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The observational method is a powerful 
technique that can deliver substantial 
cost savings at an acceptable level of 

safety. It also enhances know ledge and under
standing in civil engineering and, yet, is signifi
cantly underused. 

Progressive modification offers a way forward. 
The observational method has specific objec
tives to deliver cost or time savings while main
taining an•acceptable level of safety. Applica
tion of the method was pioneered by Karl 
Terzaghi and the principles were formally set 

down by Peck in his 1969 Rankine lecture.1 He 
provides an excellent basis to understand the 
overall philosophy and essential requirements. 
Peck introduced two broad types of applica
tion: ab initio and "best way out." The former 
are those where use of the observational 
method is envisioned from the start of a project, 
while the latter would be typified by an unex
pected and unacceptable development during 
construction. Peck noted the limitations of the 
method but also asserted that its full potential 
was far from being realized. In 1985 he rein
forced his concern about the misuse of the 
method while, at the same time, identifying it 
as one of the most powerful weapons in the 
civil engineering arsel.)al.2 He presented four 
recent case histories of the observational 
method featuring the development and imple
mentation of the progressive modification ap
proach.3 It is inherently flexible and may apply 
to either type of application that were identi
fied by Peck.1 

Application by progressive modificationen
ables technical or contractual constraints to be 
addressed and allays the concerns of associ
ated risks to all parties involved in the project. 
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Such constraints have prevented wider and 
more frequent application of the observational 
method. Progressive modification thus offers 
the opportunity for greater use of the method 
as illustrated herein by four case histories. 

Peck set out eight steps as ingredients for a 
full application of the observational method.1 

Within these steps he emphasized the impor
tance of geology, the need to assess the most 
probable conditions and the most unfavorable 
conceivable deviations from these conditions. 
Advance planning is essential to deal with 
every foreseeable significant deviation from 
the expected (most probable) conditions. In 
this context careful judgment is required since 
no one has perfect forward vision. In a recent 
paper, Peck cautions about unexpected risks, 
which, in turn, underlines the need for robust
ness and flexibility.4 Progressive modification 
strongly combines both these needs to mini
mize risks and maximize opportunities. 

The observational method requires more de
sign input than the conventional approach 
where a single fixed design is developed. As a 
minimum, a base case design is required along 
with contingent designs to address adverse 
variations identified during construction. 
Peck's base case desi?1; was based on most 
probable conditions. These conditions -
which relate to the nature, pattern and proper
ties of the deposits involved - were carefully 
judged on the most reasonable interpretation 
of the subsurface conditions. In the progressive 
modification approach, all relevant informa
tion is progressively synthesized through a 
feedback loop. Thus, it is the overall perform
ance that is being measured and evaluated, in
cluding soil/ structure interaction, construc
tion methods, communication and teamwork. 
With progressive modification, the objective is 
to sequentially make design changes during 
construction that can result in cost or time sav
ings. Even though this method requires addi
tional design work, itis specifically directed at 
maximizing overall project benefits. 

The design process will involve the evalua
tion of less conservative design parameters 
than normal, including judgment of the less 
quantifiable factors (such as non-linear, three
dimensional and time-dependent effects). The 
assessment of such factors may be usefully 
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aided by powerful analytical tools such as fi
nite element or finite difference methods. 
However, analysis cannot supplant judg
ment.5,6 Possible modes of failure must be as
sessed carefully and appropriately controlled 
- particularly those of a sudden or brittle na
ture, or those that could lead to progressive col
lapse. It is a fundamental element of the obser
vational method to overcome the limitations of 
conventional design by evaluating feedback 
from actual conditions. The actual conditions 
will necessarily embrace the less quantifiable 
factors noted above. 

Although it is essential to assess the poten
tial influence of such factors, to start on-site 
with a design based on any beneficial effect re
lating to those factors may be inappropriate or 
unacceptable. Proposals to make design 
changes, particularly during construction, 
naturally raise concerns. Typically, these 
changes are expressed in terms of factors of 
safety, levels of risk and time requirements. A 
design based on the most probable conditions 
may fuel these concerns and it is usually more 
appropriate to start construction with a more 
conservative design - one that satisfies the 
safety concerns of all parties involved. Doing 
so provides the advantage of applying progres
sive modification, where design changes are· 
introduced sequentially with regard to the ac
tual conditions at the site. 

The assessment of the most probable condi
tions is important since it can reveal the range 
of conservatism a:nd the potential for savings. 
However, since construction and observational 
feedback have yet to occur such an assessment 
must rely on judgment. If the assessment is 
conservative, then greater savings may be 
achievable that progressive modification can 
then realize. If this judgment is unconservative, 
then by starting, as noted, with an acceptably 
conservative design the need to implement 
contingency measures is much less likely and 
more controllable. The progressive modifica
tion approach can operate in either direction 
and it offers optimum savings from sequential 
design changes or minimization or avoidance 
of contingency measures. The fee9-back loop 
from observations ensures that decisions are 
made with a maximum of relevant information 
from actual performance during construction. 



The Progressive 
Modification Approach 
The observational method focuses on design 
changes during construction and establishes a 
framework for the management of the associ
ated risk. Therefore, it is natural for concerns to 
be expressed regarding safety and certainty, 
Modern constructi.on practice emphasizes the 
team approach? There may be significant po
litical factors and environmental issues to be 
considered. To satisfy all relevant parties re
garding safety and to demonstrate project 
maintenance have become prerequisites in de
sign and construction. Safety is essential and a 
high degree of certainty in project performance 
and schedule is generally required. 

It is unfortunate that the observational 
method may be inappropriately associated 
with uncomfortably low safety margins, which 
are coupled with the uncertainty of the cost and 
delay of contingency measures. Such percep
tions may eliminate the opportunity to apply 
the method. Application through progressive 
modification addresses these concerns. The ba
sis of the approach is as follows: 

• Commence construction with a design 
providing an acceptable level of risk to all 
stakeholders; 

• Maintain or improve the acceptable level 
of safety; and, 

• Implement each change from a position of 
established safety through incremental 
steps of monitored and demonstrable ac
ceptable performance. 

This philosophy is idealized in Figure 1. The 
vertical plane at O represents the current state 
of knowledge. A relationship between risk and 
cost is shown by the curve through BAC. The 
line AD1 is a lin~ of constant risk and reducing 
cost that represents an acceptable level of safety 
to all parties. The point C represents a very con
servative/high cost situation, while B repre
sents one of high risk and unacceptable safety. 
For this illustration, point B would be associ
ated with low cost, or the inadequate provision 
of resources. Construction situations some
times occur in the AB zone and need corrective 
actions. These situations are typified by "best 

Increasing 
Knowledge 

Risk 

FIGURE 1. The observational method -
knowledge, risk and cost. 

way out" applications of the observational 
method. The line BD2 would indicate a "best 
way out" application with D2 representing the 
extra cost of correcting the situation. However, 
construction should lie in the AC zone with a 
good potential to save cost. Whether this po
tential can be realized by progressive modifica
tion depends on the quality of observational 
feedback to demonstrate adherence to the ac
ceptable safety level, the flexibility to imple
ment incremental design changes and whether 
the benefits outweigh the additional costs in
curred by implementation of the method. 

Most potential for savings occurs during con
struction and relates to temporary works or se
quencing, although substantial savings may 
also be relevant to permanent construction par
ticularly by avoidance of major protective 
works. 

For three of the case histories presented here 
- the Channel Tunnel, Limehouse Link and the 
Heathrow Cofferdam - progressive modifica
tion delivered savings by design improvements 
(i.e., along a CD1 type line). The principal objec
tive, within a demonstrably safe framework, 
was to introduce design changes to save time 
and costs. The Mansion House case history 
presents a different scenario. Since that case 
represents a "best way out" application, the 
whole focus was on re-establishing the confi
dence of the building owners by a clear control 
of safety. The key requirement was to avoid 
damage to the building. The progressive ap
proach enabled the maintenance of an accept
able level of safety to be demonstrated, with the 
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FIGURE 2. Layout of the Channel Tunnel surface works - Castle Hill East to Sugarloaf Hill. 

ideal being the avoidance of any contingency 
measures. In a "best way out" application, 
these contingencies would constitute design 
modifications. If implemented, they would in
evitably involve cost and time penalties but 
would be necessary to maintain the acceptable 
level of safety. The overall benefit in "best way 
out" situations by progressive modification is to 
avoid implementing design changes too early 
(i.e., without sufficient knowledge). Such prema
ture changes may also adversely affect safety -
the cure being worse than the complaint - or at 
best cause unnecessary cost or delay. 

Channel Tunnel Construction 
The observational method was used to reduce 
the amount of structural steelwork used for 
temporary strutting of the contiguous piled 
walls at three separate locations with similar 
ground conditions. The method was initiated 
at Castle Hill East and proceeded with substan- · 
tially increasing benefits as a progressive modi
fication application at Sugarloaf Hill and then 
at Castle Hill West. 

Geology. The two site areas at Castle Hill 
West and Holywell are located on gently slop-

90 CIVIL ENGINEERING PRACTICE FALL/WINTER 1998 

ing ground at the base of the escarpment of the 
North Downs. Three short valleys, or coombes, 
cut into the scarp isolating Castle Hill, Round 
Hill and Sugarloaf Hill (see Figure 2). The es
carpment, which has a slope of about 1:3, con
sists of Lower Chalk capped by the harder ba
sal bed of the Middle Chalk. The Lower Chalk, 
the Glauconitic marl and the Gault Clay out
crop in succession below the escarpment. The 
regional dip is about one degree to the 
northeast, although this dip may increase near 
to the escarpment due to stress relief. The Gault 
Clay is heavily over-consolidated and of high 
plasticity. Although this clay is generally very 
stiff or hard, weathering has substantially re
duced its strength at the surface. It has a history 
of instability at outcrops. 

Groundwater levels within the cooml;>e ar
eas are maintained close to ground level by in
filtration from the base of the chalk escarp
ment. Springs occur at the base of the scarp 
along the line of the outcrop of the Glauconitic 
marl. 

The Castle Hill West site lies within a mass of 
displaced Chalk marl underlain by the Gault 
Clay. This clay has a very low sliding resistance 



along pre-sheared surfaces that can exist 
within the stratum due to tectonic action, or as 
a consequence of differential stress relief at the 
base of hills. Such weakness has resulted in a 
landslip failure at Castle Hill West about 10,000 
years ago. The site has been essentially stable in 
modern conditions.8 

Implementation of Strutting Changes. All of the 
vertically retained cut used permanent walls 
formed with contiguous reinforced concrete 
bored piles. Railway alignment and construc
tional requirements created a wide variety of 
geometrical arrangements for these walls. The 
geometry was generally rectilinear but also in
cluded circular shafts to act as reception cham
bers for the tunnel boring machines (TBMs) at 
Sugarloaf Hill. 

The piling subcontract started in May 1988 
at Castle Hill East, followed by Sugarloaf Hill 
and completion at Castle Hill West. Bulk exca
vation and construction of the cut-and-cover 
tunnels followed in the same sequence, starting 
at Castle Hill East in June 1988. Monitoring tri
als to initiate the observational method took 
place at Castle Hill East in July 1988. The last 
phase of the method was started at Castle Hill 
West in May 1989. There were various design 
uncertainties that included: 

• Ground conditions (particularly the Gault 
Clay and its tendency to soften and swell 
during the construction period); 

• Escarpment stability; and, 
• Lateral loading and influence of construc

tion methods and sequences. 

In addition to the above, there were also 
limitations on the depth of piled wall embed
ment to minimize differential settlements af
fecting the railway tolerances, as well as a lack 
of useful case data. 

Castle Hill East. Tunneling that used the New 
Australian Tunneling Method (NATM) was 
conducted through Castle Hill from east to 
west, concentrating construction activity 
through the cut-and-cover portals at Castle Hill 
East. Reduction of temporary strutting to the 
contiguous piled walls offered three advan
tages: material savings, less constricted work
ing space and time savings. The original design 
was implemented at Castle Hill East (see 

Original 
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FIGURE 3. Typical arrangement for the strut
ted wall for Castle Hill East. 

Figure 3). The design called for bottom-up con
struction with three levels of temporary strut
ting. Excavation commenced with the service 
· tunnel, which was followed by the south and 
then the north running tunnels. It was not until 
the installation of the temporary strutting for the 
service tunnel piles that the potential for reduc
tion was seriously considered. The implementa
tion of the observational method through pro
gressive modification began with a preliminary 
assessment of the ground conditions and load
ings, which involved the visual inspection of the 
ground during excavation, as well as measure
ments of strut loads and wall deflections. 

To justify reductions in strutting, a less con- . 
servative design was developed. It exploited 
the short-term soil strengths but was kept to a 
simple plane strain analysis. Although extra 
margins of safety would also arise from the 
three-dimensional effects of soil arching, no de
pendence was placed on this. An initial need in 
progressive modification is to establish an ac
ceptable basis to implement the method. This 
evaluation must identify adequate savings 
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while maintaining safety. The first objective 
was to eliminate the bottom row of struts. 
Mixed total and effective stress analysis was 
applied.3 Based on the parameters shown in 
Figure 3, the analysis indicated the possibility 
of eliminating the bottom strut by using the 
short-term passive pressure. With only the top 
strut in place, the factor of safety was only 1.3. 
This factor is very low for mixed analysis, par
ticularly using full passive pressure on short 
embedment lengths (placing the design out
side normal guidelines and practice). 

In the assessment of the effects of the most 
unfavorable conditions, the magnitude and na
ture of the passive support were critical. The 
magnitude would be dependent on the influ
ence of fissuring and the rate of softening and 
dissipation of negative porewater pressures, 
which was addressed by rapid excavation and 
protection by a concrete mud mat. In highly 
overconsolidated clays, the stress path in verti
cal unloading leads to limiting passive failure. 
Therefore, large lateral wall movements are not 
needed to mobilize high passive support. Brit
tle response had to be avoided, which was ad
dressed by limiting wall deflections to keep soil 
strains low. Measurements of wall movements 
and back-analysis of strut loads indicated aver
age soil strains of less than 0.2 percent. A case 
could also be made for a ductile rather than brit
tle deformation response for the passive sup
port, particularly under very short-term total 
stress conditions. However, there were no bene
ficial secondary aspects. Strict limitations were 
placed on construction times for the excavation 
al,'ld creation of permanent lateral support at for
mation level. To ease the time pressure on con
struction of the base slab, early support was pro
vided by an enhanced mud mat. 

· Progressive failure was avoided by: 

• Tension members placed at the level of the 
top struts to control rotation about the 
mid-height struts; and, 

• The length of a bay during excavation 
open to formation level being limited and 
the mud mat cast sequentially in 5-meter 
lengths. 

Any modification of the design for significant 
adverse deviations from the predicted observa-
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tions called for installing a bottom strut if wall 
movements were greater than expected, and 
extending bay lengths if wall movements were 
less than expected. 

The control criteria were strut loads and wall 
movements, the · latter being considered the 
most critical. Measured strut loads remained 
very low and generally never exceeded 15 
percent of their design capacity. Wall move
ments were monitored by simple, straightfor
ward observations using a tape extensometer 
and theodolite. Measured movements re
mained consistently well below the control 
maximum of 15 millimeters, being generally in 
the range of 3 to 7 millimeters. 

Observations also indicated that it would be 
possible to modify the design by relaxing the 
constraint on bay lengths. However, this bene
fit was not realized at Castle Hill East since con
struction was too advanced before the observa
tional method was introduced. The reduction 
in temporary steelwork achieved was around 
20 percent, or about 250 metric tons (tonnes). 

Sugarloaf Hill. To maximize benefit from the 
observational method at this location, the de
sign of the permanent works was changed 
from bottom-up to top-down construction. 
This change offered two main advantages. 
First, the roof slab eliminated the need for one 
level of struts. Second, and more important, it 
helped to address the problem of the worst
case scenario by providing a moment connec
tion with the walls during the critical excava
tion phase to formation level-essentially con
verting the risk of progressive collapse with 
longer bay lengths to that of limited structural 
overstress. 

The basis of the application of the observa
tional method was similar to that established at 
Castle Hill East. The original three levels of 
steelwork were reduced to one level at mid
height. This level was placed only in the most 
heavily loaded sections of the tunnel, adjacent 
to the circular shafts. A 60 percent reduction in 
the amount of the temporary steelwork was 
achieved, producing combined savings (with 
Castle Hill East) to over 700 tonnes. The success 
was reflected in an increasing rapport between 
the design and construction teams. This rap
port was very evident on-site since the benefits 
were much greater than the basic material sav-



FIGURE 4. Cut-and-cov~r construction at Castle Hill West. 

ing in temporary steelwork. Less steelwork to . 
erect and remove provided clear working 
space, which led to an increased speed of con
struction. Moreover, safer working conditions 
were created since the need to maneuver the 
heavy sections in confined spaces was reduced. 

Castle Hill West. The success of the observa
tional method at Castle Hill East and Sugar 
Loaf Hill emphasized its potential for applica
tion at Castle Hill West. Although top-down 
construction had been incorporated in the 
original design, the amount of temporary strut
ting required was substantial. Its design and in
stallation was complicated by the variable ge
ometry and large spans (see Figure 4). The 
landslip conditions also introduced additional 
soil strength and loading uncertainties. The 
low factor of safety of the slip required careful 
control of ground movements. The landslip 
consisted of an upper mass (in an active state), 
which rested against the passive lower zone 
(see Figures 5 and 6). Normal design criteria for 
the lateral loading of excavations do not cover 
this situation. The estimated landslip loading 
of 200 kN / m2 was more than twice that de
rived from Terzaghi-Peck envelopes for an ex
cavation depth of 15 meters. Moreover, a prin-

cipal factor in the previous applicationi:i of the 
observational method had been the exploita
tion of short-term soil strength by faster con
struction. Although such advantages were not 
eliminated by the landslip, three-dimensional 
effects needed extra consideration. 

Excavation was started in short bay lengths 
(5 meters) in the least-loaded areas at the west 

FIGURE 5. Castle Hill West plan. 
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FIGURE 6. Castle Hill West (Section A-A). 

end of the cut-and-cover. One level of mid
height temporary steel strutting was used ini
tially, similar to the procedure used at Sugar
loaf Hill. Satisfactory observations led to the 
bay length being increased to 10 meters. Work 
was then started in the eastern section adjacent 
to the portals with the bored tunnels. This sec
tion lay in the zone of highest lateral load in the 
landslip. Again, only one level of temporary 
steel strutting was used. With the base slab 
constructed at either end, it was finally possi
ble to complete the large central area with no 
temporary steel strutting. The original require
ment of 2,250 tonnes of temporary steelwork at 
the outline design stage was reduced to a final 
amount of 280 tonnes, 
bringing direct savings in 
materials for the cut-and
cover works overall to about 
2,700 tonnes. 

The Mansion House 
The extension of the Dock
lands Light Railway (DLR) 
from London's Tower Hill to 
Bank Station required a 
range of bored tunneling 
works to be undertaken be
neath the Mansion House .. 
This imposing masonry 
building (see Figure 7) is the 
official residence of the Lord 
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historical heritage site. The building in its origi
nal form was built over the period 1735-1753 to 
the design of George Dance the Elder. Since 
then, it has been subject to extensive modifica
tions, including major structural alterations. 
Much of this work related to, or affected, the 
foundations. Construction of tunnels for the 
London Underground Central Line, which 
started in 1901, led to some substantial under
pinning at the northern end of the building. 
The present building, measuring about 60 
meters by 30 meters in plan, consists generally 
of five stories, which includes a vaulted ma
sonry arch basement under the northern two
thirds. 

Mayor of London and an FIGURE 7. Mansion House, north and west elevations. 
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The first phase of the DLR tunnelling had re
quired the construction of a small-diameter 
passenger link tunnel directly beneath the 
building (see Figures 8 to 10). The construction 
of the extension to the DLR required the ap
proval of the City Engineer before tunneling 
within the zone of influence of the Mansion 
House could be started. In mid-1989, concern 
for the risk of unacceptable damage arose 
when the settlement trend above this first tun
nel appeared to be exceeding the long-term 
prediction. All remaining tunneling within the 
zone of influence was halted, pending detailed 
evaluation of the implications to the building. 
Prior to the proposal to use the observational 
method, a wide range of alternative methods 
had been considered to protect the building 
before starting tunneling operations. These al
ternatives could be classed into categories de
pending on the means of protection: 

• Shielding the foundations of the building 
from the imposed settlement trough from 
tunneling by formation of a structural cur
tain wall; 

• Localized foundation strengthening, such 

(' 
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FIGURE 8. Predicted short-term settlement 
contours (in millimeters) for the overrun tun
nel and the step-plate junction. 

as underpinning and ground treatment; 
• Building strengthening, such as a system 

of structural ties; 
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FIGURE 9. Tunneling works beneath Mansion House. Dates of construction are in parentheses. 
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FIGURE 10. Mansion House: new tunnels 
within the zone of influence and electrolevels 
on the structure. 

• Elimination of the settlement effects on 
the building by compensation grouting; 
and, 

• Complete underpinning of the building 
combined with a global jacking system to 
compensatefor the imposed settlements. 

All of these preventative methods intro
duced new risks of damage to the building and 
involved substantial cost and delay. At the re
quest of the DLR, a review team was formed to 
undertake an independent assessment. This 
team reported to the project director of the DLR 
and to the City Engineer and his consultants. 
The objective was to develop a solution based 
on the least risk to the building and prevention 
of any unacceptable damage. This assessment 
led to the adoption of the observational 
method using progressive modification. 

Implementation. The application of the obser
vational method guided the overall approach 
to minimize the risk of damage to the Mansion 
House.9 It established a procedural system to 
limit this risk to an acceptably low level. The 
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approach required approval by all parties and 
involved a very low level of risk of damage to 
the building that could be demonstrated and 
controlled. A progressive approach was 
adopted wherein design changes would be im
plemented if necessary to control the level of 
risk. Construction of the DLR tunnels was well 
advanced and, in Peck's terminology, it was a 
"best way out" application. 

However, it was necessary to consider the 
long-term implications as well as short-term ef
fects. Thus, comprehensive assurance of safety 
was required. The observational method was 
implemented. An assessment of the building 
and its foundation conditions was undertaken 
(including a detailed condition survey and a 
comprehensive review of historical records). 
Detailed consultations were made with the 
main contractor to review tunneling methods 
and performance. Particular attention was 
given to the sequence of tunneling and the level 
of risk relating to each of the remaining three 
phases. The potential for realignment was lim
ited to the Central Line passenger link tunnel. 
This tunnel was relocated, leaving only the 
overrun tunnel and the step-plate junction 
within the contractual zone of influence. 

The most probable conditions were rela
tively straightforward to assess for the tunne
ling operations but were far more complex for 
the Mansion House and its foundations. The 
latter assessment was based on historical infor
mation and the current condition of the build
ing. The most unfavorable conceivable devia
tions from these conditions involved higher 
volume losses from tunneling and an undue 
sensitivity of the building to settlement. In par
ticular, deviations would indicate planes of 
weakness developing in the masonry structure 
and a response to settlement being induced in a 
bending rather than shear mode of deforma
tion.10 

Predicted surface settlements were based on 
· greenfield conditions.11 An assessment of the 
behavior of the building anticipated, under the 
most probable conditions indicated, an ac
ceptably low level of risk of damage. The main 
response was expected to be in free-body rota
tion. The response, if any, to deformation in
volving the initiation or development of cracks 
was predicted to be in a shear mode (in accor-



dance with the criteria given by Boscardin and 
Cording10). 

The primary requirement was to monitor 
and record the detailed deformation response 
of the building. The principal system of instru
mentation used to obtain these observations 
was carefully selected arrays of horizontally 
and vertically aligned electrolevels, which 
were supplemented by precise leveling. The 
electrolevels had a range of± 3 degrees, with a 
resolution of one second of arc. They per
formed to a repeatability of 2.5 seconds of arc, 
enabling the system to record slope changes to 
an accuracy of the order of 1 in 80,000. 

In total, 101 electrolevels were attached to 
the building, with 55 in the basement in four · 
horizontal strings. Each of these beam
mounted electrolevels recorded changes in 
slope between adjacent reference pins set about 
3 meters apart. The other 46 electrolevels were 
fixed individually in vertical lines to the exter
nal faces of seven of the principal masonry col
umns at the north end of the building. Subsur
face instrumentation also included horizontal 
and vertical strings of electrolevels installed in 
inclinometer tubes. These instruments moni
tored ground movements and provided a use
ful correlation with any tunneling-induced ef
fects detected in the building. Secondary 
instrumentation included a water-leveling sys
tem and spatial surveys. Details of the instru
mentation, its performance and interpretation 
of the readings are given by Forbes, Bassett and 
Latham12 and Price, Longworth and Sulli
van.13 

The calculation of values for the most unfa
vorable conditions involved higher volume 
losses from tunneling and, therefore, greater 
settlements. The overall soil-structure interac
tion was extremely complex. It was, therefore, 
considered inappropriate to use powerful ana
lytical techniques to model both the ground 
and the building, particularly as a basis for im
plementing protective measures: there were 
too many significant unknowns for such an at
tempt to predict the actual building response to 
be reliable. (Burland et al. provide apt com
ments in this regard.6) It was felt that the se
quential approach to the tunneling operations 
in the zone of influence would create accumu
lative effects. The objective was to maintain the 

risk at an acceptably low level through each 
phase of tunneling. Figure 11 presents an out
line of risks and responses. The overrun tunnel, 
which was the phase presenting the lowest 
risk, was the first undertaken. 

Trigger levels were set to initiate specific 
contingency measures. The two trigger levels 
related to the boundaries marked negligible 
and very slight risk of damage to the building. 
These boundaries were obtained by considera
tion of both angular distortion and horizontal 
tensile strain (see Figure 12). The latter was 
relevant because the building was theoretically 
subjected to a hogging deformation on the limb 
of the settlement trough. With the risk level tak
ing account of both effects, it was considered 
necessary and, indeed, practical to monitor the 
angular d.istortion. Thus, three zones of risk 
levels were established with trigger levels set 
for angular distortions of 1 in 2,000 and 1 in 
1,000. These levels were the set criteria against 
which the performance monitoring and risk as
sessment would be judged, as shown in the 
flow chart in Figure 11. This chart focuses on 
the response of the building to tunneling and 
the associated actions to maintain an accept
able level of safety. The first zone up to the first 
trigger level of a measured deformation of 1 in 
2,000 meant that tunneling could proceed as 
anticipated. The second zone, between the trig
ger levels of 1 in 2,000 and 1 in 1,000, initiated 
performing more frequent reporting and con
dition surveys of the building. If the observa
tions were ~atisfactory, the next phase of tunne
ling could proceed in sequence. The third zone, 
beyond a deformation of 1 in 1,000, meant the 
suspension of the next phase of tunneling, 
pending comprehensive assessment of the ef
fects on the building and the possibility of in
stalling one or more of a range of preventative 
measures. These works comprised various 
forms of underpinning and ground treatment, 
including compensation grouting and struc
tural strengthening. 

In addition to these sequentially invoked 
contingencies, the ability to install emergency 
strengthening in the form of steel ties was as
sessed. Such strengthening had already been 
installed at the southern end of the building 
during Victorian times. Should any preventa
tive works have been required, the instrumen-
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FIGURE 11. Flow chart for risk levels and responses. 

tation would have been used to monitor its in
stallation and performance. 

Results. Tunneling was completed without 
further delay in the sequence proposed. The 
measured settlements remained well within 
predicted values. The deformation of the build
ing was very low, with angular distortion not 
exceeding 1 in 7,000. The maximum recorded 
settlement at the northwest corner of the build
ing ( up to February 1991) was 20 millimeters, of 
which less than half was assessed as attribut
able to short-term tunneling effects. A signifi-
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cant component of the settlement was accom
modated in free-body rotation as predicted. No 
damage to the building associated with the re
maining three phases of tunneling was evident. 
Checks to ascertain whether there · was any 

· damage involved detailed condition surveys, 
including analytical photogrammetry. The lat
ter method was used to detect any effects to the 
barrel-vaulted roof that forms the ceiling of the 
ballroom. Located at the northern end of the 
building, it was likely to be very sensitive to 
differential settlement. Analytical photo-



grammetry would have 
revealed even small ex
tens ions to existing 
cracks. None were noted. b 

3 
The electrolevel sys- -~ 

tern performed particu- i ' 
larly well.It was very sen- l 
sitive and yet robust and £ 
reliable. The high degree 
of accuracy proved most 
effective in identifying 
the shorHerm tunneling
induced response sepa
rately from ongoing back
ground effects, which 

From Ref. 10 

•- Data From Tuniiels & Open Cuts 

■-- Data From Mines 

Angular Distortion (x10'3
) 

Trigger Trigger 
level Level 

was important in assess-
ing any associated risk to FIGURE 12. The relationship of damage to angular distortion and 
the building. The ongoing horizontal extension strain. 
global settlement trend 
was causing free-body settlement of the Man
sion House and as such did not present a risk of 
damage to the structure or fabric of the build
ing. 

It had been possible - through the applica
tion of the observational method on a progres
sive basis - to show that the risk of damage 
was maintained below acceptable limits and 
that the safety of the building was assured. The 
substantial costs and delays in implementing 
major protective works to the foundations 
were also avoided. The estimate for the curtain 
wall was £3 ($4.9) million, and that for the full 
underpinning scheme was £13 ($21.3) mil
lion.14 

Limehouse Link 
Limehouse Link is a major cut-and-cover high
way tunnel in London's Docklands. For this 
project, the observational method was princi
pally used to eliminate the substantial tempo
rary steel strutting system to the diaphragm 
walls.15 It was used in conjunction with an
other powerful technique- that of value engi
neering. 

The £250 ($410) million project involved 
complex subsurface construction in a con
gested urban site with significant physical, en
vironmental and planning constraints. Work 
started on-site in November 1989 but soon en
countered problems that caused delay and in
creased costs. A change order between the 

owner and the contractor was subsequently ne
gotiated. This agreement included the addition 
of a value engineering clause to the contract in 
March 1991. Value engineering is directed at 
the enhancement of value.16,17 It has been de-
fined as" a creative, organized approach whose 
objective is to optimize cost and/ or perform
ance of a facility or system." Its strong synergy 
with the observational method is evident.18 

The inclusion of the value engineering 
clause facilitated the introduction of the obser-
vational method, thus creating major opportu
nities to introduce design changes that in
creased the speed of construction and provided 
substantial cost savings. Operational safety 
was also enhanced. The principal need was to 
reduce delay to construction. In this sense, it 
was a "best way out" application. However, al
though substantial, the nature of the temporary 
strutting was not unique. The total tonnage 
basically reflected the scale and complexity of 
the project. Case history data for construction 
under such conditions was limited and inade
quate for providing comprehensive confidence 
to start on-site directly with a design based on 
most probable conditions (i.e., with no mid
height struts). The application through pro
gressive modification was similar to that devel
oped for the Channel Tunnel cut-and-cover 
construction and advantageously drew upon 
the progress achieved there. Analogous con
ceptual aspects also applied on this project, 
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FIGURE 13. Limehouse Link cross section (top-down construction). 

particularly those relating to possible failure 
modes, including brittle behavior. 

Ground Conditions. The ground conditions 
were variable and challenging, with a high wa
ter table and the presence of major obstruc
tions. The surficial soils consist of man-made 
fill and alluvium above River Terrace Gravels. 
These overlie the London Clay, Woolwich and 
Reading Beds, and Thanet Sands. The materi
als near the surface are highly variable but es
sentially relatively weak soils. The Terrace 
Gravels are typically medium dense or dense, 
well-graded and sandy. The London Clay is 
over-consolidated and of high plasticity. It is 
firm, becoming stiff to very stiff with depth. 
The Woolwich and Reading Beds are variable. 
They consist primarily of over-consolidated 
silty clays and clayey silts but with some dis
crete more permeable sandy layers. The clays 
vary from low to high plasticity. They also in
clude harder strata and, in places, limestone 
boulders. Groundwater is found about 5 
meters below ground level in the superficial 
soils. At depth, piezometric pressures have 
been affected by under-drainage to the Chalk 
beneath the Thanet Sands. The effect is detect-
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able first in the more permeable strata of the 
Woolwich and Reading Beds. The relative loca
tion bf the tunnel with respect to a typical soil 
profile is shown in Figure 13. There were also 
numerous major obstructions, including mass 
and reinforced concrete and heavy timber pil
ing. Further details of the ground conditions 
are given by Stevenson and De Moor.19 

The observational method was also imple'
mented in an attempt to eliminate the mid
height struts to the deep steel piled cofferdam 
in Limehouse Basin. Success was only partial: 
the requirements for control and level of risk 
for full application of the method were consid
ered too onerous if they were put into practice. 
For this project, the progressive modification 
approach was extended beyond its useful limit, 
although it did prove possible to improve the 
construction sequence and reduce embedment 
depths of the sheet piling by more than 80 
percent. This reduction delivered cost and time 
savings, together with a substantial environ-
mental benefit.15 · 

Implementation. The observational method 
was introduced on a progressive basis through 
a carefully controlled, predetermined sequence 



of operations designed to 
demonstrate and maintain 
an assurance of safety at all 
times. Initial analytical mod
eling indicated the possibil
ity of removing the tempo
rary mid-height struts. The 
next stage was a full-scale 
trial that demonstrated that 
the massive steel tube struts 
(1,200 millimeters in diame
ter and weighing up to 30 
tonnes), as well as the associ
ated waling system, could 
be safely eliminated (see 
Figure 14). Beyond the mate
rial savings, there were the 
advantages of greatly in
creased speed, flexibility 
and safety of construction. 
Excavation, with no struts, 
could be faster and more 
economical with larger ma
chines. Ease of steel-fixing 
and concreting was also en
hanced without having 
struts overhead. Operations FIGURE 14. Strutting trial at Ropemakers Field. 
were safer, since there was 
no longer a requirement to install, dismantle, 
move and re-erect the heavy bracing system in 
the confined space beneath the roof slab. Im
plementation was extended to a total of nine 
excavation fronts along the 1.7-kilometer tun
nel, including two in Limehouse Basin.· 

The feedback from the observations allowed 
the soil-structure model to be refined, 
permitting further modifications to the con-

millimeter thickness, thereby saving excava
tion and concrete. 

The material success at Limehouse Link 
amounted to a saving of nearly 5,000 tonnes. 
This saving comprised 5,400 meters of tempo
rary strutting and 2,700 meters of associated 
walings. Instead of being significantly delayed, 
the project was completed five and a half 
months ahead of schedule. 

struction process. Initially, excavation was Heathrow Cofferdam 
taken forward in short sections of 3 to 4 meters 
per day with an enhanced mud slab 300 
millimeters thick, which was cast in the late af
ternoon. This slab provided an extra safeguard 
in concert with the three-dimensional effects of 
soil arching. Without the struts, excavation 
proceeded faster, thereby increasing the daily 
length of excavation. Observations were com
pared with those of previous sections and 
when the results were found to be satisfactory, 
the modification was adopted. The need for the 
enhanced mud mat was similarly investigated 
and enabled its reduction to a standard 100-

The Heathrow Express (HEX) Rail Link will 
substantially improve connections between 
Heathrow Airport and Central London by 
providing a 15-minute connection from Pad
dington (see Figure 15). HEX is a privately 
owned project funded by BAA. It was fully op-

. erational by mid~1998 and partial service was 
initiated to the periphery of the airport in 
January 1998. 

Collapse of the Central Terminal Area (CTA) 
station tunnels occurred during construction 
on October 21, 1994. Fortunately, there was no 
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loss of life nor were there any injuries, but there 
was substantial damage to the works and cer
tain adjacent structures. The potential delay to 
the project at this stage was estimated 'to be on 
the order of eighteen months. An important 
early decision in the recovery strategy was the 
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· FIGURE 16. Circular cofferdam option. 
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formation of a "Solutions Team," drawn from 
the main stake-holders of the project. 

The task of the Solutions Team was to iden
tify and establish the basis for a recovery solu-

. tion regarding all tunneling work, especially 
that involving sprayed concrete linings (SCL). 
A particular focus for the Solutions Team was 
the CTA where the collapse occurred. The key 
element in the recovery solution for the CTA 
was the large circular cofferdam (see Figures 16 
and 17). The design had to address criteria that 
included substantially disturbed ground, wa
ter filled voids, major obstructions, and signifi
cant spatial and environmental constraints. 
Apart from the collapsed tunnels, other ob
structions were mass and reinforced concrete 
and a large buried construction plant. A clear 
risk management strategy was developed to 
address worst credible ground conditions by 
incorporating appropriate contingency plans. 

Following careful probing and ground stabi
lization measures, 182 secant piles were in
stalled to form the outer ring. These large bored 
piles were 40 meters long and reduce in diame
ter at a depth of 20 meters to continue as indi
vidual ("contiguous") piles. Permanent lateral 
support is provided by reinforced concrete 
rings cast directly against the piles in sequence 
with cycles of excavation. 

The ground and structure were comprehen
sively monitored with a range of instrumenta
tion including electrolevels, piezometers, ex-

tens omete rs, strain 
gauges and precise spa
tial survey. The 255 bored 
piles for the -base slab 
were installed during 
July 1996 and construc
tion of the base slab was 
completed by September 
1996. 

Central to the overall 
design and construction 
strategy was the applica
tion of the observational 
method through progres
sive modification. 

Ground Conditions. The 
ground conditions in this 
area, prior to the tunnel 
collapse, were known to 



FIGURE 17. The cofferdam during construction in April 199~ (parking garage lA in background). 

be relatively uniform with approximately 6 
meters of Terrace Gravels overlying the Lon
don Clay, which has a thickness of around 60 
meters at this location. The London Clay over
lies the Woolwich and Reading Beds which, in 
turn, overlie the Chalk (present at a depth of air
proximately 90 meters below ground level).2 

The available data 
from all the various ex
ploratory borings that 
identified the top of the 
London Clay were col
lated and sorted. The re
sults were geostatically 
kriged to provide the best 
prediction of the surface 
contours on the top of the 
London Clay, before and 
after the collapse. The dif
ference between the two 
kriged surfaces was plot
ted as contours of settle
ment as a result of the col-
lapse (see Figure 18). The 

0 "" . 

dicated that there were four localized areas of 
highly disturbed ground (shown as Zone 4 in . 
Figure 18). In view of the relatively large di
mension of the total collapsed volume (ap
proximately 6,000 cubic meters) and the subse
quent amount of excavation, it was considered 
likely that significant time-dependent soften-
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results of the investiga
tion, together with the 
above settlement data in-

FIGURE 18. Settlement contours of the London Clay with predicted 
zones of disturbance. 
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TABLE 1. 
London Clay Soil Parameters 

Zone2 Zone 3 Zone 4 

Level MC WC MC WC MC WC 

cu (kPa) 118-108 mTD 50+7 d 30+7 d 30+7 d 0+7 d 0+7 d 10+ 1.5 d 

108-93 mTD 105+3.5 d 85+3.5 d 85+3.5 d 55+3.5 d 55+3.5 d 
(=0.25a'v) 

'YB (kPa) 19.5 19.5 19.5 19 19 16 

c!>' (degree) 25 25 25 25 25 21 

c' (kPa) 10 5 5 0 0 0 

Strain(%) <0.1 0.2 0.2 0.5 1 N/A 

Eu/cu 700 500 500 350 150 150 

kh (m/sec) 1 X 10-8 to 1 X 10·10 1 X 10·7 to 1 X 10·9 1 X 10·3 to 1 X 10·7 

kv (m/sec) Kh X 10·1 kh x 10·1 kh x 1 

Ko (I) 1.0 0.8 · 0.8 0.6 0.6 0.6 

Notes: d = Depth below ground level MC = Moderately Conservative WC= Worst Credible 
Zone 4 extends to +95 T.D. Zone 3 extends to +93 T.D. Below +93 T.D. Zone 2 MC should be used. 

ing of the clay would have to have been initi
ated as a result of the collapse, with a further 
reduction in stresses accompanying the exca
vation of the cofferdam. 

On the basis of the site investigation and pre
dictive numerical analysis, four zones were as
signed within the London Clay as indicated in 
plan Figure 18. Zone 1 was undisturbed intact 
London Clay, but each of Zones 2 to 4 were 
bounded by two sets of properties. The first 
represented "moderately conservative" (MC) 
parameters for the mass behavior of that zone 
on the cofferdam as a whole. The subsidiary set 
were "worst credible" (WC) values represent
ing the local influences that may occur where 
pockets of the most severely disturbed soil in 
that zone could result in adverse loadings on 
the cofferdam ring. These properties are sum
marized in Table l. 

The Cofferdam. ·A range of more conven
tional schemes were considered but by De
cember 1994 a circular cofferdam was selected 
as the preferred option. At 60 meters in diame
ter and 30 meters deep, it offered a dramati
cally simple solution. Larger circular coffer-
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dams had been constructed, but not in such 
disturbed and variable ground conditions or 
utilizing a bored piled wall (see Figure 19). 
The circular cofferdam offered the following 
major advantages: 

• Complete elimination of cross strutting, 
maximizing the available space for con
struction operations. 

• By encompassing the majority of the dis
turbed ground (including most of the ar
eas of greatest settlement), it minimized 
the total volume of excavation. This re
duction was realized because it was possi
ble to arrange permanent ventilation 
shafts to the south in close juxtaposition 
with the cofferdam rather than being con
tained within a rectangular arrangement. 
In comparison with a square cofferdam 
option, there was about 20,000 cubic me
ters less bulk excavation, which was an 
important environmental and project 
benefit since construction in the center of a 
busy airport had potential to adversely af
fect airport operations. 



FIGURE 19. Secant and "contiguous" piles. 
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FIGURE 20. The construction sequence for the wall lining. 
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• The symmetry of the solution allowed a 
uniformly progressive step-by-step se
quence of construction for the cycles of ex
cavation and the casting of the inner rein
forced concrete Hner supporting the piles 
(see Figure 20), This rhythm importantly 
facilitated the monitoring of ground and 
structural movements so that the associ
ated trends and, in particular, any adverse 
ones could be detected at an early stage. 

This latter aspect was also highly compati
ble with the application of the observational 
method that was part of the overall risk man
agement strategy for the construction of the 
cofferdam and central to achieving further po
tential cost and time savings. In contrast to the 
previous three case histories, the use of the 
method was seen as an important element in 
the whole concept of design and construction 
of the cofferdam. It was, therefore, attractive to 
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develop a design from the start that could be 
modified during construction and one that was 
easy to monitor. 

Implementation, The observational method 
was implemented through progressive modifi
cation. The situation demanded a particularly 
robust design and one that could sustain, with 
appropriate pre-planned contingency meas
ures, the worst credible ground conditions. 

There were three main aspects in this appli
cation of the method. The principal objective 
was to control the risk associated with such a 
major excavation. This goal focused on ground 
movements and wall deflections and, particu
larly, any trends towards adverse conditions. 
The second aspect related to contingency 
measures. The method would allow timely im
plem~ntation of such measures to control 
safety. Since the design was robust, the hope 
was that the method could demonstrate what 
contingencies were not necessary or, at least, 
minimize them to mitigate their effect on time 
and cost. The added benefit of introducing de
sign changes that would save time was the 
third factor. Avoiding contingency measures or 
sequential introduction of design improve-



ments are inherent benefits of the progressive 
modification approach. 

Contingency Measures. The critical quantities 
to be measured were the deflection of the piled 
walls during excavation and the associated 
ground movements. These two factors relate to 
the flexibility of the structure and the simple 
fact that excavation will always initiate ground 
movements. The contingency measures were 
to introduce thicker, stiffer reinforced concrete 
rings in the cofferdam lining and to excavate 
down the sides, only creating a substantial time 
lag before the main central excavation. Con
struction of the reinforced concrete liner rings 

· would then progress significantly ahead of the 
bulk excavation, thus providing early support 
and limiting wall movement. 

Parametric studies indicated that under the 
worst-case scenario, maximum bending mo
ments could develop in the 900-millimeter di
ameter "contiguous" piles with deflections in 
excess of75 millimeters. This deflection was set 
as the limiting condition. The intention was to 
avoid approaching this limit by applying one 
or more of the above contingency measures at a 
sufficiently early stage in the excavation pro
cess. To successfully implement such a process 
(if necessary) would need early and reliable 
identification of deflection trends. While the 
performance of the cofferdam was continu
ously monitored throughout the construction 
process, a detailed review was set for when the 
excavation depth reached 7 meters to assess 
trends. If an adverse trend was detected devel
oping, that would have then led to the imple
mentation of contingency measures but, in ac
tuality, no adverse trends developed. 

The primary instrumentation comprised in
clinometers in the piles and adjacent ground, as 
well as precise leveling. The inclinometers 
were formed from a series of beam-mounted 
electrolevels. Secondary instrumentation in
volved piezometers, extensometers and spatial 
survey (see Figure 21). 

Performance. A summary of the deflections of 
the cofferdam wall is given in Figure 22. The 
observed · values are overall maxima for the 
various stages. It can be seen that the perform
ance was significantly better than the worst
case scenario and, indeed, was better than the 
more optimistic pi:edictions. The average maxi-

FIGURE 23. Early tunnel breakthrough. 

mum deflection of the piled walls was around 
15 millimeters. The control of the lateral 
ground movements achieved compares very 
favorably with other case histories of deep ex
cavations in London Clay.21,22 Average deflec
tions were about 50 percent less than those pre
dicted (which were assessed to be the most 
probable conditions prior to construction). De
flection trends were very evident at the 7-meter 
depth review and they enabled a variety of ad
vantageous design changes to be imple
mented. The first change was to increase the 
depth of excavation and liner ring construction 
from 1 meter to 1.2 meters. This change, which 
speeded the construction, was undertaken af
ter the completion of liner ring 9 since all those 
thereafter were of an increased depth. 

Another significant design change was the 
incorporation of early station tunnel break
throughs (see Figure 23). The original design 
plan was to take the lining sequence com
pletely down to base slab level, thus maintain
ing the rhythm of construction and the ease of 
monitoring. However, with the performance so 
demonstrably robust, it was elected to break 

CIVIL ENGINEERING PRACTICE FALL/WINTER 1998 107 



through the outer ring of piles with pilot tun
nels entering the cofferdam from the adjacent 
shafts below the current level of excavation. 
These tunnels were then subsequently en
larged to full size and temporarily plugged 
with mass concrete to maintain ring action. 
Early tunnel breakthroughs were thus 
achieved substantially ahead of the completion 
of the excavation within the cofferdam. Apart 
from advancing tunnel construction adjacent 
to the cofferdam, finishing the tunnels allowed 
early progress for track work. 

Contractual Aspects 
The observational method can be viewed as a 
procedural system to manage risk. Levels of 
risk and changes in risk always have contrac
tual implications. Consequentially, contractual 
conditions exert an important, often critical, in
fluence on the implementation of the observa
tional method. Concerns about increased risk 
are usually among the first to be expressed when 
introducing the method is considered. However, 
proper implementation of the method leads to 
increased safety. Proper implementation may be 
fundamental in "best way out" situations, but it 
is also relevant to all applications of the observa
tional method. Increased safety may be achieved, 
for example, by: 

• Converting the worst-case scenario to one 
of lesser risk; 

• Eliminating heavy and constricting tem
porary works and creating freer working 
space; and 

• Focusing awareness on the importance of 
teamwork, good communication, 
planned procedures, control during con
struction and the need for planned contin
gency measures. 

It must be possible to alter the design during 
construction and the design must fully relate to 
specific construction methods. Contractual ar
rangements must facilitate these requirements. 
These arrangements tend to be achieved most 
easily on design-and~construct contracts. Tra
ditional contracts, where a fully developed de
sign is tendered, create a separation between 
the designer and the contractor, which creates a 
barrier to relating design to actual construe-
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tion. This separation can also lead to confronta
tion. Such an environment is highly incompati
ble with the teamwork required for the observa
tional method. Good communication is essen
tial and the proper rapport between design and 
construction teams must be established. "Best 
way out" applications have to generate this 
situation, whatever the original contractual con
ditions. Similarly, for true ab initio applications, 
the appropriate contractual conditions would 
be developed before construction is started. 
Peck notes that "best way out" applications are 
the much more familiar variety.1 

However, proceeding directly with a design 
based on the most probable conditions can 
present too great a leap forward. The associ
ated level of risk perceived by some parties to 
the contract may be too high. If there is no alter
native strategy, implementation of the observa
tional method may not be approved. Con
straints can be imposed by contractual 
conditions or by design safety concerns. Con
cerns may arise from the lack of case history 
data or confidence in the quality ofinformation 
and proposed parameters. For the Channel 
Tunnel cut-and-cover construction and the 
Mansion House major design concerns were 
raised. At Limehouse Link both constraints ap
plied, but the constraints in all three of these 
case histories were overcome by using the ob
servational method through progressive modi
fication. Progressive modification is an inher
ently flexible approach and is applicable to 
either "best way out" or ab initio situations. 

The strong compatibility between the obser
vational method and value engineering was 
demonstrated at Limehouse Link.18 Both are 
oriented toward creating savings in cost or 
time. They also demand an enhanced relation 
of design to construction and require similar 
contractual conditions. The inclusion of a value 
engineering clause in a construction contract 
can facilitate the introduction of the observa
tional method. The Heathrow Express coffer
dam was one application where value engi
neering was combined with the observational 
method.23-25 The cofferdam case could be con
sidered as a true ab initio type, where the obser
vational method was planned right from the 
start at concept stage. Viewed in the contextof 
the Heathrow Express as a whole, however, it 



could be seen as a "best way out" application to 
. get the project back on-line. Either way, it was a 
progressive modification application. Progres
sive modification brought additional comfort 
and control in addressing the variable ground 
conditions and the uncertainties in soil/ structure 
interaction. Contingencies were avoided and a 
range of design improvements were achieved. 

The New Engineering Contract (NEC), 
adopted for the Heathrow Express, facilitates 
change and the formation of a single-team cul
ture made the conditions very conducive for 
the application of the observational method.26 

Published in 1995, this form of contract seeks to 
establish a fair balance of risk between the par
ties and specifically adopts non-confrontational 
language. It also helpfully brings together re
lated points rather than having them distrib
uted throughout the contract document. 

Conclusions 
The observational method can very success
fully achieve its main objectives: savings in cost 
or time, and/ or the assurance of acceptable 
safety. However, there are important limita
tions. The overall conditions to apply the 
method must be suitable. The key require
ments must be recognized and carefully ap
plied.1 It is important to identify trends and 
separate key construction-induced events from 
background or secondary effects. The rigor de
manded by these requirements is onerous. 
They impose time and cost penalties that need, 
at least, to be balanced by the benefits achieved. 
However, the direct benefits can be very con
siderable. The observational method also pro
motes the following advantages: 

• Stronger connection of design to construc
tion; 

• Increased safety during construction; 
• Improved understanding of soil/ struc

ture interaction; 
• Improvements in the use and perform

ance of instrumentation; 
• High-quality case history data; and, 
• Greater motivation and teamwork. 

Although the observational method has its 
limitations, it is still significantly under-used. 
Traditional contractual conditions can impose 

critical constraints by creating a barrier between 
the designer and the contractor and impeding a 
team approach to the management of risk. 

An incremental approach by progressive 
modification could be more frequently 
adopted to overcome contractual and technical 
constraints. A progressive modification appli
cation offers the opportunity to sequentially 
improve the design, based on feedback from 
the actual conditions, thus maximizing the 
benefits available while maintaining and dem
onstrating the required level of safety. 
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