, then site investigation for the derivation
of geotechnical parameters relevant to the prediction of the
performance of the foundation can be initiated. Following detailed
design based on the findings of this exploration of ground conditions,
contractors are invited to tender for the construction of the
structure. The subsequent constructional period offers a greater
opportunity for examining the ground conditions but less latitude for
changing the design accordingly. However, at this time - and indeed,
after construction has been completed - the behaviour of the structure
and of the area affected by it, should be monitored. Such measure-
ments of performance may well be obtained by instrumentation, or
simply by the extent to which the structure meets its design require-
ments. In this way, and also by the preparation of comstructional
reports of the type advocated by Roberts (1973), assertions concern-
ing the interaction of the ground and the foundations may be tested.

Constructional reports can be used to ensure that the construction was



carried out in the manner prescribed by the design and also to guide
any subsequent modifications or remedial measures made to the
structure.

The value of information derived from the actual construction
cannot be over-emphasised since it forms the basis of logical
improvements in the design process through engineering experience.
Such (arguably quite logical) procedures have been advanced by
Terzaghi in his 'observation method' of soil mechanics analysis
described by Peck (1969). As an example, the case of an embankment
failure at Waltons Wood in Staffordshire, reported by Early and
Skempton (1972), may be considered. Here the analysis of the
failure led not only to a re~designed embankment, but also to a
complete re-appraisal of the thinking on the properties of clays
subjected to large displacement slides.

The appearance of unexpected settlements, foundation heaves,
or other unforeseen phenomena must reflect unfavourably on the
design and prediction methods adopted. If this occurs during con-
struction, then it may be possible to alter the design, albeit at the
client's expense. More serious deviations from prediicted behaviour
might necessitate remedial measures being applied to the structure.
Such action occasioned by faults in the design is liable to be
expensive to rectify and, as noted by Roberts (1973), is likely to
become more so the later that it is necessary during the construction
process. In the case of the Tyne vehicular tunnel constructed in
the north-east of England, a collapse of the working face of the

pilot tunnel during its formation suggested that it would be
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necessary to undertake an extensive ground treatment programme prior
to the widening of the tunnel to its full operational width. With
this improvement of the character of the sediments around the tunnel,
and the raising of the air pressure during comstruction, the main tunnel
was successfully enlarged without further failure (Falkiner and Tough,
1968). Similar constructional and other difficulties, caused by a
failure adequately to predict the geological or geotechnical conditions
on the site are not uncommon and have caused Rawlings (1972) to conclude
that an engineering geologist would be a worthwhile addition to the
staff employed during large construction programmes. This is a
somewhat obvious and facile comment which frequently appears in the
engineering geology literature and is said at conferences. It is
tacitly assumed that the engineering geologist can always offer worth-
while advice, and that many of the monumental failures would never have
occurred had his experienced opinion been sought at the outset. In
some cases this may be true. The engineering geologist may be able
to draw on and extrapolate from his past experience. But worthwhile
opinions usually demand objective predictions of the behaviour of the
proposed structure and also that of the affected ground, and for
these predictions to be meaningful at all stages of engineering construction,
they must be backed up by economic arguments. Many engineering geologists
just do not have that numerical expertize,nor even a numerical interest.
However, the remedy adopted by a civil engineering contractor faced
with unpredicted ground conditions which adversely affect the work
being undertaken, might also be used to indicate the additional
costs liable to be incurred. The fact that a contractor engaged

by a consultant for a client cannot be held responsible for events
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which he neither took nor could be expected to take into account in
preparing his tender is recognized in the standard conditions of
contract (Institution of Civil Engineers, 1973) currently being used
in Great Britain. Although such tenders are now usually subject to

a variation of price formula , it is to the effect of unfavourable

site geology on the overall tender price that we now focus our attention.
Under Clause 12 of this contract, this type of additional contractural
expenditure incurred by an experienced contractor becomes the burden
of the client provided that both parties are satisfied that the adverse
conditions could not have been predicted and agree to the measures
taken to overcome the difficulty thus caused. So, the extra cost
occasioned by unforeseen ground conditions could be used to indicate
the relative economic severity of any failure of the theory, or of

the available geotechnical data, to facilitate an adequate prediction
of the engineering behaviour.

3.2 Geotechnical Site Investigation

From the earlier discussion on the stages of development
between the inception of the plan and the actual construction, it is
evident that each stage should benefit from the injection of
geotechnical data. However, on only relatively few occasions could
extensive site investigation be justified before the foundation
requirements are known. In fact, in few - if any ~ but the largest
geotechnical site investigations is it feasible to organize the work
in phases so arranged that early results condition later stages.
Nevertheless, the ideal site investigation, as outlined by Fookes (1967),

would consist of at least three phases:



~48~

(1) preliminary;

(ii) design;
and(iii) constructional.
It should be noted that these phases do not correspond to those of
Figure 3.1 since here an individual site investigation is being con-
sidered. Hence, no special provision is made for data collected for
planning purposes, but such data would in any case be of a preliminary
nature. It is assumed that sufficient information will be obtained
during the second stage of investigation in order to obviate the need for
data collection specially occasioned by modifications to the design.
Also, information derived during construction is entered as a separate
stage in the work.

Generally speaking, the preliminary part would comprise a desk~
study of existing information. Dumbleton and West (1970) have listed
many sources of suitable data for this operation including maps, memoirs
and published reports. Next, an effort will usually be made to determine
the physical character of the ground to be affected by the proposed
structure. lastly, as geotechnical data become available during
construction, or to amplify the previous ground exploration, or to
solve problems which have arisen during construction, a further stage
of site investigation may be undertaken. With the type of site investigation
necessary for the large scale development entailed in the execution of
an urban plan, the opportunity arises to initiate low-density geo-
technical exploration early in the formulation of that plan. Only
with the existence of such data is it possible to produce plans for

development and site investigation conditioned by a prior knowledge

of the ground conditions. This approach to engineering construction

in which the geotechnical character of the ground is considered at



each stage of development from the plan to actual comstruction is
demonstrated in Figure 3.1. Further arguments concerning the
presentation of geotechnical data to planners and the storage of
geotechnical data are presented later in the thesis.

Obviously the amount and type of information related to the
ground conditions will depend on the stage of development. To
some extent this is indicated by the data sources relevant to a
particular part of the investigatiom in Figure 3.1. Here the inv-
estigation methods are arranged in order of cost since, in general,
the more progress that has been made along the path from plan to
actual construction,the more specific the data that is required and
the more expensive becomes the collection operation.

3.3 Planning of Site Investigation

The procedures of urban planning and development have been
identified as economic processes. Those of site investigation are
no less so. On the one hand, the cost of investigatinga large area,
to the extent that further pre-constructional data acquisition is
unnecessary before the plan has been finalized,would be prohibitively
expensive. On the other hand, it has been shown that some geo-
technical data available during the planning stage could result in
more economic development. It is clear,from remarks made by Price
and Knill (1974),that little guidance is available for specifying the
amount of data which could benefit any particular stage of development.

So far as individual structures are concerned, the British
Stendards Institution (1957) recommends that about 4% of the total costs

should be allocated to site investigation. But there has been a



recent trend to greater percentage allocations than this, particularly
where high~-risk, important or expensive structures are considered.
However, large variations in the allocation of resources are
illustrated by Table 3.1, compiled by Rowe (1972). Although any
increase in resources available to site investigation could, in part,
be a reflection of its labour-intensive nature, it must also indicate
a sharpening awareness of the role that geotechnical exploration

can play in overall cost economy. The main influences on site
investigation expenditure have been suggested by Price and Knill (497L)
to be five-fold:

(1)  type of engineering structure - tolerable levels of stress

and required factor of safety;

(ii) volume of natural materials to be affected by the

proposals;
(iai) complexity of the geology and hydrology of the site;
(iv) accessibility of existing relevant geotechnical information;

(v) other factors affecting the economics of construction -

such as the investment programme and timing.

In determining the scale of investigation, these authors have
measured the ratio of the total volume of ground affected by the
proposed structure to that sampled during the investigation,and found
values between 104% and 106%. Small engineering projects have the
largest percentages of sampled material and large projects such as
dams have the lowest percentage volume of samples. The authors do
not advocate that resources for geotechnical exploration should be
allocated on the basis of percentage sample volume, but they do suggest
that levels should be no lower than 105% in most site investigations.

Even when a suitable scale of site investigation has been agreed,

the allocation of resources within it may be subject to much uncertainty.
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Although the practices of ground exploration prior to construction
are well established, little guidance of organisation is available.
This point is demonstrated by the paucity of relevant literature
which consists of either rather vague recommendations by various
bodies and people, or case histories from which, by extrapolation,
it is tacitly assumed that the reader will solve his own problems.

The most authoritative works on geotechnical site investigation
by the British Standards Institution (1957), the American Society of
Civil Engineers (1972) and the Geological Society of London (1972)
indicate that it should embody the following principles:

(1)  the site should be suitable, or should be capable of

being rendered suitable for the intended purpose;

(ii) an economic design fulfilling the requirements should be

possible for the structure;

(iii) there should be no adverse affects on other structures or

facilities.

In order to emsure that the planning proposals for a particular
structure do not infringe these principles, the physical properties
of the ground are used to predict the interaction of the structure
and the ground. The actual parameters chosen for this can be
critically important, having a profound influence on the cost and
technical quality of the investigation. Therefore, any attempt to
Justify site investigation in economic terms should also include an
identification of the most suitable means of carrying it out.

The need that urban development has for geotechnical information
itself changes as development progresses. This is a natural progression,

beginning with ignorance and continuing in an atmosphere in which more

and more specific data items are collected. Clearly, at any stage



of development too little geotechnical information will result in a
design suitable for the worst situation than cen be expected. In
general, such solutions will be more expensive than ones that are
calculated from the actual conditioms. It follows from this that

the degree of ignorance concerning geotechnical restraints can be

used as the justification for, and cost controller of, site investigation.

3.4 Geotechnical Planning Process

The strength, compressibility and condition of strata to be
affected by urban development comprise a group of factors which
contribute to the locational suitability of structures within an
urban plan. Since the practices of cost benefit analysis figure
prominently in planning procedures, the difficulties ascribed to
siting structures in places providing less than perfect foundation
conditions may be most usefully expressed in economic terms.
Hitherto, geotechnical considerations have performed only a minor
rble in the overall plenning process and geotechnical data upon
which planning decisions can be made have either not been available,
or have been expressed in an unsuitable form. Several areas of
need which would aid the development of a rational involvement of the
geological and geotechnical character of the ground in urban
development planning are thus defined:

(i) data to be available early in the planning process;

(ii) data to be readily usable within planning procedures;

(iii) development of a resource allocation rationsle for

site investigation.
These three topics are mutually interactive, but for the operation of

all three, geotechnical data acquisition storage and processing are
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required. Even in the absence of any pre-existing data - an expected
condition in an undeveloped area - data storage and processing of ad
boc investigation data will be necessary if it is to influence the
plen.

The interaction of geotechnical considerations in urban develop-
ment can best be achieved by the reduction to a common base of all
factors affecting location. In an urban plan most of the available
land will be allocated for purposes such as housing, industry,
commerce, transportation, utilities and recreation. So, by
calculating the unit costs applicable to relevant types of foundations,
roads, site levelling, utilities and overall site development for (in
the case quoted by Hunt (1973)) swelling clays, soft rock and hard
rock, the total cost of development can be assessed for any particular
arrangement of urban facilities in the plan.

During the previous sections of this chapter, three contributions
to the global costs of urban development arising from a lack of
geotechnical knowledge have been identified:

(1)  costs due to the changes in the plan or design of the
structure, and also due to any remedial measures to the
structure occasioned by a failure to predict fully the

ground conditions or the behaviour of the structure;

(ii) the cost of performing geotechnical site investigation

at each stage of development;

(iii) the additional comstruction and material costs due to an

unduly conservative design.
Overall project cost economy may be achieved by a balance between these
individual costs. Obviously, some investment in site investigation
limits both the likelihood of failure (and of claims under Clause 42

of the Conditions of Contract(Institution of Civil Engineers, 1973)),
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and also the attractiveness of large safety factors. However, it
is axiomatic that the implied expenditure must be identified.

In order that geotechnical considerations may form an integral
part of urban planning, decisions must be formulated on the basis
of design-dependent exploration of ground conditions. The operation
of such a programme would require not only data feed-back to test
the validity of decisions, but also as a contribution to amy ensuing
data capture.

Hence, two areas of need are identified. If geotechnical data
are to influence all the stages of the development, then such geo-
technical data must be available in a format that is readily
understandable. It should be possible to organize the investigation
so that existing data may influence and supplement later findings as well.
Secondly, some means must be developed whereby, in choosing a suitable
level of site investigation, overall cost economy is achieved for the

stage of development concerned.
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Type of Structure Allocation of Resources

to Site Investigation
% Total Project Cost

Earth Dams 0.89 - 3.30

Railways 0.60 ~ 2.00

Roads 0.2 = 1.55

Docks 0.23 -~ 0.50

Bridges 0.12 = 0.50

Buildings 0.05 -~ 0.22

Embankments 0.12 - 0.19

Table 3.1 Allocation of Resources to Site Investigation
(after Rowe, 1972)



CHAPTER L

APPLICATION OF PROBABILITY CONCEPTS IN GEOTECHNICAL ENGINEERING

k.1 Problems Associated with the Orgemnization of Site Investigation

The geological or geotechnical environment has been demonstrated
to be an important influence op the cost of tunnels. Al though
other elements in an urban plan may not exhibit the same degree of
sensitivity, any study of the ground conditions may enter the
planning process as a factor nfluencing the cost of locating a
structure in a particular position. Thus, if a cost penalty due
to less than ideal geological or geotechnical conditions is defined,
then this may be used within the planning process for comparison with
other factors affecting location. Such a cost penalty would
necessarily include not only the additional costs of special\found-
ation structures, and ground treatment, but also of investigating
the ground conditions to the extent that a sensible design is possible.

Although most geotechnical site investigations share the same
objectives of identification quantification and prediction, each is
unique due to the possible variety of ground conditions and
structures. This lack of uniform purpose hinders the establishment
of a meaningful rationale for the work. However, it is desirable that
all site investigations, whether carried out for planning purposes or
prior to foundation design, should promote overall cost efficiency.
Thus, assuming a safe design is possible, ground exploration may only
be justified by a reduction of global costs.

Hitherto it has been common for the resource allocation to

ground exploration work to be a fixed percentage of the total project
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costs.  Rowe (1972) has observed that cost estimates for firm
site investigation proposals might be more reliable than the comp-
etitive quotations generally used in the selection of ground
exploration method. The dangers of offering and accepting fixed
price contracts for site investigation in areas, the geological
and geotechnical character of which is little known, are well
recognized,and there are strong arguments for adopting a more open=-
ended approach. But even accepting that high professional
standards would be applied, this style of site investigation would
undoubtedly show increased expense,and unless a more economic
design could be produced as a result of a more comprehensive
investigation then it would not be worthwhile.

As an example of the difficulty of allocating resources in a
fixed price site investigation, it is useful to refer to the investi-
gation for 177 kilometres of road in Fiji as described by Lovegrove
and Fookes (1972). These authors attempted initially to assign
money to each part of the work according to its original cost. 1In
doing this, they find that no more than £233 (at 1973 prices - see
Table 2.2) was allocated for site investigation to each of forty-nine
bridges. This figure can only be regarded as paltry and
irreconcilable with the cost of the completed structures.

From the earlier consideration of geotechnical site investi-
gation it is clear that the site characteristics, the type of structure,
the existing geotechnical information, and the ground conditions

are the main factors which should be considered during any allocation



of resources to the activity. Since the structure is only one of
several factors, it would not appear sensible to use this as the
sole basis for resource allocation. As shown by kovegrove and
Fookes (1972), completely misguided assignments can occur by
adopting this approach.

L.2  Probability Approach in Site Investigation.

Since every site investigation is unique, it is not possible
to lay down hard and fast rules governing the type of extent of
the work. The aims of most site investigations comprise identi~-
fication, quantification and prediction, but this latter objective
can only be attempted with any degree of confidence when the first
two elements of the procedure have been successfully accomplished.
In order to ensure the most efficient use of global resources,
extensive prior investigation needs to be justified in terms of a
reduction in construction costs. In practice, this fundamental
comparison between,on the one hand,the expense of increased study of
geological and geotechnical conditions and,on the other, the saving
in terms of reduced comstruction costs is very difficult to achieve.
However, there are means whereby the boundaries of the problem can
be more rigorously specified and the problem itself subsequently
analysed using probabilistic methods. Measurement of the economic
advantage gained by a reduction in geotechnical uncertainty in
terms of a reduced likelihood of failure cam enable the engineering
geologist to make a proper comparison between the cost of site
investigation and the consequent probable reduction in construction

costs. Although emphasis is placed on the minimization of costs in
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civil engineering projects, it should be stressed that the contention
in the present argument is not that the cost of site investigation
should be limited in any arbitrary way but that the actual procedure
should become more efficient through design optimization on a cost-
benefit basis.

Such a more scientific approach to the examination of ground
conditions can also be used to determine the relative merits of
different geotechnical sampling and testing schemes, but its adoption
is most valid in large scale projects where there is greater opportunity
for economies to be made. The main applications of the probability
approach to site investigation can be summarized under four headings:

(1) formalization of decisions based on preferences;

(ii) combination of existing and new data;

(1ii) examination of the relative merits of collecting more and
different data;

(iv) communication of design strengths and tolerances between
different workers so that the addition of a new safety factor
each time is avoided.

In order to identify by a numerical method the best course of action
when presented with a choice - for example, of what type of site investi~
investigation to adopt or what method of testing to use - it is
necessary to define a suitable utility the value of which changes with
what decision is taken., By definition, the value of the utility
reaches a maximum when the decision optimizes. Sometimes the utility
may be quite arbitrary and is chosen to represent subjective preferences.

Otherwise - and as is more usual - it will be cash-based.
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The utility of a particular decision can be derived from the
utilities of all the outcomes of that decision weighted with the
probability that each will occur. In general, for any decision,
the outcomes dependent on the controlling variables might well be
infinite, but as pointed out by Iumb (1974) it is only really
feasible to consider a restricted number. Often,the value obtained for
the utility is presumed to be proportional to the total cost
attributed to the outcomes, and although in most cases this presump-
tion is valid, it is dengerous to assume that it is always so. The
actual relationship, which has been discussed by Benjamin and Cornell
(1970), depends mainly on the resources of the decision-meker relative
to the likely losses. Consequently, it will generally be found that
the significance of a loss will be less for a large company or
organization than for a small one.

In the subsequent analysis, the utility will be used as a loss
function so that the optimum decision coincides with a condition of
zero error in the geotechnical parameter measurement. Thus, it
can be a continuous function of the extent to which the true value of
a parameter (x) deviates from the one adopted for design purposes (xa)
as, for example, in the particular expression that is given in equation
L4.1. Of course, zero error in a geotechnical measurement, or a near
approach to this condition, is an unlikely outcome of a practical gite
investigation. Such extensive explorative work is uvnlikely to be
justified when the best option is defined by the minimization of global
costs. If a linear relationship with cost is assumed, the utility
becomes a direct measure of the economic penalty due to error in the

determination of a geotechnical parameter. But in applying this
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penalty, the entire cost of the investigation into and execution of
remedial measures must be included. Such loss functions related to
foundation failure have been derived by Rosenblueth (1969) who
considers that they should include local and national taxation
factors, rent and a consideration for the loss of prestige to the
civil engineering operatives and to the owners of the structure that
has failed or is at risk. He concludes that the appropriate
compensation for the lack of a service should be ten times the normal
charge for that service. The magnitude of such a compensation factor
is arguable and will tend to vary from place to place. In practice,
it is probably valid to include only those costs which are directly
attributable to the outcomes of the decision rather than to use
speculative losses and arbitrary multiplication factors.

The continuous utility or loss function can take a variety of
forms depending upon the geotechnical circumstances. In the case, for
example, of structural settlement, Rosenblueth (1969) suggests that the
economic loss might be proportional to the square of the degree of
settlement (see also Turkstra, 1970). At large settlements, however,
it would be reasonable to expect this quadratic function to become
progressively less accurate and for the rate of loss to decrease somewhat.
The quadratic utility function applies where equal loss will result from
positive or negative error in the determination of the barameter. Such
a relationship, of which the one drawn in Figure 4.1 is an example,
takes an equation of the form:

cqs - 2
Utlllty, U = ao + a1 (X - Xa) see Ll-.'l

where a, is a constant which is generally taken as the original cost
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of the structure and a, is another constant which relates the chosen
factor (x - xa)2 to a particular cash calue. For the example of
the quadratic utility function in Figure 4.1, a, is equal to -£10,000
and a, is -0.07% per mit (error)2.
Both constants in equation 4.1 usually take the negative sign because

they represent a cash outlay. It should be noted that the value
of the utility, U, reaches a maximum equal 1n value to a, when the
error is zero. This is the minimum expenditure possible, and must
equal the original cost of the project. The analysis of settlement,
especially where differentialmovement is expected, often calls for the
use of a quadratic utility equation since both under- and over-
estimation of the magnitude of the disturbance may necessitate
reinstatement work. Frequently, however, it will be found that over-
estimation of the paramete; will produce only a small possible saving
due to the resulting increase in the safety factor as a consequence
of the reduced likelihood of failure, but, on the other hand, a
large financial loss is probable when the error is positive. In such
situations, an exponential utility of the form also illustrated in
Figure 4.1 can often be used. In this example, as for the guadratic
case, a, is ~£10,000 but this time a, is ~0.04 £per unit (exp [error )e

The choice of a suitable utility should be a very important element

in the investigation design analysis, since it is only part of the
probabilistic procedure in which an assessment of the economic
consequences is made. Several utilities, or utilities consisting of
several parts, may be required for an adequate description of complex

situations. Where the likelihood of failure occurring in the future
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is to be considered, then the utility must also be expressed as a
function of time.

4.3 Probability Distributions.

Consideration of utility has shown that its value for a particular
decision can be determined from the utilities of the outcomes and
their respective probabilities. However, when a variable has both a
mean value and a distribution,so that it may lie between certain

limits, then it may be expressed in terms of a probability density

function., The form taken by this function depends upon the variable
itself, but from it the probability of the variable taking a particular
value can be calculated. It follows that the expected value of a
utility, for a particular decision which depends upon a geotechnical
parameter and which has a probability distribution,can also be
determined.

The development of the probabilistic procedure requires that it
should be possible to combine existing data with new data. Variables
expressed as probability distributions can thereby be modified by new
information as it is acquired. In practice, this modification can be
achieved either before or after new information has been collected,and
hence, if done before, can be used to assess the economic advantage of
collecting more data. Since in all but a few foundation situations the
actual loadings will not be known precisely, it is helpful to describe
this variable as a probability function in the particular amnalysis of
foundation stability. Other uncertain factors such as live loads,
particularly those due to wind and seismic activity, can also be dealt
with in this manner. Other examples might range over the whole field
of geotechnical engineering.

The theoretical background for combining probability distributions

of variables is based on Bayes' theorem which Cram&r (1954) derives
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from a consideration of conditional probability. If P denotes the
as yet unknown true distribution of the variable X, 80 that the true
probability of x is F(x), and F' is one of the probable distributions
implied by the result of an experiment, thenthe probability distribution
over all possible F derived from testing can be used to assess
how likely any original - or prior - distribution of the variable is
to be the true one.

The joint probability distribution of the true distribution F and

the apparent distribution F' is given by:

P(F,F') = P(F|F') P (F') eee L2
where P(F|F') is the conditional probability of F,given that F' has
been implied by an experiment. But the probability of the distribution

F' conditioned by F is P(F'| F), and
P(F¥,F!
P(F'IF) = 7;'?5'—) see 4.3

Combining equations 4.2 and 4.3 gives the posterior distribution of

the variable so that:

B(F|T) = P(F'|F) P(F) e Ll

P(F")

o
Now P(F') = jP(F'IF) P (F) dF, where the integration is performed for
o

allthe F domain o and so the posterior distribution is given by:

_ P(F'|F) P(F)
f P(F'|F) P(F)dF

P(F|F') eee 4.5

Using equation L.5,the posterior distribution of an unknown distri-
bution F can be obtained from a prior probability distribution and a
distribution derived from observation or testing.

In this Chapter, the probability of a Pparameter, which is conditioms}

upon the values of a number of other parameters, is written in the form
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P(Parameter| List of Conditional Parameters) where the conditional
parameters are listed in the order of their determination and

geparated by colons.

The derivation of the prior probability distribution is an

extremely important part of the analysis,eand it raises a principal
objection to the use of Bayes' theorem for combining prior and test
data. Although, in theory, the analysis may be conducted without
recourse to a particular type of distribution, it is usually necessary
to assume one in order to perform the computation. This prior data
is normally collected before any field studies are undertaken and

is used in an initial appraisal of the proposed site investigation.
Folayan et al.(1970) demonstrate how prior assessments of the
consolidation characteristics of a clay, as supplied by different
people, can be used to determine a suitable level of testing activity.
At the same time, it is worth noting the consequence of adopting an
inappropriate prior distribution. A narrow prior distribution will
tend to dominate the posterior distribution and falsely, perhaps,
suggest that it is uneconomic to perform tests. On the other hand,

a very wide distribution will have no effect on the form of the
posterior distribution. These arguments are justified mathematically
in Attewell and Farmer (1976).

Analysis of geotechnical data from Tyneside (as listed by Marshall,
1969) suggests that the probability distribution of the cohesive shear
strength parameter, as measured by undrained triaxial tests on 111
samples of the stony and laminated clays of the Team Valley area,follow

a log-normal distribution. This distribution is shown in Figure L.2.




In many situations, a normal or Gaussian curve will be more appropriate,

a curve of this type being sketched in Figure 4.3 for data from 26
determinations of the temsile strength of coarse-grained Carboniferous
sandstone.  Similarly, Resendiz and Herrara (1969) report that the
coefficient of volume compressibility for clays from Mexico City and
Chicago follows a normal distribution, although strength data on
laminated clays from Tyneside have been found to follow a log-normal
distribution.

It is difficult to conjecture upon those factors, both natural
and imposed, which directly condition the form of distribution. In

some instances, a discrete distribution such as the Poisson distri-

bution, in which very many independent observations of a rare

occurrence are made, is a common form of distribution. As a result,
such events as storms or earthquakes can often be represented as a
Pdsson process. In the context of rock engineering,where the presence
of discontinuities affects mass stability, the spatial distribution of
the discontinuities is often determined using a scan-line technique.

If each discrete element of a scan~line has an equal but small change
of intersecting a discontinuity, then these points of intersection
constitute a Poisson process and the related spacings between inter-
sections follow a negative exponential distribution (Priest and

Hudson, 1976; Attewell and Farmer, 1976).

Inspite of all these possibilities, the normal distribution is
found to be a very useful form of distribution where prior data on a
variable are to be combined with test data,since the conjugate of
the distribution is itself normal. This property is proved to be real

a little later in the text.
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The test distribution may be found by fitting the results of

measurements of the parameter to a hypothetical distribution. A
normal relationship is appropriate if, when plotted on normal
probability paper, the data lie on a straight line. This is
demonstrated in Figure 4.4 where the data points from Figure L.3
have been plotted on normal probability paper and a least squares
regression line fitted. ILog-normality can be tested in the same
menner using normal probability paper if the logarithm of the
parameter is used. These and other distributions can be Ffitted
to data by the chi-square test, the method of operation being fully
described by Cram&r (495L4).

The posterior distribution of a geotechnical parameter is derived

from the prior and test distributions by means of equation L.5.

In the present emalysis, normal probability distributions will be
used for this and it will be further assumed that the standard
deviation of the true distribution is known. Adoption of this
approach does not invalidate the argument, since in general the analysis
may proceed provided that a reasonable estimate of the value of this
standard deviation is available. In order to perform the analysis

in distribution space rather than in sample space, it is necessary

to generate the form of the variation of the paremetric mean. It

is notedthat in geotechnics,for example, a simple test for compressive
strength or shear strength yields a value which is itself an

average of the actual local strengths within the body of the material.



By taeking x as the basic parameter, the true distribution being
defined by the mean X and standard deviation i, then a prior based
on m tests = or subjective judgements - with mean ;{m will have a

prior distribution:

m -n(% - % )2
P(X|i ¢ :-cm) = L exp 2m eee L6

[2m i 2i

After more data have been gathered by testing n samples, so
producing a distribution with mean :-cn, the prior may be modified

by the test distribution given by:

= ~n(% %2
P(E l i: x) = exp _—é'r'l——_— ese ’-I-.?
1 2m i 2i

Substitution of equations 4.6 and 4.7 for P(F) and P(F'IF) respectively

as the numerator of equation 4.5 yields the posterior distribution:

P(x lizin) is propotbional to

1 - =2 =2 =2 =2
exp [— .2{ p(xp- x) +nx +mxo - px }:] ees L8
21
where p = m+n
and X = m§m+m-cn
L TN e 9

Thus,the posterior distribution is also normal,and is given by:

P (s - = 32
P(:-cli::'ém: :'En) =f-——- exp p(x xg) ees  L4.10

Jem i 512
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L.L Expected Value of Utility.

Bquation L5 provides a method of combining prior data with test
data to produce a posterior function. If this procedure is carried
out before any testing is undertaken on the basis of the prior
distribution, then the benefit likely to accrue from testing can be
assessed. This operation can be done for various types of probability
distribution and utility function,and,in this instance, analyses for
parameters following normal and log-normal distributions are performed.
Since, in some cases, the derivation of the necessary equations
involves many mathematical stages which would interrupt the text, they
have been omitted. Instead, all the missing reasoning may be referred
to in Appendix A where it is listed according to the final equation
number.

For a random variable x, which follows a normal distribution, the

expected value of the utility resulting from m assessments or measure-

ments of x is given by:

[
U = |UP&x: xm) ax eee Lo
-0

where X represents the unknown mean value of the distribution. So,

2
® 2 (x=-%)m
27l 21

-0

Here,i is the standard deviation, :_cm the mean of the m determinations
of x, and the quadratic utility of equation 4.1 is used. Also, in
this equation, the adopted value (x;) has been assumed to equal the mean

value J-Em;this is usual in such analyses. Simplifying equation 4.12 yields:
: 2
a. 1l

1
Um = ao + o see 4-13
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It is thus possible to determine the economic gain,due to testing,
from the standard deviation of the resulting distribution, the number
of samples tested (or assessments made) and a constent relating the
financial consequences of errors incurred to their severity. The
value Uﬁ so obtained is the expected loss due to uncertainty in the
measured parameter x. The shape of the function defined in equation
L.13 is sketched in Figure 4.5, curve B.

When more sample testing is performed,so that a total of p
determinations of the parameter is available, then the new value of
the utility can be determined. When the number of tests is increased

from m to p, the new utility value may be written:

(-]
U, = U P(x |i:x ) ax cee bt
o1 LP Glt: %) 2 a1l
Since, from equation 4.13,Ub is independent of Ep,it follows that:
a, + 2, 12
U = aee L]
pm p he15

As already mentioned, many geotechnical parametersare found to

follow a log-normal distribution. Equations 4.13 and 4.15 may be

used for plotting the changes in utility value in such cases provided
that the quadratic utility remains appropriate with respect to the
mean of the underlying normal independent variable, x = Zn Yo

However, in situations in which a quadratic utility with respect
to the mean,.i, of a log-normal distribution is chosen, more analysis
is required. It may easily be shown that {n ¥ =%+ i? (see Appendix A,
equation A.10), from which it follows that if y is measuied m times then

the probability distribution of ¥ will be given by:

-y = Vo = 7 =2
P(yli : y,) = iy @ | - m( {n yz {n Ty

2i



where
- 2
s - A i
én Iy = o §;1 (n yj + > eee L4.17

Similar expressions also exist for the distributions of the most likely

value of y and for the exponential of X.

Consider a utility quadratic in y of the form:
U = a. + a (‘y_ - y )2 seos 4.18
o 1 a

in which Yy is the value of the parameter adopted for design

purposes. It follows that the utility resulting from m determinations

of the Parameter is:

- .2 212 12
U, = &, +a, exp [2xm+ 1](exp [—ﬁ]- 2 expli-é-nr-] + 1) eee L9
where again the adopted value has been assumed to equal im as defined
in equation L4.17. The change in utility due to a decision to increase
the number of tests from m to p can also be determined by following
the same procedure as was used for the normal distribution. The expected

utility of equation 4.20 relating to a proposed increase in sample testing

. 2 .2
i] 1=-2 exp[}%%?—] + exp[} 3%3-]

LN ] 4.20

numbers has been obtained as

. 2
Uﬁlm = a, ta, exp [jaxm + 2i°( = +

= PN
Nk

The improvement in utility value due to an increase in sampling
and testing from m to p can thus be calculated,under several different
circumstances, from the sample number, the standarddeviation,and a
constant relating the economic consequences of errors to their magnitude.

For pareameters following either a normal or log-normal distribution,



equations 4.13% and L4.15 may be used where the quadratic utility is
quadratic in x. Situations in which the parameter follows a log-
normal law,with a quadratic utility of the type in equation 4.18,
require equations 4.19 and 4.20 to give the change in utility value.
In addition to the parameters already mentioned previously, in this

case the mean value Em of the distribution,is also required.

4.5 Merits of Sampling.

The cost of taking and testing soil or rock samples is expected
to be a linear function of the number of samples tested, although in
practice there may be a pricing system akin to quantity discounts. If
the cost of taking and testing m samples is Cm, then the increase in
site investigation costs when the number of tests rises from m to P

will be:

C -C =k +k, (p=-m eee L2
p n ° 1 where p>m

where the base cost, kb’ of initiating a site investigation is

incurred,and the unit cost of sampling and testing is k The cost

1.
of site investigation studies will then follow line A in Figure 4.5.

For a parameter following a normal distribution, the benefit of

increasing the number of tests, in terms of a reduction in expected
loss due to any geotechnical parameter uncertainty, can be found from
equations L4.13 and 4.15. If the cash value is presumed to be
proportional to the utility value,aﬁd a quadratic utility is adopted,
then the general reduction in expected loss as sampling increases will
be given by curve B in Figure 4.5, and the expected benefit will be
given by curve C. This function, found from equation 4.13 and L.15,

can be expressed by the equation:

a 12 a i2
U Ll U = - see -22
w Yo =2 - 2 4
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It follows from equations Le21 and 4.22 that the net economic benefit

of increasing the number of samples tested from m to p will be:

= -1 -ko—k,] (p-m) eee L4.23

Reference to Figure 4.5 will demonstrate that economic justification
for further sampling will occur only where Vﬁlm in equation 4.23
is positive. Should the cost of site investigation follow line D, so
that it is always greater than the reduction in expected loss, then
more testing will never be worthwhile. Tn general, there will be a
range of values of p for which it is economic to perform more testing.
After performing the substitution ko = 0, the range of values over

which it is economic to increase the number of samples tested is

given by: >
a1i
m<p<m- see L’-.ZLI-

1

The maximum net economic advantage Vp'lm of increased sample
testing will occur when an optimum otal number of samples p' is tested.
This number can be found by the differentiation of equation L4.23 with

respect to p, so

ees  L4.25

In practical terms, this condition is satisfied when the slope of
curve C is parallel to line A in Figure 4.5.
Since equations 4.13 and 4.15 may still be used for determining

changes in utility value for a log~normal distribution when the quadratic

utility in x is used, the equations derived for the normal distribution
also apply here. Hence,the range of the number of samples for which

it is economic to continue testing is given by equation 4.2L4 and the



optimum number is given by equation 4.25.

When the quadratic utility defined in equation 4.18 is appropriate,
the position is rather different, and equationsl.19 and 4.20 must be
employed to determine amy benefit to be derived from more sample testing
Unfortunately, the final equations do not assume such convenient forms
as for the simple quadratic utility in x , but solutions by numerical
methods could be obtained for specific problems. By following the
same procedure as in the previous case the expected net economic advan=-

tage,due to an increase from m to p in the number of samples tested,

will then be:
- 2,1 . 1 21° ~2i°
Vp|m=a1 exp[axm+21 (E-I-Eil oxp (-5 |- expl o=

332 312
- 2(exp - 5= |- exp-EEJ) - ko +k1(p - m) cee L.26

Thus, the range of values for p for which it will be beneficial to take

samples will be given by substituting V

= 0 in equation L4.26 and
p|m 4 \

solving it for p. By differentiation, the optimum sample test number

will be found by solving the following equation for p':

L2 2
&t - 2 i
—— exp [2x +2i° (1 -_;1)_'+%) 3exp| Soul=20=k oo b7

P m

Equations 4.23 and 4.26 provide a means of assessing the economic
benefit which may be obtained by sample testing. This can be performed
during the time that boring and testing is taking place,and the
consequent reduction in expected loss monitored. These equations may

also be used to determine a satisfactory degree of ground investigation
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prior to any boring or testing being carried out. Presuming that it
is shown to be economic to undertake some finite degree of investigation,
then the prior probability distributions used in the decision analysis
can be combined with the probability distribution obtained from the
testing. The necessity for a careful choice of a suitable prior
probability distribution must be emphasised at this point since the
use of one which it too narrow will always produce an under-estimation
of sampling and testing requirements. Where normal distributions are
used for the prior and test distributions,then the new mean can be
derived from equation 4.9. Thus, a cyclic process is instigated,
beginning with an amount of testing derived from a prior probability
distribution which is generally subjective in nature. The brocess

is continued with analysis of the test data and the derivation of the
posterior distribution,which is then used as a new prior distribution
in the analysis of the merits of more sampling. These operations

are repeated until it is uneconomic to proceed further, at which stage
the value of the required parameter is obtained.

4.6 Modified Investigation Procedure

Since it is possible to determine the economic advantage to be
expected from undertaking a site investigation, it is also possible to
determine the probable cost of - or incidence of - failure. This may
be performed before any field work is carried out by attributing prior
probability distributions to the unknown parameters and finding the
optimum type of site investigation. After testing, the probability
analysis enables the new data to be assimilated with the old,and a new

assessment to be made.



There are three main objectives in the analysis of probability:-

(1)  to give an initial guide, from prior data which may be subjective,
as to the most desirable level of site investigation activity in
terms of the reduction of parameter uncertainty and consequent
improvement in foundation design;

(ii) to compare the relative economic merits of quite different site
investigation schemes - in general, this will include the
combination of objective and subjective data;

(1ii) to ensure that site investigation activity is optimized with respect
to both the final foundation design and the cost of the operation.

The actual geotechnical site investigation method envisaged,in
which the probabilistic approach is employed,would begin by identifying
variables in the problem which require study. Prior probability
distributions would then be established for each variable on the basis
of previous experience,or by reference to similar problems elsewhere.
Subsequently, the utility equations would be derived for expressing the
severity of errors in each of the parameters.

Utilities giving the cost of determining each of these parameters
would be needed to determine whether rock or soil samples should be
taken, and the number of such samples or tests would also be derived.
The test results would yield new probability distributions,which would
then modify the prior distribution and yield a posterior distribution.
A new prior equation would then be available which would show whether
further sampling and/or testing could be justified. Thus, the procedure
could be repeated until the optimum decision to minimize global costs

is arrived at.



=78~

T utitiyy
fth U
30..
20+
10+
Error
1 1 1 L (x:xa)
-20 -10 10 20

Quadratic utility
function —,

Us ag+ay (R-x4)2

function
U= agra,exp(R=x,)

Fig. 4.1 Quadratic and Exponential Utility Functions.

Number o_f 4 O Observed points
observationsg
Zof total 207 a O Fitted points
5 Observed distributjon
Fitted log-normal
distribution
104 '
51 -~
T~
0 8 Gohesion kN/m2
0 20 40 60 80

Fig. 4.2 Iog~-normal Probability Distribution of 111 Determinations
of Undrained Shear Strength of the Stony and Taminated
Clays of the Team Val ley, Co. Durham.



Number of
observations
7. of total

20

10

F‘ig . l*. 3

Probability ¢
A 99.9

99

L g

o8

95

90

80+

60

40}

20

10

O Observed points c

O Expected points

\\/Fltted normal distribution

Observed distribution

Tensile strength

40" MN/m?2

Normal Distribution for 26 Determinations of the
Tensile Strength of Coarse Carboniferous Sandstone
by Brazilian Test.

~——8-— Observed points

=~ =—~8B-- Fitted points

Least squares regression lines

. Tensile strength

Fig. Lol

3.0 4.0 MN/m2

Normal Distribution for 26 Determinations of the Tensile
Strength of Coarse Carboniferous Sandstone by Brazilian Test.



-850~

*BurTdueg PISBIIOUT y3TM UOT3e3T3S9AUT 93TS JO 3Sop pue sso peajoadxy ut safuey)

S1S3} JO Jaquny mc_ummnn wnwndo -

G*h *3ta

Bunisay pasessosus oy
anp Ayin ui jusawanoidwy

s1sa} jo
Jaquinu aseassul
03 D{WIOU0D3 J0N

Auelseoun sajpwesed
.. ledluysazoab 03 anp,

90 Ann 3o enjep

v . 1s0Q
. paioadxgy




81

CHAPTER 5

CONSIDERATION OF GEOTECHNICAL DATA STORAGE

5.1 The Case for Data Storage.

The argument for the use of geotechnical data storage systems
consists of three main points arising from previous sections of the
thesis. Stated briefly, these are:

(1) to alleviate the lack of geological and geotechnical data
available for planning;

(ii) to make available data for appraising the benefit likely to

accrue from further data collection;

(iii) to enable data collected early during the development process

to influence later data and so that early data may be revised.

It is axiomatic that for the subject of - and established procedures
in - engineering geology to make a significant contribution to urban
planning as invisaged by Wolashin (1970), then the non-availability
of quantitative geotechnical data in existing urban areas apparent
from Attewell and Farmer (1973) and Ward (1972) must be remedied.

5.2 The Data Available for Storage.

Probably the most comprehensive list of sources of low cost,
existing geotechnical and geological data has been compiled by
Dumbleton and West (1971),who indicate that in British urban areas the
sources fall into four main categories:

(i) published maps and memoirs;

(ii) government bodies and the nationalized industries;

(iii) private industry, including site investigation operatives;
and

(iv) local authorities and utilities.
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Thus, the data sources comprise maps, memoirs, site investigation
reports, published works, photographs, and any available borehole,
mining and mineral extraction records.

(i)  Published Maps and Memoirs

The Institute of Geological Sciences publish geological maps at
scales of about 1:60,000 for the whole of the United Kingdom with
partial coverage at a scale of about 1:10,000. However, not all
these maps show drift deposits and ~ as Taylor (1972) remarks - in
many urban areas mapping has been hindered by existing development.
Little engineering data are included in current geological maps and

their accompanying memoirs.

(ii) Government Bodies and the Nationalized Industries.

Several sources of information are available:

(a)  the National Coal Board - records of existing mines, some

abandoned mines, and advice about future mining trends;
(b)  the Department of Trade - records of non-coal mines and quarries;

(¢)  the Water Resources Board - surface and sub-surface hydrological
data;

and

(d) the Transport and Road Research laboratory - site investigation

data obtained for road works.

(iii) Private Industry Including Site Investigation Operatives.

Practically all the quantitative geological information for urban
areas is derived by specialist companies engaged in site investigation.
Unfortunately, through constructional, financial and legal obligations,
bodies are prevented from or are unwilling to part with, their findings.

Practically the whole of the United Kingdom has been surveyed by
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aerial photography, which can yield valuable information about the
nature of the ground surface, topography, site access, drainage
and dynamic geological processes.

(iv) Iocal Authorities and Utilities

Several data sources are available, as follows:
(a) site investigation data for public works;
(b)  hydrological and boring records from area water boards; and

(c)  deductions resulting from existing buildings.

Clearly, from the foregoing text, the data available are of a
diverse nature. A careful choice of storage system could ensure the
rebention and later retrieval of all the geotechnical data relevant
to urban development.

5.3 Presentation of Geotechnical Data.

Considering the needs of persons engaged in urban development and
the remarks of Hunt (1973), Table 5.1 depicts a logical approach to
geotechnical data presentation. Thus a map for planning burposes,
produced initially from existing data,is revised at each stage of
development. But the 'site investigation report' format is retained
for the specific data upon which foundation design is based.

In order to pursue further the question of geotechnical data
presentation,it is necessary to define the terms 'map' and 'plan'.
These are not mutually exclusive, differing from each other in respect
of scale, and hence in the data detail displayed. Since, in the United
Kingdom, country-wide coverage at scales of about 1:60,000 and 1:10,000

in geological maps is available, it would appear sensible to base



geotechnical maps on these scales. Geotechnical plans with scales

of 1:5,000 have been produced by Kalterherberg (1974), and a scale
of 1:1,250 is commonly adopted for the plans in site investigation
reports.

Three forms of geotechnical data presentation may be used:
(i) geotechnical maps;
(ii) geotechnical plans; and

(1i1) geotechnical models of a physical character. ;

5e3e1 Geotechnical Maps

The fact that much of the existing qualitative data is in map
format could suggest that this is also the most suitable presentation
mode for all geotechnical data. However, quantitative geotechnical
data are not easily processed into maps, which in any case can be
misleading or confusing, although the necessary data density may be
attained by overlaying transparencies of the type described by Chupinov
et al.(1970). This point may be demonstrated by considering two maps:

(i) Figure 5.1 is a geological map with notes being produced by the
Geological Society of London (1972). Here,a mixture of
observation, inference,and sources of additional information
is presented. The result is really a 'busy' muddle;
interpretation for most purposes is impossible without substan-

tial reference to further documents;

(ii) Figure 5.2 is a contoured diagram of the variation in shear
strength of days, as drawn from Marshall(1969). Here, there is

insufficient information to permit an immediately meaningful

appraisal.
Some general remarks about geotechnical maps are appropriate. Most
quantitative data are prepared on an ad hoc basis rather than as a

systematic enterprise over an extensive area as it is mapped. Such
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uneven distributions of the data can have a great influence on its
usefulness. Near an area of previous data collection, good quality
data may be available, but elsewhere in areas of extrapolation, the map
may give an air of authenticity quite unrelated to the distribution and
quality of the original data.

A brief perusal in the literature on the subject of geotechnical
maps (Aisentein et al, 1974; Hunt, 1974; JanjiG and Stepanovic, 197L;
Kalterherberg, 1974) indicates such a great variety of factors which
might affect the suitability of an area for urban development that it
is difficult to generalize about the most desirable factors to include
on a geotechnical map. Because of this, the Geological Society of
Iondon (1972) recommends that data for supplementing the 1:10,000
topographical maps available for Great Britain should include all
accessible information concerning the geological, geomorphological
and hydrological conditions, seismicity, boreholes, site investigations
and testing undertaken, together with the locations of mines, and
quarries. However, the workers already mentioned, being engaged in
the formation of geotechnical maps for the evaluation of a particular
site for urban development, have all preferred to consider only a
limited range of factors which enable plamners to determine the economic
impact of their proposals.

5.3.2 (Geotechnical Plans

In general, the necessary data density restricts the production
of geotechnical plans to those areas investigated for the design of
foundation structures. As with engineering geology maps, it is
difficult to give - or to find in the literature - general guidance

concerning the information to be displayed. However, since in most
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foundation designs the load bearing capacity and the limitation of

total and differential settlement are the main considerations, the
shear strength and the compressibility of the foundation material,

and the water conditions,would appear to be of primary concern.

5¢3.3 Geotechnical Models of a Physical Character.

Models are devices for visually representing in three dimensions,
in an immediate and clear mamner, any complicated geological or
geotechnical conditions. TFour types of model msy be considered:

(1)  solid block - gives a series of intersecting sections on the
outside of a block;

(ii) three intersecting planes - used by Franciss and Puccini (1974)3
the model consists of three orthogonal intersecting planes and
may be used for representing small areas;

(iii) multi-section model - display is achieved by a series of sections
drawn on to transparent perspex sheets. A model of this type
has been produced from output obtained from the geotechnical
data processing and storage system Geosys described later in
the thesis; and

(iv) borehole model - each borehole is represented by a scale section
makked with the findings (usually by a colour code), and arranged
on a map of the area of interest.

5.4 Methods of Data Storage.

Three methods of storing geotechnical data may be given the
following titles:
(1)  index;
(ii) register; amnd

(1ii) map.
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These alternatives are arranged in order of increasing amount of
data processing required before storage, and therefore are probably
in order of real cost.

(i) Index System

The main features of the index system of geotechnical data storage
may be listed as follows:

(a) descriptionsof available data are stored, the user referring
to the original data, having been told of its existence by the
index;

(b) all types of data on maps and in reports may be retained;

(¢) can be operated by non-skilled personnel;

(d)  can be operated by manual or computer facility, but could
become unmanageable when much data is to be stored by manual
method;

(e) key-word cross referencing in the description of the data is
needed; and

(f)  the data is presented in an unchanged form.

(ii) Register System

The register system may be summed-up by the foliowing points:
(a) the actual data (albeit coded)+ére stored in the storage
facility so that the output is obtained directly from it;
(b) it 1s a method which suits the storage of site investigation,
numerical,and other quantitative data;
(¢)  the output can be specifically prepared to suit the intended
purpose;
(d) non site investigation report data can be accommodated by the

reduction of the data to borehole analogues;

+Coding or abbreviation of geotechnical data prior to storage is often
necessary in order that its volume may be reduced.
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(e) it is eminently suitable for computer operation, since the
rapid sorting facility dispenses with extensive key~-word cross-
referencing;
(£) data transcription(or coding)Is necessary; and
(g) statistical data may be easily obtained from the storage facility.
(iii) Map System
As with the index and register systems, the attractiveness of
the map system depends on the situation in hand. However, the
following main criteria may be considered:
(a)  for data other than that already in map form, expensive inter-
pretation and map drawing is required;
(b)  the most satisfactory form of presentation would be by overlay
maps each showing one particular feature;
(¢) the computer storage of maps is feasible, but the science is
in its infancy; for storage by manual means, difficulties arise
with the data revision;
(d) geotechnical data for the purposes of foundation design could
not be stored or presented by this method; and a

(e) high density of data is required in the first place.

Clearly, from the consideration of the methods of storage, the
main factors affecting the choice of storage system will be:
(1)  the amount, density and type of the available data;
(ii) the required type of output; and

(iii) the facilities available for storage.

+Coding or abbreviation of geotechnical data prior to storage is often
necessary in order thatits volume may be reduced.



5.5 The Financing of a Storage Facility

A geotechnical data processing system should, and can be,
self-financing, expenses being met from economies in plamning, site
investigation and civil engineering costs. It is clearly desirable
for the donor of any information stored to receive some compensation,
but the complexity of pricing data by its intrinsic value makes a
fixed percentage of the site investigation costs more appropriate.
Since the actual value of the information to the recipient is unknown,
a charge according to the size of the area for which the data is
required would appear to be more reasonable. This charge, and the
rate of compensation for data received,would have to be estimated
to balance the average savings of users of the data and to cover the
administrative costs involved.

5.6 Concluding Remarks.

From the preceding discussion of the needs of planners and others
for geotechnical data it is clear that one form of data presentation
cannot satisfy all their requirements. On the one hand, planners
need general data from which they can produce economic impact analyses
of planning proposals. This is an objective which could not be
achieved without some prior interpretation of geotechnical data by
persons familiar with the planning implications of geotechnical factors.
On the other hand, in order to arrive at a safe and economic foundation
design,the foundation engineer must have access to quantitative data
concerning the properties of the material being affected by the
structure being designed. From the data presented to the engineer
in a site investigation report,he/she can draw his/her own conclusions,

and can also assess its reliability.
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It is known that the need for-and type of-geotechnical data
required during urban development changes as the development progresses.
Hence, the data presentation methods have to accommodate these changes.
Since difficulties arise with the display of quantitative data on
geotechnical maps, it would appear more sensible to display only
general data of planning interest by this method. However, the more-
technical data derived by site investigation can be presented in
reports and plans without undue fear of misinterpretation. Naturally,
it is necessary to up-date geotechnical maps as data becomes available,
but only the locations of places for which further data has been
collected should be included on the map. Means other than maps and
plans for displaying geotechnical data might also be considered -
for instance, an immediate representation of a complicated situation

in a confined area by the use of a model.
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CHAPTER 6

PREFACE TO DATA STORAGE BY COMPUTER

6.1 Type of Storage System

The criteria considered in the selection of a data storage
system have been examined in the previous Chapter. The application
now to be considered involves a storage method for geotechnical
data obtained from site investigations carried out in the Newcastle
upon Tyne area.‘' Since the users of the stored data are liable to
be engaged in all stages of urban development, the most suitable
data output option would appear to consist of direct technical
information from which other forms of presentation may be derived.

In the situation described, a computer data handling system
has many advantages over alternative means of interfacing the
source and presentation of geotechnical data. The most important
of these advantages is its flexibility of operation, the availability
from it of statistical information, the direct display of data,and
the data processing facilities available. Consideration of the
methods of data storage suitable for urban development leads to
the conclusion that the register system is the most apt method to
use. In its operation, various computer programmes are required
for the tasks of storing, processing, retrieving and presenting the
data. Hence, in the present study, a suite of computer programmes
called Geosys has been developed. This system is fully described
in later sections, but the mode of operation may be summarized in

the following list:



(1) coding of data from source(s);
(ii) punched cards prepared and checked;
(iii) data fed into storage facility;

(iv) data checked and units changed if necessary;

(v) data held in storage in a compact form until wented;
(vi) specific data accessed from storage file;
and

(vii) retrieved data displayed in one of several modes.

6.2 Computer Facility

The machine on which Geosys has been developed and operated is
the Northern Universities Multiple Access Computer (N.U.M.A.C.).
At the time of this work it consisted of an I.B.M. 360 computer
housed at Newcastle upon Tyne linked to an 1130 machine at Durham by
a land-line. This latter computer acts as an interface between
the operations at Durham (where the work was done) and Newcastle
(the location of the main computing facility). In addition to the
card reader, line printer and graph plotter, direct access modes of
operation by both typewriter and visual display unit (¥.D.U.)
conversational terminals were available. Much of the programme
development utilized these terminals, although the majority of the
work was carried out by means of card reader/line printer operation
due to the pressure of general computing business.

A1l the programmes are written in Fortran 4, so the data coding
and processing system has been designed accordingly. However, it
may be expected that small modifications will be required to the

programme system for it to be operated on other computer facilities.



6.3 Geosys.

Geosys is the name applied to a complete suite of computer
programmes within which the actual computation and data processing
is carried out by individual routines concatenated by an overall
control programme. Thus all the operations of data storage,
processing, and retrieval are performed by the execution of a single
main programme in which the requirements for a particular operation
- whether it is storage, processing,or retrieval - are gpecified
beforehand in order to guide the overall control of the execution.
The expression of these requirements takes the form of a specifi-
cation of options available in Geosys. Option specifications,in
addition to the main ones of storage, processing and retrieval,are
also required to operate the individual processes in the programme
packages.

The organization of the complete suite of programmes which
comprise Geosys is shown in Figure 6.1. In the interests of
clarity, the situation has been somewhat simplified so that only the
name of the main programme for a particular operation is given.
Service programmes are also used where the same actions are
required in more than one part of the system. To aid the under-
standing of Figure 6.1, the processes have been labelled with
capitals, and non-capitals indicate the operating programmes.

All the modes of operation are indicated; these are summarized

in the following list:

(1) data to be taken from source and stored;

(ii) data to be taken from source, the units changed and stored;
(iii) data retrieved from store, the units changed and re-stored;
(iv) data retrieved from store and selected data output in tabular

form;



(v) data retrieved from store and selected data output in map form;
(vi) data from external source used to form map output.

The control of these optional modes of operation, both in
specifying a particular type of programme execution and in guiding
the actual process,is given by a programme named Info. This
programme takes from the user the necessary information in two
alternative forms for the operation of Geosys. One of these forms
is intended primarily for use on direct access terminals,and is
performed in the memner of a question and amswer routine. The other
form relies on a numerical code input. Trend, the part of Geosys
which produces a map output, is the only part of the package for
which some of the programme control is derived from external
sources during the course of its operation. All the other
operational programmes in Geosys were developed within its umbrella,
and so are directed from Info,which is primed with information
before a particular operation is begun.

6.4 Operation of Geosys.

After the programme suite has been loaded into the computer,
the version compiled into a computable form may be operated. It
is usually convenient to store the compiled version in a file
(or files) for use when required. This can save a great deal of
computer time and is really the only mode feasible in the case of
direct access terminals. In the present study the compiled version
of Geosys was stored in three files,called respectively G1, G2 and
G3,s0 that,in each,different parts of the complete package were stored.
The command, shown below, is used for operating Geosys,compiled

and stored in the three files already specified:



~08=-

ERUN G1 + G2 + G3 L *SOURCE* 5 = *SOURCE* 6 = *SINK*

I

7
9

GEODATA(FIRST) 8 = GEODATA(FIRST)

GEODATA (TAST)

This command can be broken up into three constituents:
(i) £RUN - A computer facility system command;

(ii) @1 + G2 + G3 ~ The name of the place where the compiled

version of Geosys is stored;

(iii) 4 = *SOURCE* 5 = *SOURCE* 6 = *SINK* 7 = GEODATA (FIRST)
8 = GEODATA (FIRST) 9 = GEOPATA (IAST) - The addresses that are

used in the programme and computer system for data tramsfer.

The third part of the command includes the codes for the
information transfer in which those numbered 4,5 and 7 refer to
data transfer into Geosys and the 6,8 and 9 refer to output.
The practical meanings of these codes is shown below in a list,
but it is also illustrated by the numbers on the data tramsfer paths
on Figure 6.1:
(1) L4 -~ Input address for option specifications;
(ii) 5 ~ input address for geotechnical data input;
(iii) 6 - output address for option specification, warning and

advice messages, and retrieved data;
(iv) 7 - input address for retrieved data for processing;
(v) 8 - output address for re-processed retrieved data;

(vi) 9 - output address for processed geotechnical data input.

The names given with these data transfer codes are either the
places from which Geosys will take information,or the output addresses
of the data. The first one in the example -~ *SOURCE* -~ is the system

read-in, being the source from which the computer programme is operated.



Similarly *SINK* is the system print-out. So if Geosys is being
executed from a direct access terminal,*SOURCE* input will be
expected to come from that device, and output directed to *SINK*
will be printed out by it as well. On the other hand, if
*SOURCE* is the card-reader, then *SINK* will automatically be the
line~printer. Geodata is the name given in the present study for
the file used for storing the processed geotechnical data. It
must be remembered that in most computer facilities, including
the one used during this present work, permenent files such as
Geodata ,Gl, G2 and G3 must be created before being mentioned in any
other way.

Generally, the option specification and the geotechnical data
will be read into Geosys from the same source (usually *SOURCE*).
However, by giving these different intermal addresses, respectively
L and 5, a frequently-used option specification can be held in a
separate file and accessed from source 4 when required. Alternatively,
the geotechnical data can be put on to another file - source 5 -
for the correction of any errors and subsequently used as input.

The output and input addresses require qualification to direct
the data reading and output operations:

(i) FIRST : input data is read from a file or output data replaces

the contents of a file;
(ii) LAST: output data is added to the end of a file.
Figure 6.2 shows a sample run of Geosys. After the run command
has been read, the execution begins with a printed statement
followed by a question about the way in which the option specification

will be read. This can be done by either a literal or a numerical
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mode of operation. The literal mode, which is intended for use

with conversation computer terminals, comprises a series of questions
addressed to the operator. Alternatively, it can be more convenient
to insert the numeric codes required for a particular operation.

These codes may be derived manually, or otherwise,from a literal option
specification after it has been inserted.

Various errors can arise during the operation of both the literal
and numeric options, but there are certain safeguards. For instance,
should a literal question not be answered semsibly, it will be repeated.
However, no more than three attempts may be made at answering the
same question,since the execution will be terminated. The
information ingerted via the numeric codes is tested for incon-
sistencies. The first error to be found results in a statement
showing which of the codes is at fault by printing out the
equivalent literal question.

The next stage of the operation of Geosys relates to the system
option specification codes which denote the type of job being rum.
Reference to Figure 6.2 will indicate that there are five possible
options, which may be summarized under the following headings:

(i)  end execution (code 0);
(ii) data input (code 1) or change units option (code 3);
and

(iii) data output (code 2) or map plotting option (code 4).

6.4.1 End Execution

After a particular job is completed, command is returned to
the option specification routine. Thus, unless a serious error

occurs, the execution may only be terminated by the use of code O.
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6.4.2 Data Input or Change Units Option

To insert data into storage or to process certain of the
stored data, code 1 is used. The units in which the stored data
are expressed may be changed by the use of code 3.

6.4.3 Data Output or Map Plotting Option

Data output from the storage file is achieved by code 3
and data to be plotted in map form may be read into Geosys when

code 4 is specified.

Once the code specifying data output or input has been inserted,
information to direct the operation of the particular routine chosen
must be given. However, the information required to do this is

specified later in the thesis.

i UHIVER
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Fig. 6.1 Diagrammatic Representation of Geouys.
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CHAPTER 7

GEOTECHNICAL DATA STORAGE WITH GEOSYS

7.1 Introduction

In the storage system presently described, the major data
source comprises site investigation reports. Hence, although the
system can be rendered compatible with other data sources, the
methods used and the data coding have been devised primarily for
the data source as specified.

Storage is achieved in a two~tier, borehole analogue data
structure by the reduction of each borehole record to a title
followed by a series of data lines. Briefly, the title - on ome
or two lines = giving general information about the boring, is
followed by a series of lines of data,at least one line for each
depth where there is data for storage. In general, once prepared,
the data could be stored in a computer by one of several methods,
which include direct typewriter terminal, punched paper tape, and
punched cards. In the present study, punched cards were chosen
since these give a permanent record which may be read visuwally and
altered quite simply.

A three-stage data storage procedure is performed on the
following lines:

(i) Option Specification prepared;
(ii) preparation of the data; and

(iii) storage operation. -

These operations are explained in this order in the present Chapter.
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7.2 Option Specification for Data Storage

The general initiation of Geosys has been explained in Chapter
6 from which it follows that, for the present application, System
Option ] - appropriate for data storage - should be specified.

It should be noted that,when the numeric mode of Option Specification
is used, this System Option code should be included in the block of
code numbers.

The acceptable literal end numeric responses required by the
computer are presented in Figure 7.1. The positions occupied by
the codes in the numeric code block are also given in this Figure.
When formulating numeric codes it is importent that codes redundant
to the particular application should not be included.

The information required concerns the following factors:

(i)  whether the data input is new geotechmical data to be stored,
or stored data to be re-processed;

(ii) either - if new geotechnical data are to be Processed = the
units in which the numerical quantities are expressed;
or - if the data are from the storage file - the location in
that file*.

(iii) whether processed data are to be actually stored or printed out;

(iv) whether the units are to be changed+.

E 3

For the literal specification,the borehole identity number at the
beginning and end of the required part of the file are given separately.
Bach of these numbers may start anywhere on the line provided that the
numerals do not extend beyond the fifteenth column and the number has no
gaps. In the numeric mode of input, such identification of boreholes
must cong&ist Jof two numbers.

TUnlike system option 3,which achieves the conversion of the entire
contents of a storage file, by factor (ii) in this list it is possible
to specify a portion of a file.



~106~

(v) if new geotechnical data are to be processed, whether two
title cards are used for each borehole; and

(vi) if the data are to be printed out,then the requirement for
a title.

When the literal Option Specification is employed, as in Figure 7.2,
the answers given are checked for consistency  during the operation
of the routine. The programme is only able to recognize certain
responses,and the use of an unacceptable response results in the
question being repeated. Should,after three attempts, an
acceptable response not be obtained, then the execution of the
brogramme is terminated. Similar checking of the numeric codes
is carried out after the whole group has been read. Here an
illogical code will result in the relevant literal question being
printed out,and termination of the programme execution. Great
care must be taken with the interpretation of these error messages,
since an erroneous code can make one appearing later seem to be
incorrect. For example, referring to Figure 7.1, if it were
intended that unprocessed geotechnical data should be processed, but
that code 2 was accidentally substituted for code 1, then if the
next code were 4 (quite legitimate for processing raw data), then
this latter code would be the one to appear inconsistent and the
error message would indicate that the question concerning the units
had not been answered correctly. This is caused because had 2

been the correct code, then the reader would have been expecting a

code suitable for defining the units.

If no errors are found in the Option Specification, the numeric
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equivalent of one inserted in the literal mode may be obtained.
This is printed out in the format required for a numeric Option
Specification. Once this is done,the programme Store is
activated and begins reading the input data (see Figure 7.2).

7.3 Data Preparation

Preparation of site investigation data prior to storage is
necessary in order to reduce the amount of storage space reguired,
and to give a common format for storage from the various data
sources. Information concerning the stratigraphic column, samples
taken during boring, tests on samples, insitu tests, and the ground-
water conditions are coded with numeric and mnemonic symbols.

Bach set of data relevant to a particular borehole is then headed
by general information in a title.

The actual procedure for coding site investigation data and
for producing the titles is fully described in Appendix B. Once
all this data is on coding sheets, cards may be punched and the
data are then ready for storage. Before storage, a manual check
of the data may well be beneficial to ensure that each borehole
begins with a title and finishes with an end card(s) which refers
to the greatest depth from which information is available.

After checking,the data may then be used as input for the
storage routine with printed output specified. It should be noted
that the geotechnical data must be terminated with either a blank
card or one with at least one zero in the first five columms acting
as an end code. (When two title cards have been used for the

borehole data sets, then two end cod cards are also required).
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It is not necessary to organize the data for storage in
any particular order. Provided that the data end code is on the
card corresponding to the greatest depth, the storage programme
then orders the data. However, this ordering can be disrupted
when,in more than seventy lines, data for depths smaller than
that referred to on the sixty-ninth card occurs after that card.
Such data will not appear amongst the first sixty-nine lines,
gince each group is ordered separately and given the same title.

7.4 Storage Operation.

The literal Option Specification of Figure 7.2 will be used
to illustrate the processing of geotechnical data in Imperial
units read from cards into line printer output in S.I. units.
Treating freshly prepared data in this memner can aid the identi-~
fication of many errors,since the internal error-checking routines
are activated and it is easier to visually inspect printed output
than it is to scan punched cards.

After a group of threetypical borehole logs with associated
test data in Figure 7.3 have been transcribed on to coding sheets,
the information has the appearance of Figure 7.4. The data on
these sheets are then punched on to cards, the contents of which
appear as in Figure 7.5. Certain errors included for illustrative
purposes are clearly marked.

The printed output shown in Table 7.1 may be obtained during
the storage operation. Some errors are identified,but since, unlike
the serious errors, they are not likely to necessitate clearance of
the storage space and re-processing of the data,the execution is not

terminated. Amongst the messages given, the user is advised when
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units are converted and when more than seventy lines appear for a

single borehole. Those errors which cause the programme to stop
processing the data are all concerned with the borehole title card.
During the storage operation each borehole record is read completely
(or the first seventy data cards) before being stored. In consequence
of this safeguard, any error bringingabout the termination of the
execution will cause the borehole preceding the erroneous one to

be stored,and to be followed by the data file end code and not by any
faulty information.

The errors inserted into Figure 7.5 are identified by the
storage programme in Figure 7.6. Rectifying these errors, changing
the Option Specification so that the processed geotechnical data will
be stored, and re-running the programme,results in the output of

Figure 7.7 which shows that the progrmmme is operating correctly.
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8K My

3,0 57
16,0 471

20,4 475

8UK2 w2

89
474
12,25 19
12,5 474

5
5 98
L
9w

13,25 475
14,5 434

23,4 475
26,29 724

39,0 435
38,0 724
40,25 435
41,25 435
45,1 435

46,75 79
47,4 434

N e A N5 o e - [ 73
— -
Cur 30 s po e NI NN

-
O e -
& NS

1B Y

N m-
- pun

(7]

- N bs 0J NS

-
©
e e e e A W ANV el S

397

N = D b e D e

136

=121~

3355766857 1t 7 19=22/4/68
TP SOIL
18 4219 2403,0138,0 WETDEN 4
15 BN 36,0 WETDEN 4
BLD,8ST,COAL
14 3359,1148,0 WETDEN 4
14 °914 Jovv,n140,0 WETDEN 4
A,07 DWTXS0S 7,3
14 lobn,¥144,0 WETDEN 4
3374966940 97 .9 1723/4/68
TARMAC
LOOSE SOIL
FILL
FILL
THIN BAND
SST FRAGS

13,0

18 2416
J2nv, 128,94

29 271%
16 280V, 11356,0
12 4Ben,ny13%,0

Fig, 7.5 Listing of Logs Given in Fig, 7.4

(BOULDER ?)

WETDEN
+BLD,BN SAND
LL PL

50 9

WE TDEN 4
L. PL

WETDEN 4
60 12

6d 12
BOULDER

AND COAL

HARD BAND

9 DEN 4
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Y, 7% 117 14 Js14 I6dn,M139,0 wEk TOEN 4
53,7% 116 12 JADM,1137,0 WE TNEN 4
97,25 11
SR,¢ 9 3 HOULDER
9Q.,v 729 3 STIFF BROWN
59,75 9¢6 2
60,25 9 49 3 JOINTED
60,4 9 93 SHALE HANDS
2,5 9 9 % GY JNT SHALE
6d,7 @& 9 ?
ha,2 9 9 3 CURRENT BEUV
65,4 99 9 SHALE
0,4 M9 v o JOINTED GREY
68,25 9 9 3 JNT YEL/BRN
49,8 2933 FAULT ?
720,25 9 9 3 MASSIVE
71,6 9 9 3 JNT GRY SHL
72,2 9 9 3 FRAG GRY SHL
73,9 9 9 3 JNT CURRENT
12,75 7 3 OVER NIGHT 4_@
24,v¢ 2 2 ROSE RY 2
31,8 6
a9, ¢ 7 3 LNG REMD
17,75 494 n,8npuh  PTS 803 7,3
49,75 Q4 VR n26 PTS S03 7,4
11,5 336 1% 4849 ,0135,¢ 8 R WOEN ¢
11,5 154 Qy¥n7  COMS MV 13 4-<:)
21,75 lva Y,V VA CONS mMv 2%
3h,7% 194 At COnNS My 18
53,79 194 0,012 CONS MV {4
33,79 3943 Slev SAND
b@.?b ALK SIEVSNORGRAV
25,4 353 56012840
33,75 LX) 54vn3ang
75,7 !
LR ) 139nsn6080 94,1 22=23/4/68
;.I 9 P IR ) FILL

o 494 8 3
AN L3 STIFF YFEL/6N
11,4 474 ) W 88T FRAGS
2V, 7% 114 17 Gvu,itde,n WETDEN 4
du,79 11
35,79 11
L LI 197 31114 Lt pL
4¥,0 435 3 A BLOS RSST
4an 7y 11
;:,;2 :17 13 3113 21ba,7ny 34,0 WETDEN 4

wi th 18 330,01 3
20’7 . IR WwETDEN 4
20 ¢ h 1
31,5 51
n,0 594 ‘ . @
on'h a A, MA003  PTS S04 7,3

ERRORS El OVERNIGHT extends into field M - abbriviate to O/NIGHT
E2 CONS mispunched as COMS
E3 Line with end code does not refer to the greatest depth

Fig., 7.5 (cont,) Listing of Logs Given in Fig, 7.4



 embeud

BORFHOLE Runt “1 GRID REF 339595/60857 HT 0D 31,9
DATE 19+22/2/064 COMMENT UNITS S§,1,
UNITS CUNVERTEYD FROM IMP, Tn S,1,
DEPTH  SaMPLE INFU LIMITS  SHEAR  OTMER TESTSASTRATA
STRATA  Teot NGO P SIGTM  DATA COMMENTS
3,0 9ny 0 1 3 TOP SolL
N9l H7n y o2
4,88 47¢ A 2 D
5,41 1t 7 1A 42 19 117,11 2219,8 wET DENtw,2
67 472% 3 v 2
3,46 116 15
11,29 2 41
12,19 2 41
13,43 1 1
13,40 2 11
14,94 1 1
14,97 499 ¢+ © 3
15,47 116 14 163,5 2371,¢ wET Okn 10,2
156,99 115 179,7 2242,% wEY ODEN 10,2
16,99 114 A7 DrTSA3 7,3
18,52 115 Higd 2300,9 WET UFN 19,2
16,74 1 v 1
19,96 1 41
21,134 W oo
BOREHOLE RAW2 M2  GRID REF 3374900940 MHT OD 29,6
NATE (72374768 COMMENT UNLTS 8,1,
UNITS CONVERTED FROM IMP, T0 S,.1,
TYPE OF TEST MOT RECUGHISED .00 CUMS
AT A DEPTM OF 11,5 FEFT 3,51 METRES
INEXPECTED NUNSWIMERIC. CHARAG TER o440 HY
AT A DEPTH b 17,8 FEET 5,41 MLTRES
MORE THAN 7¢ | INES
DEPTH SAMPLE I4kU LIMITS SHEak OTHER  TESTSRSTRATA
SThkaTa TeST MC LI PL ST T NDaATA COMMPENTS
WM 90w 99 3 VaRMAC
Veld s a0 3 LOOSE SOIL
Wed6 GBP 3 w3 FILL
a1 S Ao 8 FILL
2,44 474 § A2
3.51 $ 3 6 1% 2.’4.2 "0’.7 8 R hOtﬁlﬂ.?
3,91 1 9 4 weral 13
1,74 19 W oA 3 ThihM RAND
3. 81 ar4 W o9 2
J 69 1 1
4,14 475 3 4 3 SST FHAGS
4,42 434 LI )
4,65 1 41
5,41 2 1
S,41 7 493
5,41 %9 4 A, Mvine PTS SO3 7,3
5,90 2 2 3 (BOULOLR T)
9,72 1 21
LIS L) 2 21
6,03 1 9 ¢ 2V'R2,6 ok TOEN
6,03 1 904 24,0 CONS my 2%
7.1 a42% o 0y oRLD,BN SAND
7,32 ? 43 RUSE 8y p o
7,62 Yy 2 14 24 19
HoU 224 o ¢+ 2
449 A7 0 54 22,9
Fig. 7.6 Print Cut of Data Processed for Storage
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9,14 4a3% o a2

9,34 11 156,2 2050,6 WETDEN 10,2
9,61 6 u 1§

10,29 2 97 20 27 1Y

14,29 J 93 SIEV SAND
19,9 116 16 136,6 2162,7 WETDEN 18,2
16,9 1 94 93,2 CONS MV 18
11,58 724 v @ 2

11,65 n73 60 30,5
11,89 w73 65 30,5
12,04 S0y v o 3

17,20 435 0 4 2 BOULDER
12,42 2 v |

12,97 435 w0 3 AND COAL
13,18 1 v

13,06 900 o » 3 $S8T1 BOULDER
13,72 435 ¢ 2 2

14,042 {1 ¢ 1

14,25 790 443 HARD BAND
14,25 434 402

14,78 1 36 12 234,22 2162,7 9 wWOEN1B,2
14,998 7 83 LNG REMD
15,17 59 4 #,008026PTS 803 7,4
159,47 1 17 14 33 14 173,2 2276,8 WETDEN 10,2
16,38 116 12 187,9 2194,7 WETDEN 19,2
16,38 1 9 4 111,9 CONS MV 14
17,45 1 v

17,68 999 g oug BOULDER
17,98 794 gy ny STIFF BROWN
18,21 906 992

18,36 19y 9 v 3 JOINTEOD
18,41 29w 9 4 3 SHALE BANDS
19,45 944 9 4 3 Gy JNT SHALE
19,42 Ava 90 2

19,57 999 9 ¢ 3 CURRENT 8ED
19,81 99v 9 4 3 SHALE

24,24 gav 9 13 JOINTED GREY
20,80 ¢v9) 9 2 JNT YEL/BRN
21,28 »9y 9“3 FAULT ?
2141 99y 9 v 3 MASSIVE
21,76 949 9 43 JNT GRY SHL
22,02 9ui 9 0 3 FRAG GRY SHL
22,52 9491 9 23 JNT CURRENT
22,53 A U0 .

BOREHOLE 84n2 M2 GKID REF 3374966944 HT 00 29,6
NATE 172374768 COMMENT UNITS 8,1,
UNITS LONVERTFD FROM IMP, TO §,1,

DEPTH SAMPLE INFO LIMITS SHEAR NTHER TESTS&STRATA
STRATA  TEST MC LI PL STGTH DATA COMMENTS

7,62 15 3 273,136,
10,29 353 263,166,
15,47 398 SIEVSNDRGRAV
22,87 R

BORFHOLE BRAB3 M3  GRID REF 3998566989 HT 0D 28,7
DATE 2223/4/68 COMMENT UNITS 8,1,

LAST CARD WITHNUT END CUDE

Execution Terminat;;]
Fig, 7.6 Print Out of Data Processed for Storage
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OPERATOR'S RESPONSES ARE PRUMPTED BY ,,, 8

GEOTECHNICAL DATA STORAGE, PROCESSING AND RETRIEVAL SYSTEM GEOSYS
ENGINEERING GEOLOGY LABORATORIES UNIVERSLITY OF DURMAM ENGLAND

WILL THE INSTRUCTIONS Rt INSERTED IN THE
NUMERIC OR LITERAL MODE 7 CNUM/ZLIT)
1t NUM

INSERY NUMBERTIC COOFS

1 122112

BOREMOLE 8281 My
UNITS CONVERTED FROM [MP_ TO §,I,
LOG TRANSFERED TO GEDDATA

BOREHOLE H0o02 M2
UNITS CONVERTED FROM [MP, TO §,1I,
MORE THAN 72 LINES
LOG TRANSFERED TO GEODATA

BROREHOLF 8093 M3
UNITS CONVERTED FROM [MP, 710 §,I,
LOG TRANSFERED 10 GEODATA

END UF DATA

GEQTECHNICAL PATA STONAGE, PROCESSING AND RETRIEVAL SYSTEM GEUSYS
ENGINEERING GEOLOGY LABURATONTES UNIVERSLTY OF DURWAM ENGLAND

WILL THE INSTRUCTIONS BE INSERTED IN THE
NUMERTIC OR LITERAL MODE 2 (NUMZLTIT)

Programme Begins a New Operation

Fig. 7.7 Printout Obtained when Data is Stored.



Messages and Advice (Non-terminable)

*
BORE HOLE seee  aeeee

Gives each borehole processed

UNITS CONVERTED FROM
LI ] To oee

Shows change of units.

TYPE OF TEST NOT
RECOGNIZED eeceececes
*+AT A DEPTH OF .cve..
MIRS.eeeeees FEET.

Non~standard mnemonic code
uged. The depth of the

offender is given.

UNEXPECTED NON-NUMERIC

CHARACTER ecececeee
*+AT A DEPTH OF eeces

MIRS .... FEET.

A non-numeric character in field
M was not expected. The depth

of the offender is given.

MORE THAN 70 LINES

Warning that data may not be

correctly ordered.

*LOG TRANSFERRED TO STORE

Borehole successfully processed.

Brrors which Cause Termination

UNITS NOT RECOGNIZED

Incorrect unit identifiere.

INVALID VALUE IN B.H.
TTTLE CARD

Incorrect character found inthe
title card. The whole card is

printed out.

LAST CARD WITHOUT END CODE

After sorting the data the card

for the greatest depth is devoid
of any end code in field E.

* Not given for print-out

+ Only one system of units is employed where no change is specified.

Table 7.1 Errors and Messages in Data Storage.
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CHAPTER 8

GEOTECHNICAL DATA RETRIEVAL FROM GEOSYS

8.1 Styles of Presentation

Various types of data presentation formats are available for
data stored by Geosys. The existing output routines Outpl, Outp2,
Outp?, and Trend produce respectively tabular data concerning the
strata, information about the borings, site investigation data
and contoured maps. But other routines added to the system could
increase the number of presentation modes available.

During data retrieval the whole of the storage file is
accessed by programme Read, but only data which satisfies the
requirements of the Option Specification are available to the
output routines. The restrictions such as location, depth or
type applied to the data acquisition may act concurrently or
independently. In practical terms, in the instance of a tumnel
feasibility study, for example, the file could be accessed to give
a description of the strata amnd the undrained shear strength of
the ground along the tunnel line, and to a defined distance on
either side.

The data output from Geosys is of three types:

(i) tabular output;
(ii) site investigation output; and

(iii) contoured map.
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8.1.1 Tabular Output

Tabular output produced by routines Outpi1 and Outp2 may be

retained within Geosys for eventual plotting by Irend to form
contoured maps. The output produced by Trend will be described
in Section 8.1.3, but here the tabular output given by Outpl and
Outp2 is detailed.
(i) Outp1

This routine selects occurrences of laminated clay from data which
satisfy the other criteria of the Option Specification. All layers
of laminated clay are indicated by their mid-point depth, but in
order to aid the search for reasomably flat, sub-horizontal strata,
the data selected for treatment by Trend cen be limited to that
lying between particular levels. This range of levels can be
progressively increased from a specified location.
(i1) OQutp2

This routine forms a convenient means of listing all the
boreholes which fulfil such specified criteria as position and
number. The levels of the boreholes and their location are printed
out and may be retained within Geosys for processing into a contoured
map by Trend.

8.1.2. Site Investigation Output

The output derived by the use of Outp3 comprises a borehole
title followed by selected data concerning the strata, hydrology and
testing. Various alternative types of strata description and test

results are available in a tabular form,with all the data concerning
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a particular boring given in the same record.
8.1.3 Map Output

As already mentioned, the contouring routine may be used as
part of Geosys, in which case the data are supplied from either

Outp1 or Outp2. Alternatively, data from external sources may

be used by System Option 4. The mode of operation of Trend in
both cases is quite similar, since only a little additional
information, including of course the input data, is required for
Option 4 operation.

8.2 Option Specification for Data Retrieval

Data retrieval by Geosys is initiated in the same manner as
is the storage operation illustrated in Figure 6.2, except that
System Option 2 must be specified. The actual Option Specification
for data retrieval shown in Figure 8.1 following this can be
performed in either the literal or the numeric mode. As before,
the input (apart from the titles) must lie within the first
fifteen columms.

The information required to operate the data retrieval
routines is as follows:

(1) identification letter preceding the site investigation
borehole identity number;

(ii) whether or not a sequence of boreholes is to be specified;

(iii) if a sequence of boreholes to be accessed, then whether two
boreholes or one borehole and either the beginning or end
of the file are to define the ends of the sequence;

(iv) if a sequence of boreholes i to be accessed, then the

*
required borehole number(s) ;

)

When identification numbers or depths are included in a numeric
Option Specification, then if only one of two of these is to be
specified then the other must be replaced by a dummy zero.
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(vi)

(vii)
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whether or not the data to be accessed are within a N-S,E-W,
rectangular area defined by grid references;

1f the data scan is to be confined to a particular area, then
the easting and northing, each expressed in five figures

to the nearest metre,of two diagonal corners of the area of
interest;

whether or not the level of the data scan is to be defined;

(viii)if the level of the data search is to be defined, then

(ix)

(x)

(xi)

(xii)

whether these levels are to be expressed with respect to
the datum or the tops of the holes;

if the lével of the data mearch is to be defined, then
whether a range of levels is to be specified, or whether
the data required lies between either the top or the
bottom of the holes and a defined depth;

if the level of the data scan is to be defined, then the
level(s) expressed in metres:+

the type of data presentation - test result and strata
description codes;

if Outpi is specified, the range of depths+for which instances

of laminated clay are to be recorded for further processing

by Trend;

(xiii)if Qutpl is specified, the reference location given by two,

five digit,co~ordinates to the nearest metre for a linear

increase in the depth range to begin;

%*

When identification numbers or depths are included in a numeric Option
Specification, then if only one of two of these is to be specified

then the other must be replaced by a dummy zero.

+The Option Specification programme operates in SI units. For data
expressed in Imperial units, the specifications are automatically
converted.
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(xiv) if Outpl is specified, the rate of increase of the depth range
expressed as the tangent of the slope of the surface with
respect to the horizontal; and

(xv)  the requirement for a two-line title to be printed with the
output (each line has 120 characters and is entered on two
cards as follows: first card columms 1-72, second card

colums 1-48).

The literal specification codes are checked as they are inserted
and, as for the storage Option Specification, unacceptable responses
cause the relevant question to be repeated up to three times before
the execution is terminated. The mumeric codes are also checked
so that any inconsistent codes may be identified by the equivalent
literal question before temmination of the execution.

The complete procedure of Option Specification for Outpl is
illustrated in Figure 8.2. Once it has been checked, 1t may be printed
out in the format of the equivalent numeric Option Specification after
the complete procedure illustrated in Figure 8.2. is finished;
then programme Read is activated and data may he accessed from
storage.

8.3 Retrieval Operation.

During data retrieval, certain advice messages given in Table
8.1 are issued to aid diagnostics in the event of failure and also
warn the user when the data are stored in Imperial units. This
latter warning is necessary, since the column headings for the print-
out supplied by the output routines are for S.I. units. This does

not affect the operation of the programmes except that, if the
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warning is given, the parameters will then be expressed in units
given in Table B.6 as the Imperial equivalents of the heading
S.I. units.

As explained in Section 8.1, geotechnical data can be output

from Geosys via following three routines;

(i)  Outpi;
(ii) OQutp2; and
(iii) Outp3.

Irend is also an output routine of Geosys,but gince its data
input originates from either one of the above programmes, or
sources external to Geosys, it is more convenient to describe it in
in Chapter 9.
8.3.1 Outpl

The example of the printed output obtained from Outpil given in
Figure 8.3 includes the grid references and identities of boreholes
in which laminated clay has been detected. These data are given
in the output together with the depths of the tops, bottoms and
mid-points of laminated clay layers. Should the boring be terminated
in a layer, then the mid-point depth will be calculated using this
depth as the bottom of the layer,and an appropriate message issued.

If further processing by Trend has been specified, a message
is issued when a mid-point depth satisfies the depth criteria,and
the easting (X), northing (¥), and the mid-point depth (2)
coordinates are retained within Geosys. Processing by Trend
occurs after the Outpi operation is completed and,since the programme
can handle only five-hundred sets of data points, a warning is given
when this number is exceeded because only the first five-hundred will

be processed.
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8.3.2. Qutp2

The programme Outp2 is also suitable for pre-processing data
suitable for Tremd. As with Outpl, co-ordinate data may be
retained for the eventual construction of contoured diagrams.
Here, the grid reference (easting X and northing Y) and the datum
‘level (g) of the top of the borings are recorded. Other information,
as shown by Figure 8.4,is also given in the printed output.
8.3.3 Outp3

After processing the data selected from the data file, Outp3
gives a style of data presentation akin to a site investigation
report. Various options of test results, descriptions of the
strata, and indications of the water conditioms,facilitate a simple
format for the output. A two-tier structure is used in which
general particulars about the boring in a title precede the sub-
surface information. These data are arranged in columns each of
which is headed by the names of the parameters and the units being
used. Each new page started in mid-boring is re~headed, but a new
page will be started if fewer than ten lines remain on the page
currently accepting output.

The sub-~surface data output comprises information concerning
the following factors:
(i) the strata;
(ii) the hydrological conditions; amd
(iii) the testing performed.
(i) The Strata

Several alternative styles of strata description are available:
(a) no description;
(b) only when a test result is printed; and

(¢) at each change of strata.

When a description of the data is required, then this can take
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two forms:

(a) detailed : a full literal interpretation of the numeric
strata codes;

(b) coded i a literal interpretation of only the main material
(see Table B.3) numeric strata code.

(ii) 'The Hydrological Conditions

The groundwater conditions are indicated by encounters during
boring and piezometric levels. In addition, the depth of
installation of a piezometer or slip indicator, the rise or fall
of a water strike, and the dates of piezometer readings may be
recorded.

(iii) Testing Performed

A full list of test data output alternatives, and the parameters
obtained, is given in Table 8.2. Codes Jdy 2y 3 and L give various
combinations of test results printed out to a set format. Code 5
shows the samples taken and the type of tests performed, but not
the results, and code §_gives all the tests and accompanying results.
In this last alternative, all the parameters mentioned in codes

1-4, plus particle size and permeability, will be output.

The need to confine the thesis to an acceptable length inhibits
a comprehensive illustration of the various styles of strata
description and test result output formats. However, some of the
possibilities are given in Figures 8.5a, b and c. In these three
examples of output full descriptions of the material tested, a full
description of the strata and a coded description of the strata are

illustrated.
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After a retrieval operation by routines Outp1 or Outp2 has

been completed, and if a contoured diagram is required, then
further information must be supplied to control the operation

of Trend. This may only be performed in numeric code and, since
this is almost the same as that used for Main Option 4, the Option
Specification is dealt with in Chapter 9. At the end of other
retrieval operations, command is returned to the Main Option
Specification so that further work can be carried out or the

execution terminated.
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SPECIFY TYPE OF JOB.

Position in
OEND EXECUTION Inf ti Numeric
1 PROCESS RAW DATA niormation Code Block
2READ DATA EILE Required
3 CHANGE UNITS OF STORED DATA Card

by Computer
4 CALL SUBR.TREND Y L?:ie Column
WRITE CCDE NUMBER

0 ] | 1 I [ 2 ] L3 ] | 4 Literal Response

—————————— Numeric Response = - ~| 1 1

PARTICULAR DATA SET?

no a b c d e f h r

%é; ONCNGROROSEEE ARk
A 4

BOREHOLE TO BEGIN OR END SCAN ?
no l Istartl l endJ Lboth

Q'P %;5? | s
|WRITE NUMBER |  |WRITE NUMBER] [ WRITE NUMBER]
Iast no first ne
|WRITE OTHER ONg
L4 \ 4
000last no )=~ =(firstno lastno} === =~~- 2 1-15
v N
SCAN CONFINED BY GRID REFS?
yes no
-------- - memm e —————e | 1 4
[WRITE 10 DIGIT GRID REF, OF ONE CORNER OF AREA |
istgrid ref.
Istgridref Jm e oo e m e e ce e e e o 3 | 1-15
A 4
{ WRITE OTHER ONE |
-------------------------- 4 |[1-15

¢ Continued Overleaf

Fig. 8.1 Information required by Geosys for Data Retrieval.
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Y

Continued from
Previous Page

Position in
Numeric
Code Block

Card
or
Line

{Column

DEPTH TO BE SPECIFIED ?
yes no
......... ) Y
WRT, GROUND LEVEL OR DATUM ?
yes no
B -; ------ T T o7 !r- ThTmmTEETTEmTT
TOP OR BOTTOM OF HOLES AS END POINTS ?
{WRITE DEPTH]
top
LWRlTE DEPTH]
lyvaE OTHER ONE| ootk i
-------- (o ) -m [rommemnemmnenees

FORMS OF OUTPUT TO BE LISTED ?

L__F] L no

TEST CODE

O NO TEST RESULTS

1 VANE,PENETRATION & SHR BX
2 SULPH MOISTCONT & LIMITS
3 TRIAXIAL & UNIAXIALTESTS,
4 CONSL COMP,CBR &WET DEN
5 RECORD OF U4'S & TESTS

6 ALL TESTS

7 SUBR.QUTP1

OUTPUT FROM OUTP1 OR QUTP2

TEST CODE 6 MUST ACCOMPANY DESCR. CODES 0,4,5 OR 6 WHEN

DESCR OR TEST CODE MUST BE 1 OR 2.WHEN THE RESTRICTION OF
DEPTH IS TO BE APPLIED TO OUTP1,THE TEST CODE SHOULD BE 2.
FURTHER ANALYSIS WILL NOT TAKE PLACE WHEN THIS CODEIS O

DESCRIPTION CODE

0 NO DESCRIPTION

1 DETAILED STRATA & WATER CON.
2 DET.DESCR OF MATERIALTESTED
3 DET DES MAT TEST &WATER COND
4 CODED DESCRIPTION OF STRATA
5 WATER CONDITIONS ONLY

6 CODED DESCR.MATERIALTESTED Y
7 SUBR.QUTP2

IS TO BE ANALYSED BY TREND,THE

<
- ? D

WRITE TEST CODE

Fige. 8.1 (cont) Information

Continued on ¥

1

5

1-15

Next Page

Required by Geosys for Data Retrieval
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Continued from
Previous Page

Branch Depending
the Response to a
Previous Question

Test Code No

Yes

Parameters for h =7 & Description
Subr. Outpl Code=2
| WRITE MAX DEPTH IN METRES | Position in
max Numeric
9 Code Block
[WRITE OTHER ONE] Y Card |,
Gy S, (0ot
v
max min )= == ~==c==c-==- mmccmmcceafmaa] 7 |1-15
RANGE TO INCREASE ?
yes | L,",.°|_.
4 >
[WRITE LOCATION OF REFERENCE POSITION |
A 4
[ WRITE TAN(SLOPE) -WRT. HORIZ.] Y
stope
slopg)= == vm ccm e m e m e e e e el 8 | 1-15
> T < <
[ WRITE TWO120 CHARACTER TITLES |
1st title{72chara.) *] 1=72
125t tutltla(t(t%ch}?ra.g } e { 10 | 1-48
nd title (72chara e 11 1=72
. Literal & Numeric -
2natitle (48 chara) Responses the Sar|ne 12 | 148
A 4 [
NUMERIC PRINTOUT OF INSTRUCTIONS ?

yes| [ no
Y

NUMERIC CODE BLOCK Y

v

4
-

¢ Programme Continues

N.B. The literal responses may consist of only the initial letter of the answers

Fig. 8.1 (cont). Information Required by Geosys for Data Retrieval.
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OPERATOR'S RESPONSES ARE PROMPTED BY 400 3

WR

1TE CODE NUMBER

! 2

80
i

WR
!

WR
H

SCAN (ONFINEDN BY GRID REFS 7 (YES/ND)

PARTICULAR DATA SET ? (NO/A/B/C/D/E/JF/H/R)
|

REMOLE TO REGIN UR END SCAN ? (NO/START/ZEND/BOTH)

BOTH

I1TE NUMBER
7411

ITE OTHER ONE
7046

YES

WRITE (¥ DIGIT GRID REF, OF A CORNER OF AREA

WR
L]

DE
!

3350166602

ITE OTHER DNE
3472066200

PTH YO BE SPECIFJIED ? (YES/NO)
YES

WITH RESPECT TD GROUND LEVFL OR DATUM ? (GL/0D)

t GL

WRITE DEPTH IN METRES

$ 29

TP OR BOTTOM OF HOLES AS EnD POINTS ? (NO/TOP/BOTTOM)
t NO

WRITE DEPTH IN METRES

1

FORMS OF OUTPUT YO Be LISTEL 7 (YES/NN)

NO DESCRIPTION

DETAILED STRATA & WATER COND,
DET, DESCR, TESTED MATERIAL
DET,DESCR,TESTY MAT R WATER CUND,
CODED DESCR, OF STRATA

WATER CONDITIONS

CODED VESCR, TESTED MATERTAL

s 7
FORMS OF QUTPUT TO RE LISTED 7 C(YES/ND)
! VYES
TESY COOE
A NO TEST RESULTS ]
1 VANE PENETRATION & SHEAR BOX |
2 SULPH,ANAL,,MOIST,CONT,,8 LIM, 2
3 ORAINED R U/D TRIAX,R UNIAX, J
4 CONS,,COMPACT,,CBR R WET DEN, 4
5 RECORD OF U4§ AND TESTS ]
6 ALL TESTS 6
7 SUHR, OUTPY 7

Continued ...

SUBR, OUTP2

Fig., 8.2 Option Specification for OQutpl
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TEST CODE & MUST ACCOMPANY DESCR, CODES ©,4,5 OR 6, WHEN QUTPUT FROM
OUTPY OR OUTP2 IS YO RE ANALYSED BY TREND, THE DESCR, OR TEST CODE
MUST BE 1 OR 2, WHEN THE RESTRICTION OF DEPTH IS TO BE APPLIED TO
OUTPY THE DESCR, CUDE SHOULD Bk 2, FURMER ANALYSIS WILL NOTE TAKE
PLACE WHEN THIS CODE IS o,

WRITE TEST CODE
7

WRITE DESCRIPTIUN CODE
l

PARAMETERS FOR QUTPY

WRITE MAX DEPTH IN METRES AROVE DATUM
b

WRITE OTHER UNE
@

LINEAR INCRFASE IN RANGE FROM REF, POSITION ? (YES/ND)
NO

WRITE TWO TITLES OF UP TO 12¢4 CHARACTERS EACH
SEARCH OF STORED DATA FOR LAMINATED CLAY LAYERS
AktA,,, 3350066600 3370066200
22TH FEB 1974

NUMERIC PRINYOUT CF OPTION SPECIFICATION T (YES/ND)
YES

284111172
7011 7446
3352066600
337¢66bh200
2444 1,0
*h, N B
SEARLH OF STORED DATA FOR |LAMINATED CiAY LAYERS
AREA, s 3350066604 3370066200
DEPTH,, =b,0 TO A,0 M 0,D, BUREHOLES,, H13 TO H4ay
20TH FER 1974

Programme continues

Fig. 8.2 (cont,) Option Specification for Qutpl
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Message Meaning

* READ * UNITS NOT RECOGNIZED Tdentifyer missing - may
be due to a card having

erroneous end code.

*READ * Warning : Imperial Stored data & output
units in use in B.h.: eeee., units of parameters in

Tmperial units.

*READ * End of data file File end code read

reached

Table 8.1 Advice Messages Issued By Retrieval Programme
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Code| Type of Tests Parameters Given in Output
0 No test results -

Vane test Peak and/or remoulded shear strength;
whether laboratory or in situ test.

1 Penetration test Whether standard or dynamic cone type;
penetration or number of blows for 12".

Shear box test Peak and residual cohesion; peak and
residual values of #.

Sulphate analysis | % by weight of SO3 in dry soil or amount of]
soluble SO3 in water; pH value.

2 Moisture content Value of moisture content and liquid and
and limits plastic limits expressed as % water of
dry weight.

Drained triaxial Whether or not a remoulded sample used,

test whether or not pore pressure measurement;

3 value of cohesion, value of g', diameter
of sample.

Undrained triaxial | Type of test(on 1 sample or 3 samples);

test value of cohesion or shear strength,value
of ¢, diameter of sample.

Consolidation test | Value of coefficient of volume compressi-
bility for a pressure range20f overburden
to overburden plus 1 ton/ft“; moisture

L content as a % of dry weight.

Compaction test Value of maximum dry density and corres-
ponding optimum moisture content.

C.B.R. test Value of C.B.R. and natural moisture
content.

Wet density Value of wet or bulk density of a soil

Record of all Uh's | Positions of any UL samples, and the type

5 and tests of any in situ or laboratory tests
performed.

All tests All parameters given by codes 1 - L plus

6 chief particle size from particle size
analysis and permeability and distance
between packers in permeability tests.

Table 8.2 Data Available with Test Results in Outp3.
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CHAPTER 9

GEOTECHNICAL DATA PRESENTED IN THREE DIMENSIONS

9.1 Introduction

In this portion of the thesis are described two means of
displaying complicated geological and geotechnical conditions in
a simple visual manner. The three dimensional data presentations
which can be used for this purpose are as follows:

(i) contoured map;

(ii) physical model.

The contoured map, produced by processing output from either

Outp1 or Outp2, comprises an array in which numbers and letters

are used to indicate contours respectively above and below a
reference value. Various ways of forming a physical three
dimensional replica were mentioned in Chapter 5, but the one
developed in the present work is the multi-section model.

9.2 Contoured Map

Polynomial expressions of surfaces derived from the cartesian
co~ordinates of up to 500 data points may be obtained by operational
programme Trend (see Figure 6.1). Since each measurement location
is defined by two co-ordinates on a horizontal plane and an
independent variable above - or below -~ it, the map is a contoured
representation, with respect to the plane, for the selected degree
of polynomial-conjectured surface. The programme and its operation
have been described by O'Leary et al. (1966) but minor modifications

for incorporation into Geosys have been necessary.
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The manner of _T_rg_n_g operation depends upon the source of the data

used to form the surface:

(i) Data from sources external to Geosys may be formed into
a trend surface diagram by Main Option 4 of Geosys (see
Figure 6.2). To operate this routine, the Option
Specification for Trend, always in a numeric mode, must be
entered immediately Option L has been specified.

(ii) Data may be retrieved from storage by Main Option 2 of
Geosys for the construction of trend surface maps. For

this, either Outp1 or Outp2 must be specified as output

routines with the Option Specification for Trend following
this. Rather less information is required for the
operation of this mode of Geosys since, for instance, the
actual data to be plotted are transferred automatically.
In the present study, two output routines have been used for

accessing data for direct treatment by Irend. These are:

(1)  Outp1 for plotting the mid-point depths above a datum of
laminated clay layers;

(i1) Outp2 for expressing the areal variation in the elevation

of the tops of boreholes.

It is more convenient to illustrate the output of Trend later
in the text, but here it is helpful to note that the following
information cam be given:

(i) maps produced on the line printer, consisting of blocks of

characters representing contour ranges over the area of interest;
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(ii) the equations of the polynomials with other statistical
parameters;
(iii) plots of the original data; and

(iv) the residual values may also be plotted.

A coding sheet containing specification instructions for Irend
is given in Figure 9.1. In this Figure, those cards not required
for Option 2 operation are distinguished by cross-hatching.

The following information is required for the operation of Tremd
where the instructions are labelled as in Figure 9.1 and an

asterisk indicates ones that are not required for Main Option 2.

(1) A1"  Colums 1 and 2 I2 Number of data sets.
The number of data sets to be analysed.

(ii) B1 Columns 2 to 80 19A4,A2 Title
A title which appears on each page of Irend output.

(iii) B2 Colums 2 to 4 I3 Number of data points in set.
The number of data points in the current data set. This
number must lie between 1 and 500.

(iv) B2 Columns 6 to 11 6I1 Degrees of polynomials.
The degree of polynomials to be used in the surface plotting
routine, a 4 in column 6 indicates 1st degree, a 1 in colum 7
indicates 2nd degree, and so on.

(v) BB* Columns 4 to 72 18AL Format statement.
The Fortran format (enclosed in brackets) of the co-ordinate

data givenin the cards labelled C1 onwards.
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%
(vi) €1 onwards TFormat as defined by instruction B3. The
co~ordinate data. The data expressed as two cartesian
horizontal co-ordinates (X and ¥) to form a plan, and a

vertical co-ordinate (7).

The number of three co-~ordinate data points must correspond

with the value on card B2.

(vii) D1 Columns 1 to 5 I5 Number of Maps.
The total number of contour maps to be drawn. This is the
number of E1 and E2 instructions.

(viii)Column 7 I1 Requirement for original data plot D1.
A code 1] indicates that a plot of the original data is
requiredy otherwise a 0 is inserted.

(ix) B1 Column 2 I1 Degree of polynomial.
A code between 1 and 6 indicating the degree of polynomial
to be plotted.

(x) E1 Columm 3 I41 Orientation code.
A code which indicates the orientation of the plot according

to the convention:

Code Orientation

1 Axis of lst parameter (X) horizontal.

2 Ax1s of 2nd parameter (Y) horizontal.

3 So that the plot occupies the maximum space.

L So that the plot occupies the minimum space.
(xi) EBE1 Column 4 I1 Maximum and minimum plotting limits.
A code which equals ] if the axes of the plot are to equal
the maximum and minimum values of the X and Y co-ordinates

used in the datay otherwise a O is inserted.
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(xii) B1 Column 5 I Iines per inch code.

If this code is 1,the output will be listed at 6 lines
to the inch, otherwise a O indicates that 10 lines to the
inch are required (the latter gives equal X and Y scales).
(xiii) B1 Colummns 6 to 9 IL4 Number of columns.
A number between 12 and 120,giving ten more than the number
of horizontal columns of output required.
(xiv) E1 Columns 10 to 19 F10.2 The contour increment.
(xv) EBE1 Columns 20 to 29 F10.2 The reference contour.
(xvi) E2 Columns 2-61 4F15.6 Position of the Axes.
This instruction is only included if the value in column 4
of card E1 is O. The information comprises:
the maximum axis value of the first parameter (X);
the minimum axis value of the first parameter (X);
the maximum axis value of the second parameter (Y); and
the minimum axis value of the second parameter (Y¥).
The instructions on cards E4 and E2 must be repeated in that
order for each plot specified in columns 91 to 5 of card D’l.‘
(xvi) F1 Colums 1 to 5 IS Number of plots of original data and
residuals.
This code is only required when the code of column 7 of card
D1 is 1. The total number of plots of original data and
residuals must equal the number of sets of G1, G2 instructions.
(xviii)@1 Columm 2 I1 Original data/degree of residual indicator.
A code which equals O when original data are to be plotted,
or which has a value between 1 and 6 corresponding to the

degree of residual to be plotted.
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(xix) G1 Columns 3 to 9 3I1, I Orientation, plotting limits,
lines per inch and number of columns .
The orientation, the maximum and minimum plotting limits,
the lines per inch, and number of columns indicators which
serve the same functions as the codes described for the same
positions of card E1. (On @1 the number of columns specified
may lie between 16 and 120, and the number plotted will be
15 less than this).

(xx) G2 Columns 2 to 61 L4F15.6 Position of axes.
This card is only included when the code in column 4 of card

G1 is O and it performs a similar function to that of card E2.

The instructions on codes G1 and G2 must be repeated in that
order for each plot specified on card F1.
The Trend Option Specification and the data are checked for

' acceptability. Some twenty-~eight errors are recognized and given

the codes by O'Leary et al.(1966) in Table 9.1. The output from

a typical run of Trend,in which a plot of the original data and

residual values have been specified,gives the following information:

(1) the coefficients of the equations fitted to the data of the
desired degree equations;

(ii) the error measure® for each degree of polynomial (these
include the standard deviation, the variation explained by
the surface, the variation not explained by the surface, the
total variation, the coefficient of determination, and the
coefficient of correlation);

(iii) contoured maps for each of the degrees, the scale, the contour

interval, and the reference contour;
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(iv) a plot of the original data values and the scale being
used;

(v) plots of the residuals for each of the desired degrees.

The choice of the most suitable surface depends primarily
on the residuals,or deviation of the fitted surface from the
original data. However, by the choice of a high-degree polynomial,
the surface may be made to fit the data exactly. Therefore, a
balafice between a low-degree surface = since these laminated clay
layers are almost flat - and low residuals is required. Further
analysis of possible boreholes which do not penetrate laminated
clay in the areas between ones which do, is also required.
Plotting the distribution of all holes within the area in question,
and shown in Figure 9.2, by overlay A on the chosen trend surface,
with the holes which did penetrate laminated clay within the defined
depths on overlay B,gives an indication of the probable areal extent
of those layers. The resulting contoured map of the distribution

of the laminated clay is shown by overlay C in this Figure.

9.3 Physical Model

The model developed for use with Geosys output comprises a
series of sections across the area of interest. These are produced
from data retrieved from storage by using output routine Outp3.

Such a model as the one described is suitable for displaying many
geological or geotechnical features, but can be very useful for
demonstrating complicated ones in a simple direct manner.

The model was constructed from a series of thin transparent

sheets arranged vertically as geological sections. FEach sheet
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has the logs of nearby boreholes projected on to it,and is then
located to represent the actual positions of the sections. Perspex
was found to be the most suitable material for the sections - it
is easily obtainable, transparent, cheap, easily cut to size, and
easy to clean. Temporary marks can be made with wax pencil -
several colours of Chinagraph pencil are available -~ and permanent
marks made with ink. The process of model making takes the
following form:
(1) define the area to be modelled;
(ii) devise suitable sections to present geological conditions;
(iii) devise areas for computer data scans to retrieve data
for model sectiouns;
(iv) scan data file,selecting descriptions of the strata from
Outp3 for the areas of sections;
(v) interpret Geosys output and transfer the logs on to the
transparent sheets according to a scale;
(vi) draw in provisional boundaries (a subjective indication
of uncertainty may be used at this point);
(vii) arrange the sheets in the model to represent the geological
sections; and
(viii) examine boundaries on the sections for each sheet in turn and

adjust them to comply with the overall pattern which emerges.

In the present study, a model of an area to the north of the
River Tyne,about 7km east of Newcastle-upon-Tyne centre,has been

produced. Since preliminary examinations of the data for the area
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in question indicated that the ground was a formation of southward-
dipping laminated and stony clay strata overlying boulder clay,
sections along north-south lines were chosen. The spacing,
dictated by the expected variability of the strata and the amount
of data available, was arranged to accommodate a reasonable number
of boreholes on each perspex sheet. In the work being described,
a regular spacing of 100m was selected. However, irregular spacings
and sections other than north-south ones could have been adopted,
although the use of either north-south or east-west sections does
simplify data retrieval. Having arrived at a suitable scale, so
that all the relevant information could be included on a model of
a manageable size, the data processing could commence. With a
horizontal scale of 25mm equal to 100m and a vertical scale of

10mm to 1m, the area in question was represented by 5 sheets of
3mm thick Perspex,254mm by 467mm in size. The data file was
scanned for the logs relating to each section from an area within,
anmdto 50m either side,the section. Although specific test

results were not obtained in these data retrievals, their use could
aid geological interpretation.

A piece of squared paper (Plate 9.1) was prepared with the
grid lines, datum and the vertical scale,so that when the Perspex
sheets were positioned on it the boreholes could be located and
drawn in. In this study, it was convenient to use Ordnance Datum
as a basis for levels,but in higher ground another datum would be
more appropriate. Like the completed section for 33500mE in
Plate 9.2, each was marked with stippling to represent the various

geological strata.
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Provisional boundaries were drawn on to each section on the
opposite side of the sheet to that of the boreholes records.
Following this, a frame containing a base marked with the borehole
locations and grid lines, and a side and back incorporating a
vertical scale and grid lines,was menufactured. Then,taking
groups of adjacent sections together in the frame of squared
paper to aid measurement, the boundaries were adjusted to
accommodate adjacent ones. In the finished model,in Plate 9.3,
the sectionshave‘been completed and are assembled in the frame
with the boundaries and horizons marked.

9.4 Conclusions on the Value of Geosys.

The geotechnical data storage and processing system Geosys
has been designed to make site investigation data more readily
accessible « Obviously, the extent to which data from Geosys
can meet the needs of urban developers depends primarily on the
styles of data presentation that are available. It has been
recognized that the requirements of persons engaged in urban
development change as the development progresses. A sequence
can be identified in which, if site investigation data form the
primary data source, then more data processing is required for the
production of output suitable for application in increasingly early
stages during proposed development. Geosys can satisfy,not only
these requirements with the map and model facilities, but also the
need for on~going data processing as development progresses.

One of the stated objectives of data processing in Chapter 5

comprised an assessment of the advantage to accrue from performing
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site investigation. The theory for such an analysis was developed
in Chapter l,and Geosys can provide in suitable form the data
necessary to utilize this theory in practical problem form. Two
styles of output are required for this operation,since in the
problem examined in Chapter 10 the outcome in the form of a
decision depends on both the geological conditions pertaining and
the operative value of a specific geotechnical parameter. Hence,
the model is used to evaluate the geological conditions,and
values of the parameter are derived from storage by means of
Outp3. Thus,this application of data retrieval from storage

by Geosys forms the conclusion to data presentation and amalysis

by means of probability techniques.
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Overlay C

Contours drawn for the mid-point of a laminated Clay layer
(shown ornamented) between 12.Cm and 20.0m above ordnarce
data (Newlyn)
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Overlgx B

Map of output from Outp1 of boreholes which penetrate lLominated Clay
between 12.0m and 20.0m above ordnance datum (Newlyn).
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Figure 9.2 Trend Surface Diagram Produced by Trend
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Over A
Map of output from Outp2 of all boreholes of sufficiert derth

to penetrate laminated Ciays between 12.0m ard 20.Cm acove
ordnance datum (Newlyn)
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Fig. 9.2 Trend Surface Diagram Produced by Trend
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CHAPTER 10

USE OF GEOSYS OUTPUT IN THE ECONOMIC APPRAISAL OF A SITE INVESTIGATION

10.1 Intoduction.

Methods of evaluating the benefit likely to accrue from
undertaking site investigation studies were proposed in Chapter k4.
The output from Geosys as a source of suitable data provides an
opportunity to utilize these methods and hence to demonstrate that
rational organization of site investigation work can result from
the storage and processing of geotechnical data. It is now
broposed to take as an example one application of Geosys in the
context of site investigation economics. This example is a very
pertinent one in the context of urban development.

10.1.1 The Problem to be Considered.

As part of a major scheme to upgrade the sewage disposal
facilities of Greater Tyneside in the north east of England, a
treatment works is under construction at Howdon on the north bank
of the River Tyne. A location plan for the treatment works, in the
context of other elements of the scheme, is shown in Figure 10.1.
When referring to this Figure,it should be mentioned that a northérly
extension of the coastal sewer beyond Whitley Bay is now probable
following reorganisation and rationalisation of local government
boundaries. There is also the possibility that the treatment
works at Dunston could be removed from the scheme.

Sewage settlement tanks comprise a major part of the treatment

works at Howdon and, in order to satisfy the required sewer gradients
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for sewage flow to the tanks, considerable excavation work was
required. For the construction of one particular settlement

tank with an approximate plan size of 280 metres by 100 metres
and a depth of 6 metreét glacial and post-glacial clays had to

be excavated to a thickness of up to 14 metres for the base of the
tank. Although these clays are regarded as being normally-~
consolidated, removal of such a thickness of cover was expected
to result in a vertical expansion of the base of the excavation.
Butywhereas short-term expansion prior to construction of the
tank would not have proved to be problematical, any long~term
attenuated heave, although being partially offset by the imposed
loadings during construction and also possibly alleviated by some
technical solution involving, for example,the use of a cavity
method, could have had a deleterious effect upon the operation of
the system. It was therefore necessary to attempt to predict the
uplift magnitude. This could be achieved by analysis of prior
site investigation data and by ensuring the adequacy of that data.
It was also deemed advisable by the Authority responsible for the
works to institute an extensive in situ instrumentation programme
in order that the components of ground movement could be observed
directly as excavation proceeded. The instrumentation installation
can be seen in Plates 10.1 and 10.2,which show respectively the
western side and both the northern side and floor of the partially-
completed excavation. In the event, measurements made during the
course of the excavation suggest that the final uplift will be
smaller than the predicted amount. But it is to the accuracy

side of the problem with respect to the cost effectiveness of the

*
It should be realized that these dimensions are ones adopted during
the early stages of the design of the works.
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site investigation that is presently being considered.

10.2 Geological Situation
10.2.1 Regional Geology

The drift (or surficial) deposits of the region have been
largely laid down by - or as a result of - glacial activity, the
succession now usually being regarded as comprising three glacial
episodes separated by two inter-glacial periods. The whole of
eastern Durham and also the Tyne valley is characterised by a
succession of mainly clay deposits infilling a system of buried
valleys. At the mouth of the River Tyne,hB metres of drift
deposits have been found to be overlying rock head, while at
Dunston the equivalent figure is 51 metres. A general succession
of the drift deposits in the area begins with the weathered
Carboniferous land surface. This is covered with a fairly even
thickness of Boulder Clay (sometimes referred to as the Western
Ice Boulder Clay) which is associated with the retreat of the main
ice sheets at the end of the last glacial epoch. Some thickening
of the clay is found in valley floors,but the valleys themselves
are infilled with mainly sandy silty Buried Valley Deposits.
Recent Tyne or Wear clay of fluviatile origin overlies these
glacial clays along and adjacent to the courses of the present
rivers.

The Buried Valley Deposits, consisting of a succession of
laminated and stony clays, are of most relevant concern in the area
under current consideration. The laminated clays are generally

considered to be the result of lacustrine deposition in lakes
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formed in the valleys dammed by coastal ice sheets. Observational
evidence from tunnelling research measurements on the south bank
of the Tyne just west of the area of present interest (Attewell
and Farmer, 1973) has suggested that the laminated clays have quite
irregular contacts with the overlying stony clays. The mode of
formation of the stony clays is more problematical. They
exhibit obvious similarities with boulder clay although the
stones in them are smaller than those normally found in boulder
clays. However, the underlying laminated clays are only marginally
~ if at all -~ over-consolidated making it unlikely that they have
borne the weight of a thick overlying ice sheet. By their nature,
and since these stony clays are lying on an eroded surface of
laminated clay, it seems probable that they are re~worked till
and/or slump deposits derived during brief re~advances of the
ice sheets.
10.2.2 Site Geology

The detailed geology at the actual excavation site would appear
to be quite complicated after a cursory examination of the 84 site
investigation boreholes sunk in the vicinaty of the proposed tank
and located in Figure 10.2. Processing of the data from these
original boreholes has already been described in Chapter 9. In
this Chapter geotechnical data were retrieved from geotechnical
storage system Geosys for the area in question and,from this data,
the model in Plate 9.3 was constructed. For the present work,this

model has been utilized to deduce the geological section along the
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north~gouth centre line of the excavation as shown in Figure 10.3.+

The base of the succession of drift deposits at the centre of
the excavation is represented by hard brown boulder clay which
overlies the weathered surface of the Carboniferous bed rock.

Above this unknown thickness of boulder clay*is about 5.8 metres

of stiff grey and brown laminated clay. The base of the tank is
located near to the bottom of a 5.6 metre layer of overlying stiff
brown sandy silty clay with gravel. This horizon is overlain

by 5.2 metres of firm brown laminated clay with numerous lenses

of medium grade sand. The upward succession is completed with
approximately 2.4 metres of soft brown sandy silty clay with gravel
and areas of blue~grey veining overlain by a variable thickness of
fill. From the stratigraphical relationships between these clays,
they have been termed respectively boulder clay, lower laminated
clay, lower stony clay, upper laminated clay, upper stony clay and
£ill material. The phreatic surface, as indicated in Figures

10.3 and 10.4 has been deduced from piezometric measurements,
standing water levels recorded each day, and ground water encounters
recorded during the site investigation boring. Many of the sand
lenses observed in the laminated clays appeared to be water-bearing,
but their interconnection and water storage capabilities were
difficult to ascertain from the information available. Neverthe~
less, it was fully appreciated that they could constitute a
possible slope stability hazard in view of the quite steep design

of the patters and the typical problems that have been and are

*
A generalized geological section above the boulder clay is given
in Figure 10.4.

* It shoula be realized that this section is based only upon early
site investigation data.
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being experienced in sandy silt-lensed laminated clays forming much
shallower slopes in Durham City. However, questions of slope
stability and associated problems of structural protection are not
the concern of the present analysis.

10.3 Consideration of Excavation Heave.

Observations of heave resulting from deep excavation have been
reported by Hyde and Leach (1975) for the Gault Clay and May (1975)
for ILondon Clay. Butler (1975) also presents some case histories
of heave in heavily over-consolidated clays. It is often found in
heavily overconsolidated clay that estimated rebound values derived
from consolidation tests are higher than actual measured values.
While Oheka (1975) has attributed this to sampling disturbance of
the clay, Serota and Jennings (1959) - see also Bozozuk (1963) -
have suggested that anomalies in heave from predictions based on the
Steinbrenner(1934) formula may be related to groundwater control.

Tittle data concerning the expansion characteristics of the
particular clays presently in question were available, since although
the vertical coefficient of volume compressibility m had been
determined for 29 samples from the immediate vicinity of the tank,
the swelling part of the complete consolidation curve had been
monitored for only 3 samples. The results of laboratory determinations
of bulk density and the coefficient of volume compressibility as
retrieved from Geosys are listed in Table 10.1. Omitted from this
Table are those test results for which it has not been possible to
assign a quite definite sample horizon. In addition to the data in

Table 10.1 there are the test results in Figure 10.5 for three samples
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allowed to swell from pressures near to the effective overburden

pressure. Hence, it is convenient to consider the data in two

parts:
(1)  swelling data;

(ii) consolidation data.

10.3.1 Swelling Data

The amount of swelling that might be expected to take place
as a result of the reduction in the overburden pressure can be
determined using the curves plotted in Figure 10.5. The use of 1-dimensional
simple consolidation theory can show that, for a particular stratum,

the degree of swelling s will be given by equation 10.1:

(e. ~e ) H
8 = 2 1 o 10.1
(1 + e 5
1
where e1 and e2 are the void ratios before and after the effective

stress is reduced from q% to qé respectively and H is the thickness
of the stratum. It was assumed that the new phreatic surface, when
fully established, would follow the base of the tank,and if it
could be further assumed that the tank would be filled with effluent
to a depth of 6 metres: then by reference to Figure 10.3 the change
in effective stress,dq', due to the removal of the overburden may

be calculated from equation 10.2:
T - t - -
da’ = Yp Hp + Yyscfuse® Yorcture * Yosct'sc = Yol = Yglp -+ 10-2

where H'ISC is the thickness of lower stony clay excavated;
Yb is the density of water;

de i1s the change in height of the water table;

Yg 15 the density of the effluent (5575);

and HT is the designed depth of effluent in the tank.

*
This is a notional depth assumed for the burposes of this calculation.
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(1.67 x 1.2)+(2.10 x 2.4)+(1.96 x 5.2)+(2.12 x L.6)-
(1.0 x 8.2)=(1.0 x 6.0) Mgf/m°

[oN]
te)
n

0.13 Ml\T/mz.

In the determination of the magnitude of swelling, no account
was taken of any change in effective stress with depth. If the
medium is assumed to be elastic and isotropic, Boussinesq influence
charts indicate that such changes are insignificant for the large
areal extent of the excavation in question. However, it was not
considered valid to consider changes which occurred at depths
greater than the excavated depth below the base of the tank.

The original effective stresses of the three samples under
consideration can be calculated from their original positions in the
geological successions shown by the borehole records in Figure 10.6
and the bulk density values in Table 10.1. Adopting curve A in

Figure 10.5, the original effective stress for sample A will be

given by:
* %
? = -
a'y = Y5 * Yuscfuse * Yureuze™ Yisc! msc T Yol -+ 0.3

*

where H I.SC is the depth of the sample below the top of the lower
stony clay,

*

and H ® is the height of the water table above the sample location.

Substitution into equation 10.3 of the thicknesses of strata and

the bulk density values gives the following value for q'1:

a', (1.67 x 1.3)+(2.10 x 7.7) + (1.96 x 4.0) + (2.12 x 3.0)
- (1.0 x 3.0) Mgf/m2

or q', 0.29 MN/mZ.

1}
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Since the change in effective stress dq' is expected to be 0.13 MN/'m2
from the earlier calculation, substraction results in a q'2 value

of 0.16 MN/m?. Substitution of the values € and e2,corresponding
to q'1 and q'2 from Figure 10.5 curve A,into equation 10.1 gives:

_ (0.386 = 0.383) 1.0 x 10° _
51sc © 1.385 = 2m.

It should be noted that here 4.0m of lower stony clay remains beneath
the base of the tank after excavation, since from Figure 10.4:

- H! =
HLSC H 1SC 1.0m.

Similar treatment of curves B and C produces respective values of
swelling for the lower laminated clay of 26mm and 33mm, an average
of 29.5mm.

Unfortunately, no further data concerning the swelling
characteristics of the stony, laminated amd boulder clays were
available. However, some 29 determinations of the coefficient of
volume compressibility were considered worthy of amalysis as a guide
to the expected total swelling.

10.3.2 Consolidation Data

Using the m, value as an indication of the swell potential, the
extent to which a particular stratum will swell is given by:

v 1
S = mv dq_ H oo 10.1,-

Adopting the values of H in Figure 10.4,and the values given for
m in Table 10.1, substitution into equation 10.4 gives the

estimated amount of swelling for each stratum in turn as:
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s = m dg'(H ., -~ H'. )
LSC VIag LSC LSC
= (125 x 0.13 x 1.0)mm = 16mm;
s = m dq' H
LLC ViIo LIC
= (220 x 0.13 x 5.8)mm = 166mm;

and for the upper 6.6 metres of the boulder clay,

s = m dq'H
BC Voo BC

(60 x 0.13 x 6.6)mm = 57mn.

Thus, by summation, the total predicted ground uplift at the base
of the tank may be estimated as 233mm where a thickness equal to the

excavated depth has been considered.

Comparing the individual values of swelling for the lower
stony clay and the lower laminated clay, obtained using the curves
in Figure 10.5, with the corresponding values found by using m, it
would appear that the latter method has over-estimated the amount
of ground heave. In the case of the lower stony clay, the 2mm
amplitude of swelling predicted from the swelling data is only
12.5% of the 16mm which results from adopting the m, value. The
respective figures for the lower laminated clay are 29.5mm, 16% and
183mm. This suggestion, that the average predicted swelling mag-
nitude is only 15% of the equivalent magnitude derived from the m
value, was not unexpected in view of the different techniques used
in determining the consolidation and swelling characteristics.
Since the m values were determined for a range of pressure from

overburden - equivalent for the sample depth to overburden -
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equivalent plus 0.11 PﬂLﬁnz (1 tan/fta), the tests were continued to
higher pressures than were used for the swelling tests. When
determining the magnitude of swelling, the pressure increments were
increased only up to overburden - equivalent, at which point
expansion of the samples was permitted as the pressure was reduced
in stages to zero.

10., Assessment of the data

In this rapid appraisal, the main sources of possible error
comprise the measurement of the thickness of the strata, the position
of the water table, the swelling parameters amd the bulk density
measurements. The properties of the material which govern its
expansion when pressure is released are subject to considerable
uncertainty, but the consolidation characteristics of all the clays
have been investigated to some extent.

The commonly accepted method of reducing geotechnical uncertainty
is to increase the borehole density, the amount of sampling and the
number of tests performed. In the event of uncertainty, design
can either take place on the basis of the most unfavourable conditions,
or more data can be collected. Obviously, the economics of these
two options bear heavily on the ultimate decision, and a very
conservative design based on the worst situation likely to occur
could sometimes prove to be very expensive. On the other hand, in
geological situations such as have been found to exist at Howdon,
where inherent variations in the measured parameters are encountered,
there may be little improvement in the precision of the results when

more determinations are made. Hence, it becomes uneconomic to
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increase sampling and testing beyond a certain level, and design
must either take place according to some personal weighting on the
basis of the available data, or other measures have to be considered.

10.4.1 Economic Analysis

The value of testing samples,in terms of reduction in the loss
due to a decrease in geotechnical parameter uncertainty, can be
determined by calculating the expected loss due to the likely error.
It was shown in Chapter L that the reduction in probable loss can be
monitored for the case of a random variable which can be described
by a probability distribution. Comparison of this reduction with
the cost of performing tests indicates the economic benefit of site
investigation studies. Thus,in the present situation, the economic
advantage of being able to predict the ground movement with greater
precision can be equated with the cost of improving ones knowledge
concerning the consolidation parameters of the strata.

By plotting on log-normal probability paper in Figure 10.7
the consolidation data available for the clays in the viecinity of
the tank = but excluding those determinations on f£ill and alluvium -
the close proximity of the least squares regression line for these
data to that line for a fitted distribution clearly establishes that
the data conform +to a log-normal law. For a parameter which
follows a log-normal distribution, it has been shown in Chapter 4,
Equation L4.13 that the cash value of the expected loss,Uf, due to
errors may be obtained from:

_ .2
U, = &, +a;l .o 10.5

i
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In equation 10.5, a is the original cost of the structure, a, is

a constant relating the cost of error to the square of its magnitude,
i is the standard deviation of ip which is defined as the mean of

p determinations of X. TFor the purposes of the analysis leading

to equation 10.5,1it was assumed that the magnitude of an error

is equal to the arithmetic difference between the mean and the true
value of a parameter. Hence, by applying suitable values for a9
i, a, and p in equation 10.5, it is possible to calculate the

expected loss,due to geotechnical parameter uncertainty, as a

function of the number of tests undertaken.

The type of relation between the cost of errors and their
magnitude depends upon the circumstances of the situation in question.
In this particular problem, heave or settlements a little more or
less than the predicted amount could possibly result in breakage of
pipes at the tank. Iarger movements could affect the difference in
level between the settlement tank and other parts of the treatment
plant, such amplitudes having an even greater detrimental effect on
the operation of the systeme. For these reasons, costs proportional
to the square of the error would seem to be applicable in this analysis.

For the purposesof this amalysis,the original cost of the
structure, 2,1 will be assumed to equal zero. This will have little
effect on the outcome,since this constant serves only to move the
curves in Figures 10.8 and 10.10 up or down. The choice of a
suitable cost factor, 841 in equation 10.5 rests with a consideration

of the cost of necessary remedial measures or loss of function

occasioned by an error. In order to analyse the change in the
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uncertainty in the amount of the predicted uplift as a function

of the number of tests undertaken, the potential heave will be

assumed to equal that derived from the m value. However, also to

be borne in mind is an earlier suggestion, from comparison of
predictions of the amount of heave as calculated from the comsolidation
data in Table 10.1 and from the swelling data in Figure 10.5, that

the magnitude liable to occur is only 15% of the value calculated

from m . In order simply to illustrate the present argument, if

a 20% margin of error in the value of m_ is assumed, then a ground
heave prediction ranging between 186mm and 280mm results. Substitution
of this implied pA L47mm error back into equation 10.l4 shows that this
degree of uncertainty represents a potential error of d??%%???u =

27.0 mZ/GN* in the value of mv, where again a pressure change

of 0.13 MN/ha, but a layer of thickness of HISC_ H'LSC + HLLC +HBC =

13.m has been used. If, as an example, the expected loss due

to the 20% margin of error in the uplift could be quantified quite

arbitrarily at around £15,000 +, then a, = 1219%9— =
27.0
£20.6 per (ma/GN)z. Repeating this procedure for other

margins of error and different expected losses can produce a

range of values of a, such as those shown in Teble 10.2. Adopting

1
solely for the purposes of this analysis the value corresponding to
a 20% error and an expected loss of £15,000 , and remembering that

the oedometer test results in Table 10.1 can be utilized to determine

1@ = 107N

Changes in the allocated cost of this margin of error serve simply
to change the vertical scales in Figures 10.8 and 10.10.
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values of i, substitution into equation 10.5 will enable the
expected loss for progressive sampling to be calculated.

One of the main pre-requisites in the derivation of equation
10.5 in Chapter L was that the data used to determine i should
conform to a log-normal probability distribution. Since it has
already been proved in Figure 10.7 that all the data taken together
comprise .a log-normal distribution, in order to emsure that groups
of m values progressively increasing in number approximate to the
same form of distribution, the m values have been arranged in order
of descending alternate deviation from the mean of the log~normal
distribution for all the test results. Hence, in the determination
of U4 for the first four test results in Table 10.3, two test
results lying at the furthest points of each extreme have been used
to calculate i. This proces;,of continuing to add test results to
the group,one at a time,from alternate extremes of the remaining
ones, produces near log-normal distributions. FPlotting the values
of Up,derived by this procedure,in Figure 10.8 shows that the expected
loss due to geotechnical parameter uncertainty follows an exponential-
type decay with increased testing activity.

The cost Cp of collecting samples and performing tests has
been estimated from recently quoted prices for soft-ground boring
and testing in the Tyneside areay the appropriate prices being
listed in Table 10.4. These prices are by no means firm,but may
be expected to vary not only between contractors but also with time
and location. Use of these costs for boreholes of Figure 10.2,

arranged in Table 10.5 in the order in which they were sunk,gives
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the estimated cost of geological investigation and coefficient of
volume compressibility determination as a function of the number of
oedometer tests in Table 10.%. Plotting thése costs in Figure 10.8
indicates that the cost of site investigation in this case is a
linear function of the number of samples tested.

If the economic justification for increased site investigation
is taken as the reduction in expected loss, it would follow that
when the cost of one test exceeds the corresponding reduction in
expected loss it will not then be prudent to perform any more tests.
In Figure 10.8 this situation will arise when the curve of combined
cost of site investigation and reduction in expected loss begins
to rise. Thus,the optimum sampling number will be found where
the curve Cp + U§ becomes horizontal. In view of the near-flatness
of this curve, Figure 10.8 indicates that there is little advantage
to be derived from testing more samples.

10.4s2 Discussion of the Results of the Economic Analysis

Use of this analysis would seem to imply that the designer
has access to insufficient site investigation data concerning the
swelling properties of the sediments forming the foundation area of
the settlement tank. Although the expected loss was reduced
rapidly by the initial testing, later tests have contributed little
to reducing the likely loss. However, since it would appear that
even after the optimum number of samples has been tested, a large
predicted loss indicates that there is still a high probability that
the heave will not be the predicted value, it would appear sensible

to search for methods of either refining the prediction or
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accommodating the imprecision in the predicted swelling.
Instrumentation of the excavation,so that any swelling during
excavation is monitored,can certainly be justified. However, the
value of this present type of analysis arises from the fact that it
is possible realistically to appraise the consequences of uncertainty
about the ultimate amount of ground uplift.

The relatively simple method adopted for estimating ground
heave may be claimed to be deficient in several respects; the time
variant, for example, has been ignored in the problem. But, since
the primary aim of the exercise has been to demonstrate how changes
in economic benefit of sampling and testing can be monitored during
the course of one particular site investigation programme, it may be
argued that such a lack of refinement can be justified.

Variations in the thicknesses of the strata over the excavation
area have not been considered. Although such variations might be
expected to cause changes in the actual magnitude of the ground
heave, the optimum number of tests derived from Figure 10.8 is
insensitive to changes in detail of the geological section,since

only the value of the constant a, is changede This point can be

1
demonstrated by examining the result of further amalysis in which
the expected loss is calculated on the basis of the geological
section shown in Figure 10.9. This section is generated from the
records of boreholes L4 and 82 only (see Figure 10.2 for their
locations). Use of this section gives a value of a, = £25.5 per

(ma/GN)Z, where again a loss of £15,000 has been assumed to correspond

with a 20% error. Hence, the expected losses given in Table 10.3
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and drawn in Figure 10.10 are produced. Although there is no change
in the predicted optimum number of tests found from Figure 10.8,
and the magnitude of the predicted ground heave was 27.4mm instead of
23%2mm calculated for the section in Figure 10..4, the fact that both
the change in the effective stress and the thickness of the most
compressible stratum are increased has led to a higher expected loss.

It may be considered that investigation of parameters other
than m_ would be beneficial in a situation such as the one amalysed,
since the bulk demsity, the thickness of the strata and the level
of the water table are all subject to some degree of uncertainty.
More data collection, such as careful consolidation-swelling tests
on bulk samples removed during the excavation, would be expected
to reduce the expected loss for very little additional cost. It
should also be remembered that in this analysis the value of a
borehole has been under-estimated; no account has been taken of
factors such as, for example, the economic merit of determining
properties other than that of the coefficient of volume compressibility.
Such additional information may usually be obtained at relatively
small extra expense.
10.5 Conclusion

It was observed in the Introduction Section 10.1 that the
analysis of site investigation options being considered in the present
work would be incomplete. The factors mentioned in the foregoing
section 10.4.2 would tend to confirm this view. However, it seems
likely that a general conclusion to the effect that little refine-
ment of the ground heave prediction could be achieved by measur-

ing the coefficient of volume compressibility is a reasonable
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one. Hence, it would be difficult to justify further data
collection even if the consolidation data used are assumed to be
representiative of the swelling potential of the clay according
to the constitutive laws used in the appraisal.

This analysis has demonstrated the use and application of
geotechnical data derived from storage by Geosys. By analysing
the uncertainty ~ and its consequences = in just one important
parameter, it may be concluded that similar analyses of other
parameters could lead to the more rational cost effective approach

to site investigation envisaged in Chapter 3.
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STRATUM
FILL OR UPPER STONY|UPPER LAM. |LOWER STONY|ILOWER IAM.| BOULDER
, |aLIUvIUM  [c1AY CIAY CLAY CIAY CLAY
=
Eﬂ m Y Y
Y m Y m Y m Y m m
% P | F Yusc| usc | Yurc| wrc| Visc| zsc| Viic| 1ic| VBc | BC
B Im?/a] Mg/ |2 /e Mg/ | 2 /ey | Mg/ |2 /¥ Mg/ | m /| Mg /] /G| Mg /an
30 2.24
2 | 430 | 1.62 30 2.39
Iy 2.13 1.81 2.16
5 1.65 1.99 1.79 2.13
6 | 225 [1.62 120 |1.81] 65 2.16
2.13 2.39
8 2.16 1.94 2.13
9 1.94 2.18
2.07
10 2.05
11 65 2.08 85| 2.08 2.18
1.99
- o 200 1] [ 1o
2.24 | 190 1.87 2.21
14 | 840 | 1.59
15 | 655 | 1.57 110 2.08
18 | 625 | 1.57 o5 2.21
2.2%
204 75 2.23
21 2.31
375 (203 |75 2.32
2.26
214 2.20
2-26
. TO BE CONTINUED
1
Toble 10.1 Value of the Coefficient of Volume Compressibility

m
v

and Bulk Density Y for Sediments at Howdon.
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Continuvation
STRATUM
. |FILL ORr UPPER STONY |[UPPER LAM. |LOWER STONY|LOWER IAM. |BOULDER
S |arruvimM CIAY CIAY CIAY CLAY CILAY
£
m Y n Y m Y m Y m Y m Y
E VP | F Yysd uscl Vuic| uic | Visc| msc | Vine| 1ic | VBc| BC
[2a]
/G Mg /| m2 /@ Meg/n |/ | Mer/m | /G Mg/ | m” /G| Mg/m” |m° /G| Mg/m”
1.91
22 335 | 1.84
2.15
26 1.86 2.15 1.91
27 2.12 2.02 2.16
2.08
28 2.08
2.07 1.99
29 2.18 75 2'12 2.24 1.95 30 | 2.2,
2.18 .
30 |300 [1.87 55 [2.05 [|205 |1.89
1.97 230 | 1.94
31 |325 1.99 2.00 120 | 194 2.24
%2 150 [2.08 |130 }2.00 2.24
33 1.92 170  |1.84 2.15
35 2.13 1.91 2.32
2.18
36 1.84 2.21
2.12
37 130 1.8 (140 [1.97 2.22
38 2.10 1.89 2.12
LO 1.84 2.34
44 2.15 2.05
42 12.18
1.89
43 1.83

TO BE CONTINUED

Table 10.1 (cont..) Values of the Coefficient of Volume Compressibility

m
v

and Bul. Density Y for Sediments a

Owdaon.




-199-

Continuvation
STRATUM
. |F11L OR UPPER STONY |UPPER LAM. |LOWER STONY |TOWER IAM. | BOULDER
O |ATIUVIUM | CLAY CLAY CLAY CLAY CIAY
5
m Y m Y m Y m Y m Y m Y
Bive | » | vuso| wusc| Yure| urc | Visc| sc | Yize| mic| “mc | Be
O -g
02 /e Mg /| 2| M/ | /o] Mg/ | /| /e |02 /G| Mg /| /e Mg/
b 2.11
3.2
1.85 50
45 345 | 2.20 2,20
1.85 50 2222
48 1.99 1.94
49 2.04 1.86
50 1.94 ﬁfgg
62 2.12
1.92
63 2.08 1.30
69 2.18 g:;f
70 2.18 g'g?
71 1.97 1.89 2.15 2.18
2.16 2.05
80 5. 15 1.89 o 16 1.94
81 2.00 2.16
2.20
2.20
82 5. 20 1.91 2.0Y
2.15
[92]
EE 185 141.69 | 65 | 2.10] 110 | 1.96| 125 | 2.12] 220 {1.94 | 60 [2.22
<
=

Table 10.1 (cont..) Values of the Coefficient of Volume Compressibility

mv and Bulk Density Y for Sediments at Howdon.
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g;igr?f Expected Loss due to Error,8
% of
swell 10,000 15,000 | 20,000 {25,000
h===r=====-=======|.—_,1
10 54.9 82.4 109.9 | 137.3
15 2ho by 36.6 48.8 61.0
20 13.7 20.6 27.5 3.3
25 8.8 13.2 17.6 22.0
Table 10.2 Values of the Constant g for Different

Margins of Error and Values of Expected
Loss.
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go.zf Borehole | m Cp a =£20.6 per(mz/GN)2 a=£25.4 per(mz/GN)2
e; = n/aN| 2 £ U, £ U0, |8 Ty & UGy
1 21 370
2 2 30 300
3 L5 345
L 2 30 700 138500 139500 170800 171500
5 22 335 127200 156900
6 29 30 105900 130900
7 31 230 | 1100 76300 77400 94100 95200
8 45 50 | 1900 64100 66000 79000 80900
9 30 205 50000 61700
10 L5 50 2200 43500 45700 53700 55900
11 12 190 | 2300 35700 38000 44000
12 30 55 | 2500 31600 34100 39000 541500
13 13 190 | 2700 26900 29600 33100 35800
14 6 65 24000 29600
15 12 160 | 3300 20800 24100 25700 29000
16 21 75 18800 23100
17 32 150 | 3400 16500 19900 20400 23800
18 21 75 15100 18600
19 31 140 | 4400 13500 17900 16600 21000
20 18 105 | 5600 12200 17800 15100 20700
21 37 140 11100 13600
22 15 110 10100 12500
23 32 130 | 5900 9200 15100 11400 17300
24 6 120 8500 10500
25 37 130 | 6000 7800 13800 9600 15600

Table 10.3 Value of Expected loss as a Function of the Number of
Oedometer Tests.
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Cost Item Cost &
Initiating Drilling 120
Moving Rig and Stoppages 20

Average Cost of Boring per
Metre 7

Cost of sampling and Oedometer

Testing 12

Table 10.4 Recently Quoted Cost of Soft
Ground Boring and Testing.
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Borehole Date Depth ggiznof No. of Tests Cp
Started m g P £

2 23.4.68. | 23.3 183 2 327
5 26.4.68. | 23.5 185 512
6 26.4.68. | 26.0 202 L 738
L 3.5.68. a2 119 857
12 6.5.68. 23.0 181 7 1074
8 9.5.68. 12.3 106 1180
11 10.5.68. | 12.5 108 1288
10 13.5.68. | 12.5 108 1396
9 14.5.68. | 12.3 106 1502
1 15.5.68. | 39.6 278 1780
14 14.3.69. 6.4 65 1845
15 14.3.69. 8.3 78 8 1935
21 15.3.69. | 27.4 212 10 2171
22 15.3.69. | 12.2 105 11 2288
16 21.3.69. | 10.7 95 2383
17 21.3.69. 6.1 63 2446
18 2 .3.69. | 6.9 68 12 2526
20 22.3.69. 5.3 57 2583
204 25.3.69. | 18.8 152 13 2747
174 26.3.69. | 18.0 146 2893
25 10.4.69. | 27.4 212 3105
21A 13. 4.69. 7.2 70 3175
31 18.4.69. | 12.2 105 15 3280
32 21.6.69. | 12.5 108 17 3388
33 22.4.69. | 18.6 150 3538
26 25.4.69. | 21.5 171 3709
3L 29.4.69. | 21.5 171 3870
35 2.5.69. 18.6 150 4030

Table 10.5 Cost of Drilling Boreholes and Conducting Oedometer Tests
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Borehole Date Depth Cost of No. of Tests Cp
Started m Boring £
36 6.5.69. | 21.3 169 4199
37 9.5.69. | 19.8 159 19 4382
38 16.5.69.| 18.3 148 4530
40 21.5.69.| 17.4 142 4662
28 23.5.69.| 19.4 156 4,828
39 28.5.69.{ 17.5 143 4971
11 30.5.69.1 6.1 63 5034
27 31.5.69.| 24.1 189 5223
L2 21.5.69.] 6.1 63 5286
43 31.5.69.1 6.1 63 5349
29 2.6.69. | 24.8 194 20 5567
Ly 6.6.69. 6.1 63 5618
18 11.6.69.| 8.2 77 | 5695
45 13.6.69.| 19.2 154 23 5885
30 16.6.69.1 12.2 105 25 6014
49 18.6.69.| 10.7 95 6109
50 20.6.69.1 9.8 89 6198
51 3.9.69. | 16.0 132 6330
52 5.9.69. | 13.9 117 6447
53 8.9.69. | 17.7 144 6591
63 19.12.70] 12.9 110 6701
62 22.12.70{ 13.6 152 6853
64 15.2.71.| 15.2 126 6979
80 25.2.71.| 16.9 138 7117
81 28.2.71.1 12.0 104 7221
65 1.3.71. | 12.3 106 7327
66 2.3.71. | 13.9 117 I
82 3.3.71. | 17.5 143 7587

Table 10.5 (cont.) Cost of Drilling Boreholes and Conducting Oedometer Tests.
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Borehole Date Depth Cost of No. of Tests Cp
Started n Boring g
67 Lo3.71. | 12.3 106 7693
68 8.3.71. | 12.2 105 7798
69 6.9.71. | 18.4 149 7947
70 8.9.71. | 18.4 149 8096
Yal 11.9.71.] 1843 148 82u4
85 17.7.72.1 12.8 110 8354
86 18.7.72.1 11.1 98 8452
84 21.7.72.{ 15.7 130 8582
83 25.7.72.1 25.0 195 8777
89 28.7.72.1 18.6 150 8927
90 28.7.72.1 20.0 160 9087
87 11.8.72. 1 48.0 356" o441
91 28.9.72.| 22.6 178 9621
93 17.10.724 24.0 188 9835
9L 8.12.72.| 22.3 176 9985
92 18.12.724 23.8 187 10172
96 18.12.724 23.9 187 10359
97 13173 | 19.4 156 10515
95 19.1.73. | 19.8 159 10674
108 28.3.73. 1 12.3 106 10780
109 30.3.73. | 10.0 90 10870
110 3.4.73. | 20.0 160 11030
113 10.4e73. | 17.7 144 11174
112 13.4.73. | 17.0 139 11313
111 16 4a73. | 19.1 154 11467
14 15.5.73. | 45.5 339 11806
116 18.5.73.1 1.4 31 11837
115 21.5.73. | 31.5 239 12076

Table 10.5 (cont.) Cost of Drilling Boreholes and Conducting Oedometer Tests
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CHAPTER 11

URBAN PLANNING IN THE LIGHT OF ACCESSIBLE

GEOTECHNICAL DATA - A CONCLUSION

11.1 Pertinence of Engineering Geology to Urban Development.

Satisfactory evaluation of the geological suitability of a
site for a particular land use may only be achieved by an awareness
of:

(i) the geological character of the land;

and
(i1) appropriate foundation options for those ground conditions.

Included in the process of urban development are not only the initial
planning but also the design and actual construction work. Hence,
the required information becomes potentially available at stages in
the development procedure subsequent to plamning.

Changes to the urban environment are planned so that they enhance
the accessibility of urban facilities, employ available resources
efficiently, and preserve desirable amenities. Such ideals are
usually maintained by zoning the development into areas of compatible
land use. Urban models assist this operation, especially where an
infra-structure is already established. Due to the diversity and
complex interdependency of factors affecting zoning, planning options
are usually evaluated by testing their cost efficiency.  Thus,
provided that geological factors can be shown to influence the global
cost of development, then the geological suitability of a proposed

location for a particular structure may be measured.
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A list of geological factors, the importance of which to planning
depends upon the particular circumstances to hand, would include:
(i) depth of the water table from ground surface;
(ii) strength and compressibility of the foundation material;
(iii) depth to rock head;
(iv) 1lateral and vertical variability of the geological conditions;
(v) sources of suitable construction materials;
and
(vi) the present stability of the foundation area.
Unfortunately, comprehensive information of the type listed above is
seldom available during the formulation of urban plans. However, even
it it were, the planner would need to be unusually familiar with the
influence that geological conditions impose upon the suitability of
foundation options. Hence, for the successful and early application
of geotechnical knowledge to urban planning, two basic requirements
may be defined:
(i) geotechnical data must be available during the formulation of

the plan;

(1i) the data should be presented to the planner in a form that is

suitable for him to use without too much further processing.

Only after these requirements have been satisfied may the constraints
imposed by the geological character of the ground enter into the cost

analysis of any planning proposals.
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11.2 Presentation of Geotechnical Data in Urban Development

Clearly, if geotechnical data are to influence the style of
urban development, suitable means of presentation must be sought.
Since site investigation prior to foundation design constitutes the
chief primary source of relevant data during urban development, data
made available for earlier stages of development necessitate the
use of storage and processing facilities. However, only the
eventual presentation of the information is to be considered in this
section.

The application of geotechnical maps, seemingly a suitable
method for displaying the spatial variation of geotechnical parameters
to urban planners, can suffer from two important drawbacks:

(i) important detail may be masked;
(ii) there may be some dubious and subjective interpolation and

extrapolation.

Other methods more directly applicable to the analysis of the economic
impact of planning proposals may be more appropriate. For example,
certain high and low limits to the values of geotechnical parameters
conditioned by geological factors could be defined so that additiomal
costs,due to adverse geological conditions,are expressed as functions
of the deviation of these parameters from an optimum value.

Therefore, the spatial variation of geotechnical parameters, or
geological strata where the two bear a close correlation, is an
essential feature of geotechnical data presentation for planning

purposes. However, it should not be the aim to present the planners
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with direct geotechnical data. It is most undesirable that data,
which in general requires considerable and cautious interpretation,
should be presented in a form with such apparent authority as is
inevitably implied on a map.

11.3 Investigation and Evaluation of the Geological Character of
a Development Site.

A failure to anticipate fully the actual ground conditions before
construction can give rise to unsatisfactory foundation design and
extra expense. Those charges occasioned by claims under Clause 12 of
the Conditions of Contract (Institution of Civil Engineers, 1973) can
make considerable contributions to the overall development costs.

On the other hand, site investigation work is performed to reduce the
state of ignorance with respect to the ground conditions so that a
less conservative, more economic,design can be adopted. logically,
therefore, a desirable degree of site investigation work will have
been performed when its cost becomes examctly balanced by the savings in
construction costs that result from the input of direct geotechnical
knowledge derived from the site investigation. Continuous checks for
convergence towards this equality are required,and it is shown in the
text that the progress towards such a terminal condition can be
monitored using probabilistic methods of analysis.

The application of the probability method to the present problem
involves an 'on-going' assessment of the adequacy and quality of current
geotechnical data with respect to the economic advantage liable to
accrue from the collection of further data. Although site investigation
costs constitute only up to a maximum of around B%fof total project

construction costs, the facility for cost saving on expensive works is

+3% is not a usual amount. Probably 1% would be a more realistic figure
in the present context.
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potentially large and provides the impetus for considering the

techniques outlined in this thesis.

11.4  Application of the Digital Computer to Problems Involving
the Utilization of Engineering Geological Data in Urban

Planning.

Several reasons for adopting geotechnical data storage systems for
increasing the geological awareness of planners,and for improving cost
effectiveness of site investigation,have already been mentioned.

For reliable determination of probability distributions, correlations

between parameters, and of output data, the stored information should

be comprehensive both in the number of different factors recorded and
in the sense of time (so that stérage continues through development
from the initial plan to eventual construction).

Geotechnical data may be stored by several methods. It is
usually available in the form of a report containing both factual and
(if requested) interpretive information. However, data stored in
this form could be difficult to utilize efficiently. TUnless
extensive cross-referencing were a feature of the storage system, long
searches would be necessary to access all the information bearing on a
particular geotechnical factor such as, for example, the shear strength
of a geological horizon. Storage by digital computer can overcome
this problem because of the rapid data sorting facility it offers.
Other reasons for adopting a computer information system may also be
listed:

(i) the objective technical data which become available when
individual structures are being designed may be utilized during
the planning and other stages of urban development;

(ii) the stored data may be used for probabilistic and statistical

purposes;
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(1ii) data may be added to the store, modified, and output whenever
required;

(iv) a variety of output modes can easily be made available.

Geosys is a computer data handling facility created and operated
during the present study for site investigation data collected in

the Newcastle-upon~Tyne area. This facility, which comprises a

suilte of storage and retrieval programmes, incorporates the following

features:

(i) the stored data are structured in a two-tier arrangement
comprising a title giving (amongst other information) the
location of the boring, followed by the available sub-surface
data;

(ii) mnemonic and numerical codes are used to conserve storage space
and simplify the storage operation;

(iii) serious errors in the data are detected automatically;

(iv) either an Imperial - or an S.I. - based system of units may be
used;

(v) the units may be changed from one system to the other during
or after storage;

(vi) the computer operation may be performed in either a conversational

or a numerical mode.

Unfortunately, the manual coding of site investigation data
prior to its storage could be regarded as an onerous task,even though
it has been simplified by the use of mnemonic codes. However, this

procedure could be made easier by employing specially prepared borehole
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log and laboratory test result sheets from which the computer
input could be punched directly. It follows,by implication,that
ultimately the conventional site investigation report could be
dispensed with. Within the industry there would be opposition
and reluctance to adopt any such a system which appeared to reduce
the demands on subjective interpretation, but industry would
receive more favourably the associated arguments for higher quality
control, stratigraphical,and structural identification on site at
the borehole or trial pit.
Once stored, the data may be accessed in several forms. Such
a range of options is necessary in order to accommodate the range of
uses to which such geotechnical data is put during urban development.
When accessed, the styles of data presentation may take the form of:
(1) the factual element of the site investigation report;
(ii) output from which three-dimensional physical models may be
constructed;
(iii) the virtual instantaneous production of contoured maps;
(iv) ‘'on~-going' guidance concerning the collection of geotechnical

data in terms of the global cost of development.

The adoption of a systematic geotechnical handling procedure is a
fundamental requirement for the consideration of geotechnical factors
during urban planning. Other advantages associated with enhanced data
accessibility would also result from such a proposal. Geotechnical data
available in a variety of modes,including forms suitable for statistical
analysis are expected to be of immense value throughout the processes of

urban development.
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mathematical operations, it is first necessary to derive certain

equations.

If a normal distribution is writiten as:

-(x - i)zi]

P(x|x:i) =

then a log=-normal distribution may be derived by using the

1

following transform:

X

Hence, by substitution of equation A.2 into A.1, a log-normal

= (ny

distribution is obtained as:

P(y|y*,1) =
where,
y* =  exp X.

Now the mean value, ¥y, of the log-normal distribution is given

by
¥
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which by transform A.2 becomes
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Taking note of the identity:

(Z Lol Z')a - 2i2r (Z - Z') =&-Z - (Z' + I‘iz) ] 2 [d rzill. XX An?
and its consequence
" 1 2 r2:i.2
exp | r(z = z') = 1 (z - 2')°| dz T exp 5 A8
Jem i 2
21
-0l
after transformation to a form similar to A.8 with r = 1, equation
A.6 can be written as
.2
y = exp[§+l/2:| eee A9
or _ 12
gny = .X-Z + -é—' XY} A.10
Equation L.13
The simplification of equation L4.12 is carried out by the
following procedure commencing with
. 2 & - %)% _
u = {a + a (SE";C ) }—— exXp | - dx eee 4-12
m °o m ) Em 212
(~ )
Re-arranged, equation L4.12 becomes:
) - = \2 - = 2 -
Jo (x-xm)m+a(:-c-x)2exp -(x-xm)mdx
Um S| == la, exp |~ ———s— 1 m —3
fr i 2i 2i
s eee L.12a
o oo
Wow since z2 exp [— aza:' dz - 1 exp l:- az2] dz = %a (g)
a
-R O soe ll--'le
it follows that
.2
U = a -+ a1l XX} 4-13
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Equation 14,15.

[
Since U = | U P(X[i:Xx) dx
plm PP

m Y ocoL,..’IlI-
-0
it is first necessary to determine the form of P(;cnli : :_cm)
wheren = p-m . P(§n|i : X ) may be found in the following
manner:
(v
P(xnllzxm) = P(xn|:|. : X)P(x|i @ xm)dx B 1}
-0
® - =2 = 2
= —\/E'— exp -n(xn - X) @ exp -m(x-mm) ’ooll..’ILI-b
J2ni 512 Jani 212
=0
where equations 4.6 &4.7have been used, Hence,
o
=2 == =2 4= L o=2
PX~ - 2px X_ + px_ == (nx + mx )
P(xmli :xm) = @2 exp |- D J-; D A L x
27 21
~o0
m'Ei + n&; dx
e ———— . -ooll'lllll-c
So,by the substitution of equation).9,end simplification,
equation 1l4c becomes s
- . .= = - -2
P(xl:l.:x) = VL exp | TR (x -x)
m m \/m 5 25_2 n m . eeola14d
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Hence,by using equation L4.9agam,it follows that:

2
Pl = x) = /e T e | o~ %) .o Lilke
NELE 23.LG
Now since it follows from equation 4.13 that:
.2
Up = ao + a'l% 9, oclll-. 1l+f

then substitution of equations L.14e and 4.14f into equation L.14

gives the following result:

«©
.2 - - \2
= {a + 21" N e (xp B xm)

U [o] —— 1 d.;: sse ll-o’”l»g
plm p 2n n 2i%n P
-co
which,from equation A.8,may be written as:
a,i®
Uplm - ao * d . csee L|-015
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Equation 4.19

As for the normal case, the derivation of Um starts from
equation 4«11 + Hence expressions for U and P(}-f |i:§m) are required.

Now

U = ao -+ a1 (5‘ - ya)2 eve 4-18

so,by using equation A.9, this becomes,
- . - = 2
U = (ao + a,l exp [2 X + 12])iexp I:(x - xm) -ﬂ} . eee 1182
From equation 4«11 it follows that Um is given by the

following equation:

[ ]
U= JU P(¥|i : im) dy eee  L4o18D

-0

which,by the substitution of equation 4.18a and L4.16,becomes
[v]
- - .2 - = 2] [m
Um = (ao + a,] exp[zxm + 1]{exp|3x - xm) —’E” )j_:___ i
-0 \/-2-;' i y

exp I:— m((m-r B {ns;m:l 3y . eee Le18c

232

The use of the transform given in equation A.10 then yields :
®
_ - . - = 2\ Jm
U, = (ao +a, exp l-—me + :]{exp [(x -x) -;ﬂ )__
./21:1
—w E
- =2
ex_pl:"mx - xm) }d;c . eee  Le18a

212

Therefore,by the use of equation 4.8, the following expression is

obtained:

5 2.2 .2
Um = a + a, exp l-_axm + i:’{exp[—%:'-Z expl: ]+ 1} s eee L4e19.

Sl
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Equation L4.20

Since the derivation of equation L4.20 takes the same form as
equation 4.15, the expressions for UP and P(§p|i : }-(.Im) _ are
required for substitution into equation 414 . From equation h4e19

it follows that:

U ={a +a_ e 2x+i2 _2_:'__2‘2 i—2-+1 L.19a
» = %o 1 Xp o xpp exp2p . .

Substitution of equations L.1l4e and 4.19a into equation 4.1} gives

the following relationship:

* 2 2
_ - .2 2171 i
Uplm = {ao + a, exp I:Exp + 1 ](exp |:p ] 2 exp[——ZP] + 1)}
-
JPm 1
o I expl:;Lizn (xp X )] dxp . eee L4190

Re~arrangement of equation 4.19b yields:
2

s .2
U = a +al}xp25'c +i2(exp 2L -2exp-:-L— +1)@
pim (o] 1 m B 2p Jﬁli

® - =2
Je}cp Z(EP - :;m) -Pm(xp " xm) :r;p'oo L|'-'I9C

.2
o = 2imn

and therefore simplification by equation A.8 results in:

.2 .2
- = 2l - -2 =2t
Uplm = a +a, exp[axm + 2i° ( =+ 2)?“1 2exp I:Zp J+ expl: 5 :l

asse L|--20
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Equation L.24

.2 .2
a,l a,l
Now if V = _1 1
_'p|m m p - kO kl (p m) 9’ eee

and 1if ko = 0, then there will be no economic benefit in sampling

when V = 0, s0
pjm
a i® a i®
1 1 _ -
m = p - k1 (p m) . oes

Equation L.23a is a quadratic in p hav‘éng the two solutions

a,i
obtained by formula: p = m and p = k1 . aee
1m
a i2
Hence, m<p{ "1 ]
k m L N}

1

Equation 4.25

The value of p for the maximum economic advantage occurs when

a v lm = 0, Differentiation of equation L.23 gives:
dp p
.2
Wopm= 242 - k, =0
d 2
P Y
a i2
Bo, p' = 11 , where p' is the optimum value of p. cee

Equation L.27

Equation L4.27 follows from equation 4. 26,since the optimum

sample number occurs when d V =0
Ip Plm

L.23

L.2%a

L.2%k

he2ly

L.23d

L.25

.2 2 2] 2
Vojm = 2q OXP [&m + 212(% +'% El{ex-p E%T:I 'exPI:—%'J'Z (exPI}% J'e@[% J)}

-{ko+k,I (p-m)] s oee

L.26



-227-

. 2 .2
a _ - 2 1 _% 21 -21 .2
3o Vplm = a, exp |:2xm + 2i (m + EH—I,Z expl:--—p ]+ _}_:2;

_312
m— =O [N N ] *
exp| 55 :l k1 L. 262
Hence the optimum sample number, p', is given by the solution of

equation 4.27 for p':
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APPENDIX B

PREPARATION OF SITE INVESTIGATTON DATA FOR STORAGE

B.1 TIntroduction

This Appendix describes the procedure for abstracting data from
site investigation reports for storage by geotechnical data process-
ing system Geosys. Since this system has been devised for storing
geotechnical data collected in the vicnity of Newcastle-upon-Tyne,
some modification would be required for its application elsewhere.
Four alternative ways of coding stratum descriptions can be
mentioned:

(i) automatic doding by the computer would necessitate the use of
a very large routine capable of recognizing many names and
strata descriptions;

(ii) data stored without first being coded would require a large
amount of storage space;

(iii) to manually code the data requires some interpretative skill
by the coding personnel;

(iv) by the adoption of standard names and formats which would only
be successful with the co-operation of site investigation
operatives.

An absolutely universal method of numerically coding strata to
produce a description with the precision proposed by the Geological
Society of Iondon (1972) could be devised if eleven éode numbers were
used. In the system described, three~figure manually coded descriptions
supplemented by twelve character expressions have been found to be

adequate due to the restricted range of sediments encountered.
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The stored data have a two~tier structure comprising:

borehole title;

sub-surface data.

These are described in this order in this Appendix.

B.2

Borehole Title

The title comprises general information concerning the boring

presented in the following format:

(1)

(ii)

(iii)

(iv)

(v)

(vi)

Columns 1 to 5 - Borehole identity number.

An I5 non-zero number given to the borehole as a unique
identity within the storage file.

Columns 7 to 10 - Site investigation borehole number.

An Al identity which may include both letters and numbers
taken from the site investigation report.

Columns 15 to 25 - Grid reference.

The easting and northing of the surface of the boring to

the nearest metre are given by a 2I5 number. This can be
given with respect to either a local or national reference
position.

Columns 30 to 34 - Level of top of hole.

This F5%1 number gives the level in feet or metres of the top
of the boring with respect to a common datum. In the present
study, all levels have been expressed with respect to ordnance
datum at Newlyn.

Columns 40 to 52 - Date (s) of boring.

The date of boring,or the dates over which boring was carried
out, are shown in this twelve character space. Such dates are
expressed in numbers in the order day/month/year.

Columns 56 to 68 - Extra information.

Another twelve character gpace is provided for additional
information,such as the method of boring, the system of umits,

the lining required for the hole and so on.
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The use of an additional title card is useful sometimes to
change a particular piece(s) of information on a series of msards.
The second card carries only the alteration(s) which must lie in the
field(s) allocated in the foregoing list.

B.3 Sub-surface Data.

The data may be prepared using a system of units based on
either the Imperial or the S.I. system. All the units used in a
particular borehole must conform to one system or the other, but only
the units of distance respectively, feet or metres, need be
mentioned here.
The data format consists of the series of fields shown below:
(i) TField A Colums 1 to 6,F6.2 Depth below surface.
This is a positive number showing the depth below the top
of the hole (as defined by the datum on the title card, in
the same units as this).

(ii) Field B Columms 7 to 9,I3 Strata code.
This describes the strata according to a numeric code.

(iii) Field C Colum 11,I1 Sample code.
A code which indicates the type of sample taken.

(iv) Field D Column 12,I1 Test code.
A number which indicates the type of test performed.

(v) Field E Column 13,I1 Information code.
A number which indicates the amount of information appearing
on the line. This code also serves to show the depth of the
bottom of the hole by a zero value.

(vi) Field F Columns 15 and 16,12 Moisture content.
A number showing the moisture content of a soil sample expressed
as a percentage of the dry weight. A single figure number

must appear to the right hand side of this field.
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(viii)

(ix)

(x)

(xi)
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Field G Columns 20 and 21,I2 ILiquid limit.

A number showing the liquid 1limit determined for a sample of
s0il expressed as a percentage moisture content. A single
figure number must appear in column 21.

Field H Columms 22 and 23, I2 Plastic limit.

A number showing the plastic limit determined for a sample
of soil expressed as a percentage moisture content. A single
figure number must appear in column 23.

Field I Columns 34 to 39, F6.1 Cohesion value.

The cohesion or shear strength of a soil sample determined
in an undrained triaxial test.

Field J Columns 40 to 47, F8.3 Test results.

This space is intended for test results other than cohesion
determined by an undrained triaxial test.

FIELDS K,L & M Columns 50 to 61, 3AL Twelve character string.

This space is for additional information about the strata, the
tests performed, the test results given in field J and the
mnemonic codes for tests. The three fields are as follows:

X (50-53), L (54-57), M (58-61), and when any numeric quentity

is put in one of these it must be wholly within that field.

The sub-surface data is of three types:

(i)
(i1)

(1ii)

general data;
strata and water conditions; and

test data.

All cards must include general information, and either a

description of the strata (alternatively the water conditions) or

test r

esults.
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B.3.1 General Data

(i)

Depth and Information Codes

The minimum amount of information on a data card indicates

the length of the boring by the greatest depth of boring in
field A and a field E code of O .

The field E code serves as an instruction to the storage routine
in the allocation of storage space required for the card it appears
on, so the higher its value the greater the space made available.
Considerable economies of storage space are possible by using

the lowest value of this code, compatible with the storage
requirement. Table B.q1 shows the way in which incrementing the
code by one makes one more lield available, but also leaves those
fields free that are already allocated by lower values of the
code. When field E code is O it serves to indicate the bottom

of a boring.

(ii) Sample Code

When a sample of strata or water has been removed from the borehole,
the depth of its mid-point must be indicated in field A and its
type in field C according to the scheme given in Table B.2.
When no other information appears on a card with a sample code,
then,from Table B.1, the field E code should be 1.

The number of hammer blows required to drive a U4 sampler
may be recorded in field M with the legend U4 BIOWS in fields
K and L. In this case,the field E code must equal 3. Samples
removed from a standard penetration sampler may be recorded by a

9 in field C and a 7 in field D. In this case the appropriate

%

In consequence of the default value of this code being zero, its
omission from any card indicates that the depth on that card is the
bottom of the hole.
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(i)
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field E code will be 2.

Strata and Water Conditions.

Strata Description

The top of each new hole is signified by a description of the
surface material with a depth code of zero. This,and subsequent,
strata descriptions at the top of each horizon are formed by
either a three figure code with an information code of 2 or a
three figure code and a twelve character string with an
information code of 3.

The three figure strata code in field B consists of the following
elements:

lst Figure =~ basic material;

2nd Figure ~  competence and colour;

3rd Figure =~  extra constituent.

The codes used to form numeric strata descriptions may be
derived from Table B.3. When a material cannot easily be
described by this sample code, information in the 12 character
string may substitute for the first or second figure, or may
supplement the code. Examples of all these types of strata
code are illustrated in Figure B.1. Obviously, some
abbreviation of the information in fields K, L and M may be
necessary, but by using the longest mmemonic codes in Table B.4
that can be accommodated, the meaning can usually be conveyed.
When this is not possible,then a series of cards,all for the
same depth,may be used to construct a more lengthy description.
Any such group of cards should be headed by a card which gives
a numeric description, with a statement in the twelve character
space to the effect that the following cards carry more of the

description.
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No other information may appear on a strata description
card but the depth, the three figure numeric code, the
information code,and the twelve character string. Should a
record of the water conditions, a test,or a sample be required
at the same depth as the top of a stratum, then such
information must appear on a separate card.

(ii) Ground Water Conditions.

The ground water conditions encountered both during, and
observed after, boring are indicated by one of the field C codes
shown in Table B.5. Also included in this Table are some
examples of the type of information which could appear in
the twelve character string. Data may be inserted in this
space with each of the water condition codes, provided that the
information code is increased from 2 to 3.

B.3.3 Test Data

The test data cards may only carry the depth, the information
code, the type of sample (if applicable), the type of test, and any
test results. In some instances,more than one test at the same depth
may be placed on a single card. Otherwise, more than one card must
be used when several tests occur at the same depth.

Tests may be identified in three ways:
(i)  field D code;
(ii) field E code; and
(1ii) mnemonic code in fields X and L.

The data may be stored in either Imperial - or S.I.-based systems

of units. The acceptable units for individual parameters are given

in Table B.6.
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Field D code

Reference to the tests of this type listed in Table B.7
indicate that several varieties of undrained triaxial test may
be distinguished by the field D code. These are listed below:
Code 1 One sample tested at a confining pressure equal to

the effective overburden pressure of the sample in situ.
Code 2 Three samples tested at different confining pressures.
Code 3 One sample tested, but on at least two occasions the
confining pressure is incremented when failure is
imminent.
When a remoulded sample is tested,then this may be recorded by
the letters *REM in field XK. When this location is occupied
by an angle of internal friction, then *REM may replace the
sample diameter in field M. The results of penetration tests
consist of the number of blows to drive the instrument from
31(7.5cm) to 15" (37.5cm) recorded in field K with 12"(30cm)
recorded in field M.

Field E Code

Tests identified by a field E code may accompany other
tests on the same card,provided that care it taken to ensure
that the positions of parameters recorded are consistent with
the value of the code. The tests which can be identified by
the field E code are shown below:

Code 6 Field F . Moisture content of soil sample expressed
as a percentage of the dry weight.

Code 7 Fields ¥, G and H. The moisture content and the
liquid and plastic limits,expressed as the percentage
of water comprising the dry weight, are respectively

entered in these fields.
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Mnemonic Codes in Fields K and L.

With a mnemonic code, a test in addition to one identified

by another method may be recorded on the same card. If another

test is not present then the field D code must be Je The

memonic codes shown in Table B.8 are inserted in either field

K or fieldsK and L,and the parameters occupy positions also

given in this Table. The tests may be formed into a list

as follows:

(a)

(b)

(c)

(4)

(e)

Sulphate analysis. If this is performed on water, the
fraction (parts) of soluble sulphate is measured. For

a soil,the sulphate content is expressed as a percentage
of the dry weight of the sample. The acidity can also be
recorded as a pH value.

Consolidation test data. It is not possible to store all
the data which may be obtained by a consolidation test.
But the coefficient of volume compressibility, for a
pressure range of equivalent overburden for the sample in

situ to that pressure plus 107 mz/GN (1 ftz/%onf),is quoted

together with the natural moisture content.

Standard dynamic compaction test. The maximum .dry density
and the corresponding optimum moisture content are recorded
for certain standard conditions.

Shear box test. The peak and residual values of cohesion
and angle of friction are recorded on two different cards
distinguished respectively by BX*P and BX*R.

Drained triaxial test. The effective values of cohesion
and angle of friction are measured. Tests on remoulded
samples or with pore pressure measurement are distinguished

respectively by REM or PPM in field L.
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(g)

(h)

(1)

(3

2% -

California Bearing Ratio. The C.B.R. value and the
natural moisture content are recorded.

Natural Moisture Content. Unlike the alternmative
methods of storing a moisture content, those with the
percentage of water with respect to dry solids greater
than 100% can be stored.

Bulk Density. The value of wet or bulk density is
recorded.

Particle Size Analysis. A mnemonic code given in Table
B.L is used to indicate the chief material in the soil.
Permeability Test. The permeability is recorded with
the distance between the packers in a field test or the
diameter of the sample in a laboratory test. The depth
given for the field test is the mid~point of the measure-

ment length.
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. 12 Character String
Field B | Field E - _ —
Code Gode — = T, Description
Hard grey sandy siltyF
41 3] 4 2 clay with gravel
Loose soft sand
-1 8]0 2 and gravel
31 8] 1 3 TG F| I| N| E Soft brown clay
with organic matter
and partings of
fine sand.
Stiff to very
ot b 3 T FiF /v stiff sandy silty
clay with gravel
Figure B.1 Examples of Strata Description.
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Field E_ E':Lelds Made Available by Code
Code AIBlcIp B |F |G |H]I|[J (K
0 X X
1 X X X
2 XI1x | X X
3 X |X X X X
L X X[ X X XX
5 X X]1X 11X XX | X
6 X X {X X X x| X | XX
7 X X | XXX X| x| XX | X
Tsble B.1 Values of the Information Code
Field C
Code Type of Sample
0 None (default value of code)
1 UL undisturbed 100mm dismeter sample
2 U4 disturbed 100mm dismeter sample
3 Small disturbed sample
L Iarge or block soil sample
5 Water sample
9 Rotary core drilling sample
Table B.2 Codes Used to Indicate Sample Type.
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Value of Bagic Material | Competence/Colour |Extra Constituent
Field B Code. 18t 2nd 3rd
- Sand & Gravel - -
0 Sandstone None None
1 Sand Dense/hard black |Organic matter
2 Silty Sand Ioose/soft black |Wood & timber
3 Sandy silt Dense/hard grey Coal
L Sandy silty clay| Loose/soft grey Gravel
5 Silty clay Dse/hard grey- Gravel & cobbles
brown
6 Taminated silty | Lse/soft grey- Gravel & sand
clay brown
7 Clay Dense/hard brown |Sand
8 Mudstone Loose/soft brown {Iaminae fine sand
Other Other Oc.gravel & coal
Table B.3 Numeric Strata Description Codes




|Mhemonic Code Mnemonic| Code Mnemonic Code
AG ARG Argillaceoud FG FRAG Fragment(TSSD SND Sand
BN BNS Band(s) GV GRAV | Gravel S-S Sandy-silty
BD BDS Bed(s) & GYGRY | Grey SA SHA SHI} Shale
BK BIK Black H HD Hard SHT Shattered
BR BRK Broken J JNT | Jointed | SH Shells
{B BN BRN Brown IM IAM | Ieminat- | SL SIT Silt
CA CARB Carbonaceous (ions/ed) | g1y Silty
CM CMT Cemented L LT Light SG Slight(Ly)
CY CIY Clay ING Laning ST SET Soft
CL COL Coal IS ISE | Loose SF SFF Stiff
C CSE Coarse M 'MDMED | Medium SN STN
CBL Cobble(s) | T mMOT | Mottlea | ST Stony
CP COMP Compact MOTL TB TIMB | Timber
CT CONC Concrete MST Mudstone | TC TRC Traces
D DK Dark OC OCC | Occasionally
DS DSE Dense 0G ORG ] Organic v Very
FL Fill PT PTG | Parting(s) VN VNS Vein(s)
F IN Fine P PK Peak W+ With
FM FRM Firm PL Plent(s) | WT White
FSL FISL Fissile PK PKT | Pocket(s)| WD Wood
FS FIS FISS|] Tissured R RD Red Y YEL Yellow
FOS Fossil(s) RES Residual | / To
RB RUB | Rubble ? To more
RUBL < To Less

Table B.4 Mnemonic Strata Description Codes
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Field G | Fiela E | 12 Character String Water Conditions
Code 1 Code | pig1a K | Field L |Field M
6 1 Encountered in boring
6 3 R|O|S|E T|O 1| 2{ ¢ | %] Encountered and rose up
boring
7 1 Standing or piezometric
level. .
7 3 PlM 2l 2|/ 1wl /A7l 5 Standing or piezometric
level.
8 1 Standpipe installed
8 3 &|S|L|I| P| [I|N|D|{C| T|R]|Standpipe and slip
ipdicator installed

Table B.5 Examples of Codes for Water Conditions.
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Variable Metric System Tmperial System
of TUnits of Units
Distance metres feet
Cohesion kl\l/m2 lbf/:i_n2
Shear strength kN/m2 lbf/'.hn2
Friction angle degrees degrees
Penetration cnm inches
Diameter of sample] cm inches
Density kg/m3 1b/f £
Moisture content | % %
Limits % %
Coef.vol. comp. n° /GN £t2/0f
C.B.R. % %
Permeability cm/s cm/s
Range Metres feet
Particle size BS Sieve size BS Sieve size
Sulphate(water) pts per unit pts per million
Sulphate(soil) % SO3in dry wt.| % dry wt x 100
Table B.6 Units Used in Geosys.
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Fésé:-g Type of Test Alter~ Parameter
native
Fields
0 None (default value of code)
Undrained triaxial - 1 sample at over- | KJI Shear strength
burden equivalent M Diameter of Sample
2 Undrained triaxial - More than 3 JI Cohesion
samples tested. L Friction
M Diameter of sample
3 Undrained triaxial - 1 sample at 3 JI Cohesion
pressures L Friction
M Diameter of Sample
L Unconfined compression test KJL Uncon.Comp.Strength
M Diameter of Sample
5 Laboratory vane test K Peak } Shear
L Resid. ] Strength
6 Field vane test K Peak Shear
L Resid.} Strength
7 Standard penetration field test K Number Blows
M Penetration
8 Dynamic cone penetration field test K Number of Blows
M Penetration
9 Other test identified by mmnemonic See Table B.8

Table B.7

Numeric Test Codes.
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Mnemonic for Test

Test Represented+

Parameters Stored

Field K Field L - Field J Field M
C|M| P D|D
Maximum Optimum
CMpT DD Compaction Test dry moisture
Cl|P| T D|D density content
Cloj M| P DI|D
. . Coef.vol- |Nat.moist.cont.
ClO|N|S M|V Consolidation ume comp- | content
ressibili
C|BIR California bearing ratio CBR value |Nat.moist.
Dl 3} X EiM Drained remoulded triaxial
D|R| D 31A1 X Drained triaxial Effective |Effective
cohesion |angle friction
3| Al X PIP|M Drained triaxial,pore water
pressure measurement
P| T} S S|{0O}3 Sulphate anal.on water Parts SO3 pH
DlwlT|%|s]O]|3 Sulphate anal.on soil % SO3 pH
S| H| R Bl x| * Shear box (peak) Peak Peak friction
cohesion
s|HI R Bl x| * Shear box (residual) Resid. Resid.friction
cohesion
M C/lO|N|T Moisture content Nat.moist.
cont.
W|E{T DIE|N
Wl E| T| D N
wl ol gl 5l sl x| Bulk density determination Bulk.
density
WViE| T DI E
P| B} R| M| E| A| B Permeability determination | Perme- Range
ability o
Field L& M
P| Al B} T Particle size dist. - YoTor Tetain—
s| il Bl v Jor
ing sieve
Table B.8 Tests Identified by Mnemonic Code.

+Any one of the mnemonics may be used when several alternatives
are given for one type of test.
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APPENDIX C

COMPUTER PROGRAMMES FOR GEOSYS

Ce1 Introduction.

Geosys is a suite of computer programmes written for the
purpose of storage, processing and retrieval of geotechnical data.
As explained in Chapter 6, the system comprises elements for
trensposing prepared borehole analogue data into a form suitable
for tetention in a computer file,where it may be processed or
accessed. Also available are options for altering the units in
which any data are expressed, and various modes of output,including
a facility for producing contoured maps. The necessary programmes
to perform these operations are concatenated in chains by the
overall control programme Geosys according to directions given by
the user to programme Info at the initiation of each execution.

The whole of Geosys has been formed as a unit,with only the
part labelled Trend (Figure 6.1) attributed to O'Leary et al.(1966)
The operation of each of the constituent programmes forming the
chains is illustrated by a flow diagram intended to show the basic
structure rather than the inherent intricaciss. In the flow
diagrams,the convention of symbols illustrated in Figure C.1 has
been employed to mark branches, operations, output, input, ahd
transfer-to and transfer-from other programmes.

Each programme has a single starting point marked by the

appropriate symbol with the name of the programme. The command then
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follows the flow path according to the options given on the

arms of branches until either an end or a return is reached. An
end indicates that the execution is terminated, but a return
transfers command back to the accessing programme at the point of
calling. Operation symbols all show their function,which may be
carried out within the same programme; otherwise another
programme is accessed. The names of programmes called in this
way are shown with the access symbol at the place from which they
are called and, as already mentioned, on returning, command is
transferred to this point. Input and output operations are titled
respectively read and write. The flow lines usually approach all
operation symbols vertically downwards and emerge similarly,
although occasionally space on the paper has prevented strict
adherence to this rule. At branches, the approaching flow line

is always vertically downwards but the arms may be horizontal and/or
vertical.

C.2 Structure of Programmes.

Ce2.1 Geosys

This programme is the main concatenating agent between Info,
which receives instructions from the operator, and the operating
programmes. This brief programme, shown in Figure C.2 consists of

elements for printing titles and accessing Info, Store, Read and Trend.

After a particular operation has been completed, commend is returned
to Geosys so that,unless a serious error has occurred,another

operation may be started.
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C.2.2 Infe

This programme receives option specifications from the
operator for the operation of Geosys in either a literal or numeric
mode. VWhen the literal mode is used, the operator is asked
questions which must be answered in a particular menner. Info
includes elements for recognising the answers and also for
evaluating numeric quantities, During the operation of Info,

programmes Number, Quest, Check, Swapf and Swapi may be called to

perform certain repetitive tasks.

The operation of Info is illustrated by the flow diagram in
Figure C.3. The programme is accessed at the initiation of each
run of Geosys when the operator is asked whether the following
specification is to be literal or numeric. As with all other
literal questions, it is accompanied by acceptable replies and
failure to use one of these, or one inconsistent with respect to
previous answers, constitutes an error,so that the question is
repeated. The detection of this error is performed by Quest which
also reads the answer and transfers it into the numeric code.

The same question may only be asked three times,since Check counts
the number of times that a particular question is asked and will
terminate the execution if it becomes necessary.

Presuming that a literal specification is required, the type
of job must next be specified. Further Option Specification is

required for the storage and retrieval of geotechnical data, whereas

for the operation of the Trend of Convert options, command is

returned to Geosys. In the literal branch, the operations of storage

and retrieval are separated from each other. Titles are read in to
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head the page of retrieved data or data print-out during data
storage. The numeric print-out equivalent to the literal Option
Specification may be requested,and it is then output in the form
that it may be read in for the numeric style of Option Specification.

The numeric operation is performed in a similar memmer for
the store and retrieve operationse. The values of the codes and
their consistency are checked,and the first faulty code that is
detected results in an error message which includes the equivalent
literal question.
C.2.3 Store

Store is the main élement for preparing geotechnical data for
storage. It compresses the data to conserve storage space, but may
also be employed for changing the units of the parameters. Since
there is a facility for accessing data, not only from coded borehole
logs but also from data already stored in a file, the units may be
altered during storage or subsequently. Whatever the mode of input,
the output from Store can be either file storage or directly to the
line printer. Hence,a number of options are available,including the
operation of Geosys in which the whole of a file 1s converted from
one set of units to amother. This is really just a special
application of Store in which unrestricted file .input , conversion,
and file output are chosen.

The beginning of programme Store, which is given in Figure C.L,
is divided into two parts: one part for accessing information from
the storage file, and the other for coded borehole logs. This latter

alternative, labelled log input, requires rather more error checking
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elements than data directly from the file. The store procedure
begins with the first borehole title being read,which may be on
either one or two lines. This operation comprises the evaluation
of the borehole number, since the detection of an invalid value
constitutes an error.

The length of each borehde record is defined by an end code
on the last data line. Consequently, each borehole log should
begin with a title, finish with an end code, and be followed by
cither another title or a data end code. In order to emsure that
each borehole is complete before the next one is begun, the title
of that subsequent log is read before the data are processed. Thus,
in the case of the first borehole in a set of data, the data lines
for the subsurface information will be read next, and be followed
by the title of the next borchole. The sub-surface information may
then be processed as required,but once this is done,the next batch
of sub-gurface borehole data lines will be read and again followed
by the next title.

The programme is only equipped to deal with seventy data lines
at a time,and this is the maximum that may be stored in one particular
borehole analogue. More than seventy lines in a particular log
may be accommodated by regarding information following the sixty-
ninth line (the seventieth is taken up by a borehole end code
supplied by the programme) as belonging to a new analogue with the
same title as the first sixty-nine lines. Vhen this occurs, an
advice message is issued, since the order of the data may be upset.
The next process is to put the data into order of depth by accessing

programmes Swapi and Swapf.
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The acceptability of the mnemonic codes may next be checked
and also,perhaps,the units of the parameters may be changed. 4An
error detected during this process, which ie carried out by sub-
routine Convt, results in a message specifying the faulty data.

As already mentioned, in the case of data direct from the
storage file, the procedure is simplified by the fact that fewer
error checks are required,and also since no more than seventy lines
will be found in any record. Here, there is no need to check that
the line following the last one of a borehole record is a title,
gince the number of lines in a particular borechole is recorded in the
stored data.

C.2.4 Convt

Convt may only be accessed in the Geosys programme suite by
Store. Its primarly role is to convert the units of the parameters
which appear in data either being stored or already stored. It has
another important function which is that of checking the incoming
data for unacceptable codes. The two systems of units which may be
used in Geosys comprise Imperial and S.I. .

Is may be ascertained from Figure C.5, the first operation is
to set the conversion factors. These are set according to the input
units and whether or not a change is required. Conversion begins
with the depth, which appears on each line, and the user is advised
of the change being carried out. If any result camnot be converted
because of an error in the data an advice message is given. This
message includes the unexpected characters. Otherwise, after

conversion has been completed, command is then returned to Btore.
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Ce2.5 Read

The purpose of programme Read, shown in Figure C.6, is to act
as an interface between the data storage file and the output
routines. All the data in the file are read, but only those
fulfilling the requirements of the Option Specification may
become output. Further data selection is carried out by the
output routines which may include the production of contoured maps
performed by sub-routine Irend.

The data file is headed by the first borehole title line !
which is read, An error check, performed to emsure that each
expected title line is indeed such, consists of a detection of the
units code. An error found in the title results in a suitable
message and the execution is terminated. The presence of Imperial
units in the stored data prompts an advice message, since all the
headings printed by the output routines are for S.I. units. The Option
Specification is used to set up a reject code,which is then applied
to each borehole title and the data of those not fulfilling the
criteria are passed over. When a depth restriction is given in
the Option Specification, those lines not already rejected are then
tested for depth. If the data are then reguired, one of the output
routines is accessed. After processing of the data line~by-line
in this manner and the printing of the required output, control
passes out from the reading cycle and an advice message is printed
to show that the end of the file has been reached. At this point

Trend may be called to form contoured maps of parameters determined
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by one of the output routines Outp1 or Outp2.

C.2.6 Outpi

The mechanics of Outpl may‘ be ascertained from the flow
diagram reproduced in Figure C.7. On the first occasion that this
routine is called, a title and the column headings are written out.
The column headings are also given when new pages are subsequently
started. The search for laminated clay is only conducted within
data lines in which infrmation concerning strata is recorded. The
test for laminated clay is first attempted according to the basic
material description (see Table B.3). The presence of the
mnemonic code for Mlaminated" is also detected,but more care in the
interpretation of thismaterial is necessary (see Table B.l4).
Fach time a laminated clay layer is detected, the output line
comprises information about the depth of the mid-point below the
top of the boring, the depth of the mid-point with respect to the
datum, the thickness, the grid co-ordinates, and messages indicating
whether the bottom of the layer was penetrated, or whether the
co-ordinates and mid-point depth are to be later processed by Trend.
One further message may be printed out, since Trend may only process
up to 500 data sets. The programme Outp1 continues to operate
normally when more sets of co~ordinates are available for Trend,
but only the first 500 are actually processed.
C.2.7 Outp2.

The programme in Figure C.8 is the second of three which give
output from the stored data by means of Read. Read will sort
geotechnical data required by the Option Specification and Outp2 gives

certain information from the borehole titles.  Thus, the programme
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provides a quick and simple means of determining the identity,
exact location, dates of boring, height and depth of boreholes.
In addition, analysis of the height above the datum of the tops
of the geological sections can be performed by Trend to produce
contoured maps of the ground surface. Again, Trend may only
accept 500 sets of data points,so that,if this figure is exceeded, an
advice message is given and Irend only operates with the first
500 pointse.
C.2. 8 Qutp3

Outp3 is a data sorting and selection routine which takes data
from Read a data line-at-a~time and prints out relevant data found
in any particular line.

In this analysis, the operation of 92222 may be simplified
by dividing the procedure into the three elements shown in Figures
C.%9a, C.9b and C.9c. In essence, in part a the headings and
description formats are prepared. Part b is devoted to determining
the strata description and checking the data line for relevant
test results, and in section ¢ the depth, description and test
results are printed out. Outp3 utilizes object-time format in
the printing of strata description and other output. Thus, the
format, necessary to output data in a logical form, is derived
according to the needs of the data. This facility has resulted in
a flexible programme capable of handling material retained in the
storage file in several different forms.

The first part of the operation, shown in Figure C.9a, is only
performed on the first occasion that Outp? is called. In this

section the titles given during the Option Specification are written
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out and the page layout is determined to centralize the output.
Presuming that either some test results or some form of strata
description is required (otherwise only the borehole title
information is output), the format for the heading to appear at the
topsof the columns of tabulated sub-surface data is derived. This
heading is printed at the begimning of each new boring for the sub=
surface data and for each new page started in mid-borehole.

In the second portion of the progremme, shown in Figure C9b,
the data lines are checked for relevant test results, if such output
is required, when a description of the material tested has been
specified. The alternative mode of operation is to give a
description of the strata or water conditions and then to search
for incidental test results. With respect to the former, only
where relevant tests are found will the strata be described, whereas,
in the latter, each stratum,together with any possible water
conditions,will be described, and a check for test results is not
performed until this information has been output by the section
illustrated in Figure C.9c.

Taking here the case where only a description of material
tested,or no description at all, is required, then if the end of the
boring is not at hand, the stratum codés are re-set each time a
new stratum is encountered. The operation then continues by
checking the current data line for relevent test results through
accessing Outp3a. If this sub=routine determines that no such
information is present, control is then returned to Read. Otherwise,

when a description of the strata tested has been specified, the
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execution continues with its printing by the section given in Figure
C.9c. Thus, the description of the strata precedes the printing
of the test results.

For situations where a description of the strata and/or the
water conditions has been specified, then a change in the data
signifiea an accession of control directly to section ¢ (Fig.C.9¢c) for this
information to be written. Afterwards, any relevant test results
must be detected and ultimately printed by Outp3a in section b (Fig.C.10b).
When the bottom of the hole is indicated by the relevant code,

a message to record this depth is printed.

As already mentioned, the third portion of programme Outp3,
given in Figure C.9c,evaluates the strata codes, writes out the
borehole title headings, the depth of data below ground surface,and
the description of strata or materials tested and/or water conditions.
It has two modes of operation. Strata description may be printed
each time a new stratum is encountered or water condition ififormation
is available. Alternatively, a description may be given only where
test results are printed. First, the borehole title is written if
this has not already been done. This title is printed on a new
page when fewer than 10 lines are left on the old page. Assuming
data line informatiom is to be output, the headings are written and
then the type of boring and strata codes are evaluated if necessary.
The depth is then evaluated, and,if the bottom of a page has been
reached,a new page is started with appropriate headings. The
descriptioms of the data and/or the water conditions are then written.

If a check of the test results on the line being written has not
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already been made because the description of strata rather than
the material tested ha§ been specified, then control is returned to
section b, otherwise the operation to write the test results,if any
are present,is performed by accessing OutpZa. When no test results
are specified, control directly returns to Read; alternatively
this occurs after return from Outp3a.
C.2.9 OutpZa

Outp3a is only addressed by ggzgé,which uses it in the search
for stored geotechnical data from a particular test result and then
for printing such information. The results of tests required and
detected are interpreted and printed after the depth, type of
boring, and,if applicable, a description of the strata have been
output by Outp3. Object-time format is used extemsively in Outp3a
so that the output is organized while the test results and ensuing
codes are being derived. Since the test data may be stored in one
of a variety of forms, the use of object-time format obviates the
incorporation of many complicated format statements in the programme.

The searches for test results are carried out in the categories
given both in Figures 10a, 10b and 10c and below:
(1)  vene,penetration,or shear-box test;
(ii) sulphate analysis, moisture content, and limits;
(iii) drained and undrained triaxialj;
(iv) consolidation, compaction,and wet density;
(v) Uh's and tests; and
(vi) all test results.

Once the search path required by the Option Specification has
been located,the line is checked for relevent data and codes set

accordingly.
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When a needed test has been identified,and the appropriate code set,
control returns to Outp3 for the depth and other information to be
printed. After this operation has been completed,ggggzg is recalled so
that the output codes and format for the test results are derived
according to the data available. The rssults to be printed are
substituted into the output line, otherwise blanks are used to fill
unoccupied spaces. When the test results data have been written,
control returns to Outp3,which in turn returns it to Read so that
another line of stored data can be processede.

C.2.10  Number

This programme, illustrated in Figure C.11,is employed to
evaluate strings of numeric characters read from the data one at
a time. TIts presence in Geosys is necessary because of the possi-
bility of an unexpected non-numeric character in the input,halting
the exevution. Such errors could be very difficult to trace,
although in general they are insufficiently serious faults to
Justify more than a warning.

The number to be read may appear anywhere in the input field,
since blanks are scanned until a character is detected . This
character may be a decimal point, a minus sign, or a number, and an
error results from non-recognition. The process of examining each
character in the field in turn continues,and then the value is
assigned to the variable according to the minus sign, decimal point
and numeric characters detected. Should a blank be detected in the

middle of a number, or a minus sign appear anywhere but as the first
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character, or more than one decimal point be present, then an
error occurse
C.2.11 Check

The programme Check, shown schematically in Figure C.12,is
called by Info during literal Option Specification in order to
ensure that no question is left unanswered after three attempts.

A code is set the first time that a particular question is asked,
and it is incremented each time the same question is asked up to
three times,at which point an error message is written out and the
execution is terminated.

C.2.12 Swapf and C.2.13 Swapi

These two programmes, illustrated in Figure C.13,are used
for exchanging values in two registers. Swapf is used for floating
point numbers and Swapi for integers.

C.2.14 GQuest.

Quest, whose mode of operation may be ascertained from Figure
Ce14, reads answers to literal questions and matches the responses
to standard forms, then setting a code appropriately.

C.2.15 [Trend

This is a suite of programmes for plotting trend surfaces of
co-ordinate data from either Geosys or in the mamner described by
OtLeary et al. (1966). The operation of the programme is shown
diagrammatically in Figure C.15. TFor direct data read-in, that is
Main Option 4 of Geosys, the data parameter including the number of
data sets, the format of the co-ordinate data and the number of data
points are first read. These are checked by Range, and provided
that no error is detected, the co-ordinate data sets are then read in.

Should an error occur, a message is given and execution is terminated.
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In the next part of the programme, the plotting symbols are
generated and the matrices for determining the coefficients of the
required order equations derived and solved. After this, the
original date and residual values, error measures, and the equations
of surfaces are calculated. Next, the Link1 control cards are read
to govern the size and scale of the trend surface plots. These
input are checked by Range so that errors result in a message and
termination of the execution. Presuming that no errors are present,
the original data, residual values, errors measures and the
equations of the surfaces are written out. These are followed by
the titles for the maps so that the calculated trend surfaces
may be written out.

If original data or residual value plots are required, the
operation ontinues by the Link2 control cards being read. The
detection of an error by Range results in a message and termination
of the execution. ° The map titles are written next and then the
original data and residuals are evaluated and arranged in a suitable
order to be plotted on maps. The procedure then follows the same
path,whether residuals are required or not,so that,for data to be
read in directly (Geosys Main Option }4), more data is then accepted;

otherwise control is returned to Geoszs.
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