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ABSTRACT
This paper presents the development and application of the Observational Method in the construction
of the underground stations and cut and cover tunnels in Dubai Metro Project which was the first
metro project in the Middle East involving the construction of 75.9 km long urban metro line. The cut
and cover station boxes and tunnels involved the use of top down construction method and permanent
diaphragm walls to support up to 25m deep excavations in densely developed urban area. The
application of observational method with close collaboration between the Designer, the Contractor and
the Employer led to substantial cost and time savings including eliminating the need of 50% heavy
temporary struts. The project background, appraisal of ground conditions and development &
successful implementation of the observational methods are described in this paper.
Keywords: observational method, top down excavation, temporary struts, diaphragm wall
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1.1

INTRODUCTION
Dubai Metro Project

The Dubai Metro Light Rail scheme was a flagship project in the United Arab Emirates, the longest
fully automated rail system in the world, and the first metro project undertaken in the Middle East. The
project consisted of the Red and Green Lines (shown in Figure 1), with 47 metro stations (including 10
underground and 37 above ground), and a total length of 75.9 km, of which 13.5 km was underground
using TBM and cut & cover excavation methods. The first line (Red Line) was opened on 9 September
2009 which had been the prime value criteria to achieve for this project and a second line (Green Line)
has been in operation since on 9 September 2011.

Figure 1. Dubai Metro Project – Red and Green Lines
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The application of observational method for removing the need of temporary struts initiated from Union
Square and Al Rigga Stations in the Red Line and eventually involved all 10 underground stations and
4 cut and cover tunnels covering both Red and Green Lines.
1.2

Application of Observational Method in Ground Engineering

The principles of the observational method were described in detail by Peck (1969) providing an
excellent basis for the understanding of the requirements.
Based on Peck (1969), the essential ingredients required for the complete application of the
Observational Method are:
exploration sufficient to establish at least the general nature, pattern and properties of
the ground, but not necessarily in detail;
the assessment of the moderately conservative conditions, most probable and the
most unfavourable conceivable deviations from these conditions;
the establishment of the design based on a working hypothesis of behaviour
anticipated under the moderately conservative, most probable and most unfavourable
conditions;
the selection of quantities to be observed as construction proceeds and the
calculation of their anticipated values on the basis of the working hypothesis;
the calculation of values of the same quantities under the most unfavourable condition
compatible with the available data concerning the subsurface condition;
the selection in advance of a course of action or modification of design for every
foreseeable significant deviation of the observational findings from those predicted on
the basis of the working hypothesis;
the measurement of quantities to be observed and the evaluation of actual conditions;
the modification of design to suit actual conditions.
The implementation of the method for the Dubai Metro broadly followed the sequence summarized by
Peck (1969) but some adaptation was necessary because of design concerns, deriving from a lack of
experience in similar top down excavation to 25m deep in the region, the perceived level of risk - both
to the safety of the underground construction and to adjacent structures, and the need to obtain quick
approval from Employer’s Representative. Therefore verification of ground conditions by experienced
geotechnical professionals during construction was added to provide extra confidence.
1.3

Original Design and the Value Engineering Exercise

The original design of underground excavations, developed by the previous designer, typically
included the following elements for cut and cover stations and tunnels as shown in Figure 2: 1) a 3m
thick grout plug; 2) a deep diaphragm wall typically up to 50m deep (for a 24m deep typical
excavation), and 3) two layers of temporary steel struts (Strut A and Strut B).
The change of designer in early 2006 provided opportunities for original design to be optimised and
value engineered. Some innovative engineering schemes were subsequently developed, as described
in Deng (2008a, 2008b). During the value engineering excise, it was firstly decided to replace the need
of the 3m thick grout plug with 2 rows of tension barrettes of 6.0m x 1.2m at 12m spacing under the
raft slab; and to reduce the diaphragm wall length by the order of 25% by optimising the geotechnical
design parameters coupled with additional load tests. Further Strut Layer B was identified as having
the potential for deletion, but subject to the application of the Observational Method.
2

DEVELOPMENT OF THE OBSERVATIONAL METHOD
2.1

Assessment of Ground Conditions

The assessment of ground conditions was based on extensive geotechnical investigation carried out
for Dubai Metro Red and Green Lines including more than 2440 percussive and rotary drilling
boreholes, and associated field and laboratory tests including pressuremeter and elastometer tests,
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large scale pumping trials, geophysical tests, conventional laboratory tests and specialist tests such as
cyclic triaxial, stress path triaxial and Constant Normal Stiffness (CNS) test etc..
3.470m (minimum ground Level)
Level varies across the site
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Figure 2. Original Design of Station Box (Al Rigga) by the Previous Designer
The geology of Dubai city area generally consists of alternating units of aeolian and carbonate rich
marine deposits of Quaternary to Miocene age. The ground conditions in Dubai Metro underground
section can be categorised into several strata. For the application of the observational method, three
sets of design parameters for each stratum, the “Most Probable”, “Moderately Conservative” and
“Worst Credible”, were firstly established based on available geotechnical data, as shown in Table 1.
Table 1 Strata Categorisation and Key Design Parameters
Soil
Description
Typical
Key Design
Unit
Thickness
Parameters
Marine Sand – very
0 – 15
c (kPa)
loose to dense, silty,
Unit 1
()
light brown and grey
E 50
Cemented Sand 0 – 12
c (kPa)
Unit
medium dense to very
()
2a(i)
dense, silty sand.
E 50 (MPa)
Calcareous
0 – 18
c (kPa)
Unit
Sandstone - very
()
2a(ii)
weak to weak,
E 50 (MPa)
Gypsiferous
0 – 12
c (kPa)
Unit
sandstone - very weak
()
2b
to weak, reddish
E 50 (MPa)
brown
Calcisiltite / siltstone
various
c (kPa)
/conglomerate - very
()
Unit 3
weak to weak, off
E 50 (MPa)
white

Most
Probable

80 ~ 120
50 to 150
350 ~ 450
80 to 140

Moderately
Conservative
0
33
30
5
35
24 ~ 64
30
39
185 ~ 220
40
39

Worst
Credible

20 ~ 35
10
65 to 110
10

250 ~ 400

120 ~ 180

70 ~ 130

100

50
35

20

350 ~ 550

150 ~ 320

80 ~ 170

It is noted that in developing the soil parameters, the focus was on the long term performance of the
soils and weak rock and the soil and weak rock behaviour during unloading. The likely soil strain of
less than 0.1% for top down excavation using a relatively rigid wall for the typical ground condition was
also a primary consideration. Later measurement of the wall deflection indicated that the soil strains is
generally below the 0.06% level. Brittle failure was a key risk considered during the design
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development and hence the diaphragm wall quality was closely monitored and mitigated as necessary
during excavation. Furthermore, a staged excavation with “rest” period between them was adopted.
2.2

Development of Designs

The strut optimisation methodology for Dubai Metro underground excavations, based on the principles
of the Observational Method, involved the development of three different designs:
Design based on the “Most Probable” ground condition, without the application of
Strut B; In this case the serviceability limit state (SLS) shall be satisfied;
Design based on “Moderately Conservative” ground condition, with the application of
Strut B; In this case the serviceability limit state (SLS) shall be satisfied; and
Design based on the “Most Unfavourable” ground condition, i.e. design using “worst
credible” soil/rock parameter, without the application of Strut B. In this case the
ultimate limit state (ULS) shall be satisfied.
The SLS was satisfied by confirming that:
The specified maximum crack width for diaphragm wall (0.20mm), base slab
(0.20mm) and other slabs and beams (0.30mm) was achieved; and
The induced strut loads were within acceptable limits.
The ULS was satisfied by confirming that the following remained within the allowable capacity limits
during excavation:
The induced structural forces in the wall;
The most unfavourable strut forces.
Design analyses were carried out using PLAXIS with a hardening soil model, as shown in Figure 3.

Figure 3. Typical 2-Dimensional Analytical Model
From the design assessments, it was generally found in the design of all stations that:
It was shown that all the sections in all stations and tunnels passed for the ULS check under
the “Most Unfavourable” conditions and without the application of Strut B.
The removal of the lower strut set, Strut B, was found to increase the axial force in Strut A by
8% to 32% considering the “Most Probable” parameters. If Strut B was removed and the
ground conditions were found to be the “Worst Credible”, the axial loads in the struts had been
expected to increase by up to 62%.
The calculated maximum crack widths for diaphragm walls and slabs under the “Most
Probable” conditions were assessed mostly within the respective crack width limits. However
in some cases in particular at the far face (soil side) diaphragm wall at intermediate slab, a
crack width value of 0.22 to 0.24mm was calculated, exceeding the 0.2mm limit marginally.
However a design exception was granted for this with planned back-calculation to verify.
2.3

Development of Key Monitoring Parameters During Construction

A comprehensive monitoring scheme was proposed for each underground station or cut and cover
tunnel and the adjacent structures. For the purpose of modifying the design i.e., the application of the
observational method, some added instrumentation was proposed to monitor the wall deflections and
strut loads during excavation involving an average of 11 inclinometers, 42 optical survey points, 10
strain gauge and load cells for each station or cut and cover tunnel.
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Accordingly Alert, Action and Alarm (AAA) levels were defined for wall deflections and strut loads
separately for construction stages of prior to excavating to Strut B Level and after excavating to Strut
B level. Alert levels were typically taken as the lesser of 60% of “Moderately Conservative” or 80% of
“Most Probable” design predictions, and Action Levels were taken as lesser of 80% of “Moderately
Conservative” or 100% of “Most Probable” design predictions. Alarm Levels were taken as the lesser
of 100% of “Moderately Conservative” or 80% of “Most Unfavourable” design predictions.
2.4

Building Impact Assessment

Along with the diaphragm wall design, building impact assessment was carried out for adjacent
buildings which were as close as 1.5m from the excavations. An assessment of the building and its
foundation conditions was undertaken including a detailed condition survey and a comprehensive
review of building records. Generally based on historical information and the current condition, the
buildings were assessed to be able to accommodate a settlement of up to 20mm and a differential
settlement of 1/500. Response of buildings to settlement induced by cut and cover excavations was
assessment based on Boscardin & Cording (1989). However it was found that the design was
governed by the need to satisfy the diaphragm wall SLS criteria rather than limiting building impact.
2.5

Plan for Contingency Measures

A working group was set up between The Employer’s Representative, Contractor and the Designer to
review the monitoring data normally twice every week and advise on relevant actions. Equipment,
materials and resources were also allowed on site for contingency. A careful sequence of planned
operations, related to the AAA levels, was developed. The agreed actions were that in the event of
either wall deflections or strut loads exceeding the values defined for the Action level, Strut B should
be implemented to ensure that the limit state serviceability was not exceeded. Furthermore if “worst
credible” ground condition was identified, jet grouting shall be carried out behind the diaphragm wall.
3

IMPLEMENTATION OF THE OBSERVATIONAL METHOD

The primary object of using the Observational Method was the removal of the need for Strut B. The
implementation needed to be progressed from a position of well established safety, i.e. the Moderately
Conservative Design, towards a less well understood conditions, i.e. the “most probable” Design.
3.1

Initial Observations / Verification of “Most Probable” Ground Conditions

The very first excavation area for the project was Package IV in Union Square Station which was
carried out with the two layers of temporary struts installed in accordance with the “Moderately
Conservative” Design. Diaphragm wall deflection and prop loads (with appropriate temperature
corrections) were monitored closely. The wall deflection was observed to be lower than that was
originally predicted even under the “Most Probable” ground conditions with the implementation of 2
layers of temporary struts, as illustrated in Figure 4 below. Furthermore, the measured strut forces in
Strut Layers A & B were 1481kN and 673kN respectively, much lower than the predicted 3300kN and
1600kN. This provided some confidence on the derived “Most Probable” ground conditions.
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Figure 4. Verification of the “Most Probable” Ground Condition In Union Square Station
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3.2

Extent of Strut Removal

However in the initial construction stages (primarily for Al Rigga and Union Square Stations), the
observed wall movements in both ends of the station box, where diagonal struts were implemented,
exceeded expectation. For example a wall deflection of 16.1mm (INC-013) to 28.2mm (INC-012) was
observed in the western wall of Union Square Station when excavating to the bottom strut level. This
might be due to the presence of large openings in the slabs and the soft eye (for TBM launching). As
the station ends served as Tunnel Boring Machine launching and retrieval, it was decided that to
ensure safety at each stations, Strut B would still be erected at both ends of stations.
3.3

Large Scale Implementation

After the early successful application in Union Square and Al Rigga Stations, the observational
method was applied for all underground stations and cut and cover tunnels. The “Most Probable”
design and AAA levels were also slightly modified based on an assessment of detailed observations
taken from the earlier phases of construction. During the excavation, measurements were taken twice
a day during the initial stages and when the measurement showed satisfactory trend, the frequency
was reduced to once per two days. When excavating to Strut B level, monitoring results and the trend
of wall deflection and strut loads were carefully reviewed by the working group to determine the need
for Strut B. Accuracy and reliability of measurements were important and hence when abnormality was
identified, the measurements were often checked against other adjacent measures to make the final
decision. Although there were many cases where the measured data exceeded the Alert levels,
avoiding the installation of Strut B was successful for all underground stations and cut & cover tunnels.
3.4

Monitoring of Adjacent Buildings

Adjacent buildings have been monitored with a combination of building settlement points, crack
gauges and tiltmeter. The measured building settlements remained well within predicted values. The
deformation of buildings adjacent to cut and cover excavations was recorded to be generally very low,
generally below 10mm with only one exception where a maximum building settlement 19mm (above
the alert level) for one of the buildings adjacent to Burjuman Cut and Cover Tunnel (Green Line) was
observed. Angular distortion for all buildings was recorded not exceeding l/7000. No damage to the
buildings was evident.
4

CONCLUSIONS

The prime value criteria was time in Dubai Metro project as the red line was needed to complete
before 9 September 09. The success of the use of the observational method in Dubai Metro resulted
firstly great programme advantage. By removing the need for the second layer of struts including its
installation and removal in 10 underground stations and 4 cut and cover tunnels, 1 month was saved
at each site. Secondly combined with the earlier value engineering excise it also provided significant
cost savings to the project including the save of approximately 180,000 m3 concrete through reducing
diaphragm wall length and removal of grout plug, and approximately 10,500 ton steel. Although
difficult to quantify, use of the observational method created a close collaboration between design and
construction which could also have led to some programme advantage.
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