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Foreword

Last year, the Geotechnical Division of the HKIE celebrated the twentieth anniversary of
its establishment and organised the Annual Seminar titled “Geotechnical
Advancements in Hong Kong Since 1970s”. That was a timely reflection of the
accomplishments made by the geotechnical practitioners in Hong Kong. It was also
noted that considerable innovative developments and advancements have been
achieved by Hong Kong engineers since geotechnical engineering works were formally
recognised by the Hong Kong Government some 30 years ago.

The title of 2008 Geotechnical Division Annual Seminar is “Applications of Innovative
Technologies in Geotechnical Works”. This theme is selected by the Organising
Committee to particularly address three issues, namely “Application”, “Innovations” and
“Geotechnical Works”. We aim to provide a platform for geotechnical researchers and
practitioners to showcase the innovative ideas they have developed. We also
emphasis that the innovations must be practical and be applicable to construction
works. With reference to the technical papers included in the Proceedings, we trust you
will agree that the objectives have been successfully achieved.

In addition, for the first time, the Division has invited geotechnical experts in the
Mainland, Taiwan and Macau to join our Annual Seminar and share with us the
geotechnical engineering experience in their respective regions. This is also an
innovative attempt with an aim to broaden Hong Kong engineers’ horizon.

On behalf of the Geotechnical Division, | would like to thank our Guest-of-Honour, Mrs
Carrie Lam, guests from outside Hong Kong, the Keynote Speakers, and the Authors of
the papers to spend time in attending the Annual Seminar. The contributions made by
our sponsors are also gratefully acknowledged. Lastly, | am grateful to the Organising
Committee for their commitment and hard work throughout the past 12 months in
making this Seminar possible.

4 7.

Ir Dr Eric Li
Chairman, Geotechnical Division (2007/08 Session)
The Hong Kong Institution of Engineers

May 2008
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Innovation in Geotechnical Engineering in Hong Kong - A
Personal View

J.W. Pappin
Ove Arup and Partners Hong Kong Limited

ABSTRACT

Hong Kong has a host of issues that require significant input from geotechnical engineers
including very tall buildings with high foundation loads, deep excavations for basements and
infrastructure projects, tunnels in a variety of ground conditions and of course slope stability
problems. These opportunities should make it a perfect breeding ground for innovation. In
addition, however, it also has a very onerous, somewhat rigid and formalised checking procedure.
This paper explores the question of whether innovation is possible or encouraged in this
environment? It does this by using a series of examples taken from the range of activities that
geotechnical engineers become involved with that are largely drawn from continuing interesting
personal experience gained in Hong Kong. They show that there are many instances where
innovative design and construction practices have been used. While many times these are
developed by contractors and designers in certain circumstances the GEO and Buildings
Department of HKSAR have taken a leading role. Some times the checking authorities are wary
of new methods. Given their remit this caution is often reasonable and all parties need to
formulate strategies and approaches to be able to continue to innovate in a successful and assured
manner.

1 INTRODUCTION

Hong Kong is a wonderland for geotechnical engineers. It has a host of engineering issues that require
significant geotechnical expertise including very tall buildings with high foundation loads, deep excavations
for basements and infrastructure projects, tunnels in a variety of ground conditions and of course slope
stability problems. These opportunities should make it a perfect breeding ground for innovation. In addition,
however, it also has a very onerous, somewhat rigid and formalised checking procedure. Many geotechnical
practitioners would ask whether innovation is possible or encouraged in this environment? It is the author’s
opinion that it certainly is possible but sometimes it is more difficult than others. This paper addresses this
dichotomy by using a series of examples. They are deliberately taken from the range of activities that
geotechnical engineers become involved with in Hong Kong and are largely drawn from continuing
interesting personal experience that has been gained over the past decade.

2 FOUNDATIONS
2.1 Interface coring of large diameter bored piles end bearing on rock

The geotechnical profession arrived at a crisis situation in Hong Kong in the late 1990’s/early 2000°s when it
was discovered that a significant number of high rise buildings, both in the private and government sector,
were already constructed, or about to be constructed on pile foundations that did not meet with the stated
design requirements. Many of these were founded on large diameter bored piles supposed to be supported by
end bearing on rock. They had been designed using the conventional Buildings Department recommendations
of 7.5MPa on Grade II or better rock and SMPa on Grade III or better rock (Buildings Department, 2004).
Several projects required remedial works. The state of the defective piles was generally established by core
holes drilled down the pile shaft that intercepted the pile base. While a completed building was demolished in
one project, several other projects required remedial works that varied from replacement piles to augmenting
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the capacities of dubious piles with additional pre-bored H piles within sockets into the underlying rock either
by surrounding the existing piles or drilling down through the existing pile or a combination of both.

Clearly this situation was intolerable to the Buildings Department and industry and that contracting
practices and site supervision must be improved. To achieve this for end bearing bored piles, in particular, the
additional provision of interface coring was instituted for every pile. This entails casting a thin wall steel tube
of about 150mm diameter into the pile such that it stops about 1m above the base of the reinforcement cage.
After the pile is cast and the concrete hardened the remaining 1m of pile is cored and the interface onto the
rock below and the condition of the rock itself examined. This process ensures that the toe level of the pile,
the interface condition and the quality of the rock is established with confidence.

It is interesting to review the history of end bearing bored piles in Hong Kong. Up until the early 1990’s
many of the larger end bearing foundations were formed as hand dug caissons and the base or bearing area
was individually inspected and approved prior to concreting. Safety concerns however lead to the demise of
hand dug caissons and machine dug bored piles became the norm. A drawback of this system is that the
quality of the base may be poor and this must raise questions as to the reliability of the pile load bearing
performance. Perhaps the profession was lulled into a false sense of security as a small percentage of these
bored piles were cored for their full length to prove the quality of the concrete in the pile shaft, the concrete
rock interface and also the quality of the rock immediately beneath the pile.

The introduction of interface coring has brought about a significant improvement in the quality control of
this piling process. After it was first introduced it was realised that in many instances debris in the form of soil
inclusions or concrete aggregate formed at the pile base. Concreting procedures were improved by introducing
cement rich material on the first pour and other methods were used. The quality has generally since improved
and studies have been carried out (e.g. Arup, 2001) to show that a small inclusion of aggregate or even soil at
the interface is not significant and that the piles have a capacity that is basically controlled by the confidence
in the strength of the reinforced concrete shaft. The upshot of the use of comprehensive interface coring has
been that the reliability of large diameter piles is now significantly improved.

It is the author’s opinion however that this proof of the piles construction quality is not being taken full
advantage of and that revised guidelines on allowable bearing pressures should be instituted. We know that
the existing guidelines are conservative (West Rail test piles, see Hill et al., 2000) and interface coring
removes the doubt about quality of the concrete rock interface. Continued effort should be made in this issue.

2.2 Shaft grouted piles and barrettes

The use of shaft grouting has long been recognised as a method of tightening the ground after the bored pile or
barrette has been excavated probably to restore insitu soil lateral stresses to be at least as high as that existing
before the piles or barrette are excavated. The procedure is particularly suited to barrettes as they both
maximise the shaft area presented to soil to enhance the skin friction capacity and the process of forming a
barrette can lead to significant soil disturbance as evidenced by the settlement of the ground if a line of
barrettes is formed to create a diaphragm wall.

Shaft grouted barrettes have been used on several projects in Hong Kong (e.g. Plumbridge et al., 2000).
The International Commerce Centre to the south of the Kowloon Airport Express MTR Station, is a particular
example. This project, comprises 240 shaft grouted barrettes formed on a regular pattern within a 75m
diameter perimeter diaphragm wall as shown in Figure 1. The spacing between the 2.8 by 1.5m barrettes was
maintained at 2m as described by Chan et al., 2004. The project was located at a fault and the depth to
rockhead was extremely deep at over 100m and in places rock was not proven even at 130m depth.
Consequently conventional end bearing piles could not be used and shaft friction needed to be relied upon.

The shaft grouting comprised attaching 6 tube-a-manchette grout pipes to the outside of the reinforcement
cage and then after the barrette concrete had hardened, using a thick cement grout to compact the soil by
forming a grout layer between the barrette concrete and the soil. It is intended that there is a minimum amount
of grout injected at each metre down the pile or that a minimum grout pressure is achieved. The design and
quality control methods for construction were developed by a joint venture between Bachy Soletanche and
Intrafor with assistance from Arup. The design relied on an enhanced skin friction as a function of SPT N
value for the alluvium and CDG layers. These values were verified and refined based on a test barrette
program. The working load on each barrette was about 40MN which is about the maximum load that can be
applied by a kentledge test and therefore preliminary test barrettes could not be completed to verify the total
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capacity with any factor of safety. Four preliminary test barrettes that used slip coats and varying length such
that only the friction from one part of the soil profile was tested within each test, were therefore adopted.
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Figure 1: Plan of the barrettes and circular diaphragm wall at the ICC, Kowloon

The design and testing procedure was agreed with the Buildings Department. They had a reasonable
concern about the quality control of the grouting works and a detailed real time monitoring system was
developed by the contractors based on their previous experience from the West Rail pile testing programme
and other projects. A continuously recorded real time monitoring system was setup to measure the grout
volume and pressure at each injection point. If the grout volume is exceeded without sufficient pressure being
developed or if insufficient grout volume is achieved over part of the barrette a further sequences of grouting
was carried out. This procedure was refined in the preliminary test barrettes and subsequently applied to the
working barrettes.

2.3 H piles to augment large diameter bored pile capacity

A companion paper in these proceedings (Pappin et al., 2008) describes the use of pre-bored concreted H piles
used to enhance the capacity of large diameter bored piles founded in rock. Up to 9 H piles were arranged in a
circle around the central bored pile at a radius of about 3.5m. This was necessary to increase the combined
capacity such that a top down construction sequence for the 4 level basement could be used. By the time the
basement reaches the deepest level about 40% of the superstructure load has been applied. Therefore by the
time the pile cap is cast the bored pile is quite significantly stressed and considerations of elastic shortening
indicate that it the allowable working bearing stress will be exceeded when the full load is applied. This
potential problem is overcome by using jacks to pre-load the H piles and to therefore partially unload the
central bored pile. When the full load subsequently is applied both the H piles and the central bored pile are all
at about their design working capacity. Figure 2 illustrates this process for the situation where 3 H piles are
used.

While this procedure appears to be logical and has received approval by the Buildings Department there is
an argument that it is unnecessarily conservative in that the pre-loading is not necessary if it can be shown that
the central pile has an adequate margin against compression failure of the reinforced concrete section under
the final load if the pre-loading is not used. This is further discussed later in Section 5.2.
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Figure 2: Illustration of load transfer with pile jacking for 3 H piles
3 DEEP EXCAVATIONS
3.1 Pre-trenched props and the observational method

This example of innovation was published in the 2001 HKIE Geotechnical Seminar (Ho et al. & Pan et al.
2001). The project was the 18m deep excavation for the Tseung Kwan O MTR station and the ground
comprised 15 to 18m of fill over 8m of under-consolidated soft marine clay over variable thicknesses of
alluvium and CDG. A conventional excavation sequence with several levels of temporary props lead to too
much wall movement and alternative excavation sequences were required. Having decided that a jet grout slab
within the clay was too expensive the original design concept had been to prop near the surface, excavate to
the final formation level under water, tremie in the concrete base slab and then pump out the water. The
diaphragm wall was constructed using reinforcement designed for this sequence. Eventually it was decided
that the quality control of the permanent base slab was too difficult and an alternative of excavating part way
and then digging trenches across the site, lowering in dumbbell shaped precast concrete props and using
tremie concrete to structurally connect them in compression to the diaphragm walls. These precast props were
located just under the lowest basement permanent slab and became part of the permanent works. This
excavation sequence did not overstress the, by then existing, diaphragm walls and there were no major issues
in obtaining approval from Buildings Department and GEO for this construction method.

During the progress of the works it became clear that the marine clay was gaining in strength with time and
also that the diaphragm walls were moving less than predicted. These observations allowed a revised set of
design calculations to be prepared using FREW and it was able to be demonstrated that the pre-trenched props
could be avoided without exceeding the bending capacity of the walls. This is one of the few cases the author
is aware of where the observational method has been used in Hong Kong and again it was subject to approval
by the Buildings Department and GEO.

3.21 Circular excavations

The development of excavations supported by circular diaphragm wall excavations has been progressively
developed in Hong Kong with projects at the Stonecutters Sewage Treatment works and IFC2 have
excavations exceeding 50m diameter. The largest has been the 26m deep excavation at the International
Commerce Centre having an excavated diameter of 75m and supported by a 1.5m thick diaphragm wall (see
Figure 1). These walls have a relatively substantial capping beam and support the soil by their own hoop
compression capacity. Usually concrete ring beams are cast against the wall at about 7m spacing but all these
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achieve is to rectify any lack of alignment or local defect in the wall. They are not stiff enough in bending to
contribute to the overall stability significantly.

The movement of these walls is observed to be very small at the time of excavation and consequently they
need to be designed to support the full at rest horizontal pressure (Gx) within the soil. The peak compression
stress in the walls occurs at the excavation level and is equal to O times the excavation radius divided by the
wall thickness. Allowances need to be made for construction tolerances between adjacent panels. It can be
calculated that the peak stress in the ICC wall is at least 13MPa and is approaching the maximum compression
capacity of conventional concrete.

A major advantage of using this wall at this particular location was the low lateral deflection associated
with the excavation. As shown in Figure 1 the existing Airport Express MTR line is only about 5m to the east
of the wall and limiting the lateral movement of this tunnel was a major concern. Again it needs to be
emphasised that this design was approved by the Buildings Department and GEO.

4 SLOPE ENGINEERING

Slope engineering is somewhat different to the previous examples in that GEO are the major client in Hong
Kong and, in that role, they have continued to prove to be innovative and progressive (for example see Ho,
2004). Indeed in these proceedings the author is aware of two papers, Ho et al and Lau et al. that respectively
present innovation in the use of real time drilling monitoring of soil nail installation and the use of innovative
real time monitoring of selected slopes in Hong Kong. There have been many significant innovations in the
prediction and modelling of debris flows, quantitative risk assessment of natural terrain and the use of non-
destructive testing to check lengths of soil nails and many others. To attempt to address the range of
innovations in slope engineering in Hong Kong is considered to be beyond the scope of this paper however.

5 DESIGN METHODS
5.1 The use of partial factors for the design of retaining walls

The use of partial factors in design in geotechnical engineering has had a long and relatively tortuous history.
It appears to be relatively obvious that partial factors on loads that allow for their variability, by increasing
them for more onerous situations and by reducing them if they are beneficial, leads to safe design. The
situation is less clear for soil loads however. The situation becomes particularly difficult for retaining walls
where the same soil body can both be applying disturbing lateral load to one side of the wall and also
providing restoring lateral load on the other. It has now become quite well understood that the only consistent
and rational way to deal with this is to factor the soil strength and not the soil unit weight as has been
proposed on some occasions in the past. Factoring soil strength has merit in guarding against failures of
retaining walls in that, if a failure mechanism is to form within a retaining wall system, it must involve the
strength of the soil and also, sometimes, the strength of the wall.

In Hong Kong the GEO lead the way on this topic by the introduction of partial factors in the 2nd Edition
of Geoguide 1, ‘Design of retaining walls’, in 1994. A drawback with it, however, is that it is limited to
gravity walls and excavations with singly propped excavations. It specifically excludes multiply propped
retaining walls. In 2003 however CIRIA published C580 entitled ‘Embedded retaining walls — guidance for
economic design’ (Gaba et al., 2003). It contains much useful advice on the design and construction of
retaining walls and also contains a partial factor on soil strength method for the design all typed of walls
including multiply propped retaining walls. It require a stability calculation check with factored soil strength
and, if displacement is of concern, requires a serviceability calculation with unfactored or characteristic soil
strength to enable the displacement to be estimated. For a sheet pile or diaphragm wall usually a certain wall
capacity is required for stability and it requires that the ultimate wall capacity be sufficient to withstand the
factored soil strength forces. If displacement is important the ultimate strength of the wall must also be at least
1.35 times that calculated in the serviceability calculation. This method is inherently more robust than the
traditional design method that only checks the serviceability condition for wall capacity. The C580 method
also ensures that the wall is robust even in the condition where the soil strength is less than the characteristic
strength due to some local weaker deposit.
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In consultation with industry GEO have again taken the lead here and have come to an agreement with the
Buildings Department that a design in accordance with C580, modified slightly such that factors are in line
with Geoguide 1, can be approved. There has been little take up in its use here however, partly due to recent
lack of deep basement projects and partly due to unfamiliarity and a concern that GEO, while being
supportive, are being excessively cautious in its application requiring extensive sensitivity checks of many
parameters etc. While it is true that C580 recommends that sensitivity analyses be carried out they are no more
necessary with this method than the traditional methods. The use of partial factors is explicitly forcing the
sensitivity of the design to study the occurrence of weaker soil than expected in a much more robust way than
traditional lumped factor of safety methods.

5.2 Design of pile groups

The design of pile groups appears to be developing into a more complex task partly due to the improved
accessibility to more complex computer programs. Take, for example, a 4 by 4 group of piles to support a
single central load. If a rigid pile cap is assumed and if all the piles are the same length and extend to rock
each pile would take 1/ 16™ of the load and the design would be complete. If, however, a flexible cap is used,
and the piles assigned a uniform vertical spring stiffness the inner piles would attract more load. If on the
other hand the piles are friction piles and a rigid cap is used, most computer programs (e.g. PIGLET) would
show that the outer piles attract more load. If a flexible is used with friction piles the result could go either
way depending on the relative stiffness between the cap and the soil.

It seems to be becoming standard practice that the piles are analysed using either a program like PIGLET
or a flexible cap analysis with uniform pile stiffnesses. It is clear that neither method is reliable if a flexible
cap is used in conjunction with friction piles. Nevertheless, usually the pile distribution is taken as predicted
and each pile designed accordingly. The author suggests however that a more reliable procedure can be used
to address this problem that will be more resilient to the limitations of the analysis method and produce a safe
result. It is largely based on the design philosophy embodied in C580 in that both an ultimate and a
serviceability analysis are to be carried out. The ultimate calculation would ensure that there is sufficient pile
capacity to balance the factored applied load (e.g. 1.4«dead load + 1.6«live load). The pile capacity must be
the minimum assured capacity which would be about 1.5 times the current working capacity (this may be a
function of the number of test piles and further guidance is given in Eurocode 7 on this). The piles and the pile
cap must also have ultimate strengths sufficient to withstand the derived pile reactions. In addition it is
necessary to carry out a serviceability calculation, based on an appropriate soil structure interaction analysis,
to derive the probable forces in the pile caps and the reactions in the piles. These should then be factored up
by about 1.4 to check that the ultimate capacities of the structural elements (the piles and the pile cap) are
sufficient.

If the example described previously in Section 2.3 followed these principles it may well be possible to
remove the use of the preloading jacks. This would only be possible however if the structural capacity of the
central bored pile is sufficient to take the increased load and also if the superstructure could tolerate about
Smm additional settlement. It is clear that the central pile will attempt to carry more load than that
conventionally used at present. This is still a safe situation however in that if the central pile can support this
additional load then all is well. If however due to this additional load the pile geotechnical capacity is reached
and tends to yield then load will be transferred to the surrounding H piles causing them to settle a little, but
this is still safe situation. It must be noted that this procedure is based on the premise that if the geotechnical
capacity is reached the pile will yield in a ductile manner. Load tests consistently show this is the case.

The author has attempted to use this design approach on several occasions and has had mixed reaction
from the approving authorities.

6 CONCLUSIONS

The preceding examples show that there are many instances where innovative design and construction
practices have been used in geotechnical engineering in Hong Kong. While many times these are developed
by contractors and designers, in certain circumstances the GEO and Buildings Department of HKSAR have
taken a leading role. Other times the conservative nature of these checking authorities and their distrust of new
methods has slowed progress but rarely prevents it. Given their remit this caution is often reasonable and all



The HKIE Geotechnical Division Annual Seminar 2008

parties need to formulate strategies and approaches to be able to innovate in a successful and assured manner.
Rarely does the axiom ‘there is no need to change as it has worked before’ successfully withstand detailed
scrutiny if there is a logical and more efficient alternative to be followed. In this current age where
sustainability is becoming the driving force for all human activities we need to work together to achieve
appropriate innovation.

REFERENCES

Arup, (2001). Study of Bored Pile Interface Acceptance Criteria. Report for the Hong Kong Construction
Association Ltd., Piling Contractors Committee, 35 p.

Arup, (2002). QRA of Collapses and Excessive Displacements of Deep Excavations. GEO Report No. 124,
Geotechnical Engineering Office, Government of the Hong Kong Special Administrative Region, 109 p.
Buildings Department, (2004). Code of Practice for Foundations. Government of the Hong Kong Special

Administrative Region, 57 p.

Chan, G., Lui, J.Y.H., Lam, K., Yin, K.K., Law, C.W., Lau, R., Chan, A., & Hasle, R. (2004), “Shaft Grouted
Friction Barrette Piles For A Super High-rise Building,” Proceedings of the New Perspectives in the
Design and Construction of Foundation Structures, HKIE: 83-98.

Gaba, A.R., Simpson, B., Powrie, W. & Beadman, D.R., (2003). Embedded retaining walls — guidance for
economic design. CIRIA report C580.

Geoguide 1, (2000). Guide to retaining wall design. Geotechnical Engineering Office, CEDD, Government of
the Hong Kong Special Administrative Region.

Hill, S.J., Littlechild, B.D, Plumbridge, G.D. & Lee, S.C. (2000), “End Bearing & Socket Design for
Foundations in Hong Kong”. 19™ Annual Seminar, Geotechnical Division, HKIE.

Ho, K.K.S. (2004). Recent Advances in Geotechnology for Slope Stabilization and Landslide Mitigation -
Perspective from Hong Kong. Proceedings of the Ninth International Symposium on Landslides, Rio de
Janeiro, Brazil, Vol. 2, pp 1507-1560.

Ho, J., Pappin, J.W., Hope, S & Blair, C. (2001). Buried concrete prop design and construction of Tseung
Kwan O Station and Tunnels. 20™ Annual Seminar, Geotechnical Division, HKIE.

Ho, N.L., Yau K.M., Wright, M.J. & Wong, K.L. (2008). Application of real-time process monitoring during
soil nailing works. 27" Annual Seminar, Geotechnical Division. HKIE.

Lau, K.W.K., Sun, HW., Millis, S.W., Chan, EK.K. & Ho. AN.L. (2008). Application of Innovative
Monitoring Techniques at Four Selected Natural Hillsides in Hong Kong. 27" Annual Seminar,
Geotechnical Division, HKIE.

Pan, J.K.L., Pappin, JJW., Cowan, S. & Lam, L.W.Y. (2001) Diaphragm wall propping optimisation using the
observational approach. 20" Annual Seminar, Geotechnical Division, HKIE.

Pappin, J.W., Lam, A KM., Sze, JW.C. & Chan, K.M. (2008). A Special Combined Deep Foundation
System for a Residential Complex. 27th Annual Seminar, Geotechnical Division, HKIE.

Plumbridge, G.D., Littlechild, B.D., Hill, S.J. & Pratt, M. (2000). Full scale shaft grouted piles and barrettes in
Hong Kong — A first. 19™ Annual Seminar, Geotechnical Division, HKIE.






The HKIE Geotechnical Division Annual Seminar 2008

Design and Analysis of a Large-scale and Deep Cylindrical
Structure in Soft Soils

W.D. Wang
East China Architectural Design & Research Institute Co.,Ltd., Shanghai

ABSTRACT

The Shanghai 500kV World Expo Underground Transmission and Substation, situated in the
central district of Shanghai city, is an important attached project of the 2010 Shanghai World Expo.
The project involved the construction of a four level cylindrical underground structure with a
diameter of 130 m. The excavation depth for the project was 34 m and it was constructed in difficult
soft soil conditions. It is one of the most difficult recent underground construction jobs in
Shanghai. This paper serves to provide a summary of the design and key techniques of the project.

1 INTRODUCTION

The Shanghai 500 kV World Expo Underground Transmission and Substation (SWEUTS) project is located in
the central district of Shanghai city. It is an important attached project of the 2010 Shanghai World Expo. It is
expected to contribute significantly in alleviating power supply pressure on the downtown area of the city. In
addition, the SWEUTS is expected to provide guaranteed power supply for the success of the 2010 World Expo.
The project, constructed to a depth of 34 m below the ground surface, has a diameter of 130 m. The SWEUTS is
the first multi-voltage 500kV grade underground terminal substation in China. Completion of the project will
make it one of the largest and most advanced underground substations in the world.

The project is an unusual one. It is a large-scale and deep cylindrical underground structure constructed by
top-down method in difficult soft soil conditions. Though a large number of case histories of deep excavations
has been reported in the literature, there is a very limited number of case histories available for cylindrical
excavations. Bruce et al. (1991) introduced the design, construction, and performance of the new Richmond
Avenue Pump Station in Staten Island NY. This project was constructed to a depth of 27 m below existing grade
within a 16.5m circular, 50 m deep slurry wall cofferdam. Kuwagai et al. (1999) investigated the behavior of a
500 kV large-scale underground substation in Tokyo. The excavation, 144 m in diameter and 29.2m in depth,
was retained by 2.2 m (upper portion) and 1.0 m (lower portion) thick diaphragm walls. Kim and Lee (2003)
investigated a deep excavation for a 56 m deep cylindrical in-ground LNG storage tank with a diameter of 8 m in
a coastal area of Korea. Chu et al. (2005) analyzed the monitored data of the excavation of the tower part of the
Shanghai World Financial Center. The excavation, with a diameter of about 100 m and depth of about 18 m, was
retained by 1.0 m thick cylindrical diaphragm walls. Liu (2005) studied the structural performance of a deep
cylindrical excavation with a diameter of 73 m and depth of 45.5 m in stiff soil condition. The excavation was
supported by 1.5 m thick diaphragm walls. Chen et al. (2006) introduced a cylindrical excavation (33 m deep)
with a diameter of 30 m. It was retained by 0.8 m thick diaphragm walls without internal strutting

All the cylindrical excavations mentioned above were retained by diaphragm walls without internal strutting.

This was quite different to the SWEUTS project which was supported by cylindrical diaphragm walls and four
levels of permanent horizontal slabs. Moreover, the SWEUTS project was constructed in a congested urban
environment and in difficult soft soil conditions. Thus design and construction of the SWEUTS project was a
challenging task as no similar project could be used as a reference. A series of problems were encountered
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during the design and construction of the project. Presented herein are some key techniques used during the

design of the project.
2 PROJECT DESCRIPTION

The SWEUTS project was bounded by North Chengdu Road on the east side, West Beijing Road on the south
side, Shanhaiguan Road on the north side, and Datian Road on the west side. Figure 1 presents a plan view of the
project site including the relative locations of adjacent roads, buildings and services. The nearest existing
building was about 26 m away from the project on the north side. The minimum distance between the project

and an adjacent pipeline was about 17 m.

The SWEUTS project

Excavation depth=33.70m

Figure 1: Plan view of the SWEUTS project site

The permanent structure of the substation is a four-level cylindrical underground structure with a diameter of
130 m and a depth of 34 m. According to the functions design, the first-level basement is used for installing
electrical and cooling equipment. The second-level basement houses power cables. The third-level basement
is used for accommodating large power transformers. Large power transformers are supported by special
equipment foundations, which in turn are installed on the bottom slab of the underground structure. Figure 2
shows a perspective view of the SWEUTS underground structures. On completion, there will be a sculpture
garden on the roof of the underground structure providing public facilities such as sitting-out areas, sculpture
works exhibition and plantings.

According to the geotechnical investigation report (ECEPDGE, 2005), the underlying ground could be
subdivided into 15 sub-horizontal layers. Table 1 details the sub-horizontal layers and the main physical
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Figure 2: Perspective view of the SWEUTS showing the functions of the basement

(including voids ratio, e, and natural water content, w,) and mechanical (including cohesion and friction
angles obtained from direct shear test, SPT blowcounts, and specific penetration resistance and tip resistance
of CPT) properties. Starting from ground level and moving downwards to a depth of about 30 m, the typical
subsoil profile (including layers O, @, &), @, )., and ®),.,) consisted of made ground, silty clay and
dominantly soft clay. These soils generally had large voids ratio and compressibility, with low shear strength
and coefficient of permeability. These weak soils brought great difficulties to the design and construction of
the excavation. From a depth of about 30 m to a depth of about 90 m, the typical subsoil profile (including
layers ©®);, @,, @,, ®;, @,, ®;, @), and ©),) mainly consists of clay, silt and sand. These soils had
much lager SPT blowcounts compared with to the upper weaker soils.

Table 1: Soil layers and geotechnical parameters at the construction site

Number of Soil layer Average thickness e w, c o | SPT Ds q.
layers (m) (%) | kPa) | (°) | V) | (MPa) | (MPa)
® Fill 4.25 --- --- --- SEuE LS --- ---
@ Silty clay 1.67 0.958 | 344 | 157 [ 158 | --- 0.72 0.66
® Very soft silty caly 1.51 1.317 (466 | 7.4 | 147 | 34 | 0.71 0.55
@ Very soft caly 7.01 1.358 [ 48.1 | 7.2 (172 2.6 | 0.65 0.53
G, Clay 6.93 1.091 [ 383 | 123 [ 123 | 43 | 094 0.72
®1, Silty clay 4.25 1.032 [ 354 | 6.8 | 139 6.5 1.30 0.98
®, Silty clay 5.38 0.753 [ 26.1 | 30.7 [ 13.5 | 14.6 | 2.78 1.94
@, Sandy silt 3.94 0.852 130.5| 7.9 |[29.8|28.1 | 12.19 | 9.71

@, Silty sand 6.51 0.772 { 27.5| 3.6 |31.7|50.1 [ 23.23 | 19.28

®, Silty clay 8.32 1.052 [ 37.2 | 139 (232 9.7 | 2.38 1.41

®, Silty clay and silty sand 14.76 0.992 [ 346 | 12.3 [ 23.8 | 155 | 3.45 2.35
interbedded strata

®; Silty clay and silty sand 13.08 0.902 | 30.7 | 14.1 [ 244 | --- 5.98 6.00
interbedded strata

©, Medium sand 3.99 0.582 | 18.6 | 4.5 | 30.8 | 62.0 --- ---

©, Coarse sand 4.90 0544 [ 16.7 | 53 |33.0]| 834 --- ---

Note: e=voids ratio; w,=natural water content; c=cohesion obtained from direct shear test; p=angle of internal friction
obtained from direct shear test; SPT=standard penetration test; p,=specific penetration resistance of CPT, g.=tip

resistance of CPT.

11
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The groundwater table was generally 0.3 m to 1.5 m below the ground surface. The (@, and (@, layers
were the primary confined aquifer and the ©, and (®); layers were the second confined aquifer.
Hydrogeological investigation revealed that the artesian head of the confined groundwater was about 3 m to 8
m below ground surface. It was found that there might be some connection between the primary confined
aquifer and the second confined aquifer.

3 STRUCTURAL DESIGN
3.1 Structural system

The structural system of the SWEUTS consisted of reinforced concrete frame, shear walls and the cylindrical
outer walls of the basement. Adoption of this kind of structure was due to some special factors, including the
requirements for electrical installations, large excavation depth, high groundwater level, weak soil conditions
in the shallow depth (from ground level to a depth of about 30 m) at the construction site, and huge lateral
earth pressure acting on the structure.

Cylindrical diaphragm walls were adopted as retaining walls during the construction stage. Reinforced
concrete lining walls with a thickness of 0.8 m were successively constructed in accordance with excavation
progress to form a second barrier against water and at the same time prepare for unexpected cases such as
non-uniform lateral pressures. A lining wall was connected with the diaphragm wall with pre-embedded bars
in the diaphragm wall. The composite structure of the diaphragm wall and the lining wall formed the
permanent cylindrical outer wall of the basement. The cylindrical structure was adopted due to its structural
superiority where self horizontal stability can be achieved by virtue of hoop-compression stresses on the
circular wall.

An in-situ RC frame was used as the inner structure of the basement. Flat slab supported by beams was a
major part of the horizontal stiffening member in the inner framed structure the majority of the inner structure
ranged between 6 m to 17m span in regular grids. Large span of the frame provides benefits such as providing
enough space to accommodate large equipment and will be convenient for maintaining the equipment at the
service stage.

3.2 Tension piles

The bottom of the underground structure was about 34 m deep. As the groundwater table in the construction
site was generally 0.3 m to 1.5 m below the ground surface, the characteristic value of the uplift force of the
whole underground structure was about 440,000kN. However, the characteristic value of the sum of the
self-weight of the whole underground structure and down force exerted on the roof of the underground
structure was about 290,000kN. Uplift force was far greater than the down force. Therefore, a large number of
uplift (tension) piles were adopted to counter-balance the uplift effect due to groundwater pressure acting on
the bottom slab of the underground structure.

A total of 665 bored piles were installed as tension piles by reverse circulation drilling methods. The
diameter of the piles was 0.8 m. The piles penetrated through the stiff sandy soil layers (layers (@, and (0),)
and the thick silty clay layers (layers ®);, ®),, and ;). The medium sand layer (layer (©),) was used as the
founding layer for the piles. Pile tips went down to a depth of about 82 m below ground surface and the
effective length of the piles was 48.6m. The design value of tension capacity of a single pile was 3000 kN.
Post grouting of the pile shaft was used for the first time in Shanghai to improve the tension capacity of the
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piles. Five injection points were distributed along each pile shaft, as can be seen in Figure 3. A total amount of
0.4 ton cement was used at each injection point.
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Figure 3: Distribution of injection points along pile shaft Figure 4: Sectional view of the supporting system

4 DEEP EXCAVATION
4.1 Diaphragm wall

The 13,200 sq m, four-level underground structure was constructed using a top-down method. The SWEUTS
project involved a total of about 449,000 cu m of excavation. The excavation was retained by 1.2 m thick
concrete diaphragm walls. At the excavation stage, the diaphragm walls were retaining and waterproofing
structures. At the service stage, the diaphragm walls form part of the permanent wall of the basement. It was
decided to embed the retaining wall toe in the (&), layer (see Figure 4). The embedded length was 23.8 m,
making the retaining wall as deep as 57.5 m. The widths of the panels were 4 m and 6 m. The simple rigid
steel I-beam joints (see Figure 5), which had effective water sealing performance, were adopted to join the
panels of the diaphragm wall. Jet grout columns with diameter of 1.0 m were installed at the outside of the
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joints of the diaphragm wall to form a second barrier against water. The walls were made of Grade 35
reinforced concrete. Toe grouting was carried out on all panels.
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Figure 5: Sketch map of the joints between diaphragm wall panels
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4.2 Lateral supporting system

The retaining walls were braced at the floor levels by the four basement slabs. The roof slab was also used as
a platform for soil excavators, dump trucks and other construction machines. Big access openings were
distributed in the slabs to facilitate the removal of the excavated materials and delivery of building materials.
This improved the working environment underneath the roof slab and increased the construction speed. The
height of the first, second and fourth level basement were 9.5 m, 10.0 m, and 7.5 m, respectively. In order to
reduce the spacing of the lateral struts and further restrict wall movements, temporary ring RC strut frame
systems were installed between the slabs in the first, second and fourth level basement (see Figure 4). Figure
6 shows the plan view of the roof slab showing the locations of access openings. Figure 7 shows the plan
view of the temporary ring RC strut frame system.
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Figure 6: Plan view of the roof slab showing the Figure 7: Plan view of the temporary ring

locations of access openings RC strut frame system
4.3 Vertical supporting system
Temporary columns at the same position as the permanent columns were erected in the bored piles to support

the underground structure that was constructed from the top level downward at the excavation stage. The
design value of load acting on a single temporary column was 9500 kN. Bearing capacity and stability of a
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regular steel lattice column, which is commonly used in top-down method in Shanghai, could not satisfy the
design requirements in this project. Hence, steel tubes with diameter of 550 mm and wall thickness of 16 mm,
filled with Grade 60 concrete, were used as temporary columns. A verticality of 1/600 was required for the
installation precision of these columns. The steel tubes would finally be encased in concrete to be transferred
into permanent columns. Figure 8 shows an elevation view of the temporary steel tube showing connections
with the slabs.

A total of 201 bored piles were installed to support the temporary steel tubes at the excavation stage.
After the construction of the bottom slab and the recovery of groundwater, these piles would be subjected to
uplift load caused by groundwater pressure acting on the bottom slab. This meant that these piles would be
compressed at the excavation stage and tensioned at the service stage. Design of these piles thus should meet
the requirements at both the excavation stage and the service stage. The diameter of these piles was 950 mm.
The coarse sand layer (layer (©),) was selected as bearing layer for these piles. Pile tips went down to a depth
of about 89.2 m below ground surface and the effective length of the piles was 55.8m (see Figure 9). The
design value of bearing capacity of a single pile was 9500 kN. These piles were made of Grade 35 reinforced
concrete. A verticality of 1/300 was required for the installation precision of these piles.
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5 KEY TECHNIQUES
5.1 Excavation supported by permanent structure

Construction of the SWEUTS project was quite difficult. The overall design scheme of the excavation should
consider not only the safety of the supporting system and adjacent structures and facilities, but also the cost of
the construction. The top-down method was finally adopted with consideration of the scale of excavation,
ground conditions, and the cylindrical shape of the project.

In the top-down method, diaphragm walls were used as a retaining and waterproofing structure at the
excavation stage and also used as the permanent wall of the basement at the service stage by efficient
connection with the permanent beams and slabs of the underground structure. Permanent slabs were
simultaneously used as lateral support of the retaining wall. Steel tubes were used to support the underground
structure at the excavation stage and would be encased in concrete to form permanent columns. At the design
stage, a series of key technique problems were solved. These included the design of diaphragm walls and slabs
at different stages (excavation stage and service stage), connections between diaphragm walls and permanent
beams and slabs, design of roof slab used as platform for vehicles and construction machines, connection
between vertical steel tubes and horizontal slabs, and control of the verticality of steel tubes installation.

5.2 Design analysis of the cylindrical structure

Analysis methods include slab-spring approach and three dimensional continuum finite element method were
adopted to model the construction processes. In the slab-spring approach, the cylindrical diaphragm wall and
horizontal slabs were modeled by shell elements, horizontal beams and vertical supporting system were
modeled by beam elements, ground reaction effects on the excavation side were modeled by spring elements,
and the effects of the soil at the back of the diaphragm wall were modeled as loads acting on the wall. Figure
10 shows the analysis model using slab-spring approach. Internal forces and deformation of the underground
structure were analyzed. Figure 11 shows the contour plots of the displacement of the diaphragm wall in radial
direction after the final excavation. The wall bulged in toward the pit and the maximum distortion of the
diaphragm wall was about 32 mm. Figure 12 shows the distribution of circumferential axial forces in the wall
along the depth. It can be seen that circumferential axial forces were not uniform along the wall depth. The
magnitudes of circumferential axial forces are closely related to the magnitude of wall distortion. Larger
distortion would result in larger magnitudes of circumferential axial forces.

Figure 10: Analysis model using slab-spring approach
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Circumferential axial forces (MN/m)

ANSYS 9.0

NODAL 30LUTION 0 -5 -10 -15 -20
STEP=2 0 T T T
SUB =1
TIME=8
Tz (BVG)
R3EZ=1
PowerGraphics 101 ]
EFACET=1
AVRES=Mat
DME =.032112
SME =-.03207 20+ E
8ME =-.003668
-.03207 =
LR ETEEr )
B _ 525758 ]
\ ;| BB -lzze0s 2 30 ]
[ T 3
s R = = —o—Stagel
\ / 1 -~ o1313s <
i f C1 - onges = 40 —0—Stage2|]
E - oosaza —4—Stage3
o 003668 <v—Staged
-.03207 8e
4 A = -.028914 50 —<—Stage5
= ooens —>—Staget
oy o0 —O—Stage7,
= o o
Figure 11: Contour plots of the displacement of the diaphragm Figure 12: Distribution of circumferential axial forces
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In the three dimensional continuum finite element method, soils were modeled by 3D solid elements and
the structural components were modeled as the same as that in the slab-spring approach. This method could
model the deformation of the soil around the excavation, which could be indirectly used to evaluate the effects
of excavation on the adjacent structures and facilities. Figure 13 shows the overall three dimensional analysis
model using continuum finite element method. Figure 14 shows the contour plots of soil displacement in
radial direction after the final excavation.
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Figure 13: 3D finite element model of the excavation Figure 14: Contour plots of soil displacement in radial direction

Many design codes (e.g. ACECS 1997, CABR 1999) suggest using classical earth pressure theories such
as Coulomb's earth pressure theory or Rankine's earth pressure theory to calculate earth pressure of
excavations. These theories were based on limit equilibrium methods under plane strain conditions. However,
these theories are not suitable for cylindrical excavations as the plane strain condition assumption is not
satisfied. There is little literature discussing the calculation method of earth pressure of cylindrical excavations.
Research on active earth pressure in this project was carried out. It was found that the magnitude of active
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carth pressure at limit state under axisymmetric conditions was much smaller than that under plane strain
conditions. Smaller diameter of the cylindrical excavation would result in smaller magnitudes of active earth
pressure. It was concluded that the magnitude of real active earth pressure of cylindrical excavation might be
between the magnitude of active earth pressure at limit state and that at rest. Earth pressure at rest was used as
active earth pressure in the SWEUTS project as the deformations of the cylindrical diaphragm walls were
considered to be very small.

5.3 Deep diaphragm wall

The 57.5-meter deep diaphragm walls were installed to the (8), layer through the firm sandy soil layers (layer
@, and (@),) with SPT blowcounts of 28 to 50 and specific penetration resistance of 12 to 23 MPa. The firm
sandy soil layers presented great difficulties to the installation of the diaphragm walls. To ensure quality and
speed of diaphragm wall installation, special construction methods were employed. The sectors of wall
trenches in soft soils (above the (7), layer) were excavated by conventional clamshell grabs while the deep
sectors in the firm sandy soil layers (layers (@), and (7),) and the silty clay layers (layers &), and ®),) were
formed by trench cutting machines. This combined method was used for the first time in Shanghai district.
Figure 15 shows the excavation methods of the diaphragm wall trench.

Diaphragm wall panels were joined by rigid steel I-beam joints. The steel I-beams were connected to the
steel reinforcement cages by wielding. This kind of joint effectively improved the integrity of the diaphragm
wall structure and water-proofing performance.
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(a) Using clamshell grabs in soft soils (b) Using trench cutting machine in hard soils

Figure 15: Excavation methods of the diaphragm wall trench
5.4 Post-shaft-grouting of tension piles

Design of the tension piles was a key design issue for the anti-floating design of the overall underground
structure. In order to select the most suitable pile type, static load tests were carried out to test the performance
of two types of piles (pile with bell-out and post-shaft-grouting pile). The test results showed that both
bell-out method and post grouting method could significantly improve the capacities of the piles. However,
the vertical displacement of the pile top of the pile with bell-out was much larger than that of the post-grouted
pile when the two types of piles were subjected to the same uplift load, as shown in Figure 16. Moreover,
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quality control and post construction testing of piles with bell-out were quite difficult as the pile tips had
penetrated into the hard sandy soil layer (layer (©),). As a result, post-shaft-grouted piles were finally selected
for the SWEUTS project.
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Figure 16: Load-displacement curves for uplift load tests

5.5 Design of tension piles under deep excavation

The area and depth of the excavation for the SWEUTS project were extremely large. Numerical analyses and
centrifuge tests were carried out to study the effects of unloading due to deep excavation on the bearing
behavior of piles. It was found that the bearing capacities of the uplift piles were reduced and tension stresses
appeared in the middle and lower part of the pile shafts due to unloading. A discount of the bearing capacities
of the uplift piles was adopted in the design stage considering the decrease of bearing capacities of uplift piles
due to unloading. The quantity of reinforcement of the uplift pile was checked by the sum of the axial force
caused by the uplift load at the service stage and that caused by unloading at the excavation stage. Research in
the SWEUTS project showed that design of pile under deep excavations should take the effect of unloading
into consideration.

6 CONSTRUCTION PROGRESS OF THE SWEUTS PROJECT

The project dates back to September 2005 when pile load tests commenced. The installation of diaphragm
walls and piles commenced in December 2005 and took roughly 10 months to complete. Excavation started in
December 2006. Up to present, the structure of the first, second, and third level basements has been
constructed. The last excavation will commence soon. The construction of the bottom slab is expected to be
completed in June 2008. Figures 17, 18, 19 and 20 show some photos of the construction progresses of the
project. A lot of instrumentation was installed to monitor the performance of the excavation and the impact on
surrounding structures and facilities. Monitored data showed that the maximum lateral displacement of the
diaphragm wall was less than 35 mm. This agrees quite well with the analyzed results obtained by the
slab-spring approach and three dimensional continuum finite element method.

7 CONCLUSIONS
Development of large scale and deep underground space has highlighted problems which are seldom

encountered in regular underground engineering. Significant design issues of large-scale and deep
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Figure 17: Pouring concrete of the central part of Figure 18: An aerial view of the project showing the

the roof slab completion of the roof slab
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Figure 19: An interior view of the excavation showing Figure 20: A view into an access opening showing

steel tubes used as vertical support the underground structure

underground engineering include aspects such as design and analysis of the underground structure system
under heavy horizontal loads, anti-floating design of the overall underground structure, high risk of deep
excavation and its rational design, impact of unloading on bearing capacities of uplift piles and analysis of
cylindrical structures. This paper introduces the design of the SWEUTS project which is a special large and
deep cylindrical underground structure in soft ground. A series of advanced design concepts, new methods,
and new techniques were adopted in this project. Due to the successful completion of this project, valuable
experience has been gained which can be used as reference for other large scale and deep underground
projects.
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ABSTRACT

Resistivity imagine profiling method has recently become one of the popular tools in soil
exploration. It was mostly used in investigating geological structures before. In current urban
geotechnical work, resistivity imagine profiling method was modified to examine performance of
underground geotechnical works, or to verify ground conditions. In this paper, the author will
introduce the basic theoretical background RIP methods. Two case histories are then presented to
illustrate the promising applications of the resistivity imagine profiling method in verifying
performance of soil improvement work and investigating ground condition. Progress presented in
this paper is hoped to promote applications of advanced technologies such as RIP methods in
engineering practice, and to provide alternative resolutions to similar geotechnical problems.

1 INTRODUCTION

Resistivity Imagine Profiling (RIP) method is one of traditional geophysical surveying technology, which has
been developed for many years. It has recently become one of the popular tools in soil exploration. The RIP
method has advantages in investigating ground water distribution, geological structures and soil profile over
large area because of high sensitivity for water and different geo-materials. The RIP method was mostly used
in investigating geological structures in the past. Applications of RIP method on investigating specific soil
conditions or underground structures were not yet well developed. In an effort to develop a reliable soil
exploration method for urban geotechnical work of which levels of complications and scales has greatly
increased recently, the RIP method was modified to examine complicated ground conditions or manmade
underground structures. In the presented paper, the authors will first introduce the basics of RIP methods.
Theories and typical installation layouts of both 2D and 3D crosshole RIP methods are depicted in detail. Two
case histories are then utilized to illustrate the applications of RIP methods. In the first case, the 3D crosshole
RIP method was used to verify effectiveness of different soil improvement works that were adopted to retrofit
defected diaphragm walls of a deep excavation site. Results of the 3D RIP method were found to be able to
identify different soil improvement works and to exhibit quality condition of inspected diaphragm walls. In
the second case, the surface 2D RIP method was planned to cover a construction failure site. Results of the
RIP imagines were used to interpret the ground condition and possible failure causes of the accident.
Applications of the RIP method to the urban geotechnical works were validated via the presented case
histories. Information presented in this paper is hoped to promote applications of advanced technologies such
as RIP methods in engineering practice, and to provide alternative resolutions to similar geotechnical
problems.
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2 RESISTIVITY IMAGINE PROFILING METHOD
2.1 Basics of Resistivity Imagine Profiling Method

The RIP method is one of traditional geophysical surveying technologies, which has developed for many
years. Its applications have been further extended because of recent advances in electronic equipments and
computer technology. The RIP method has advantages in investigating ground water distribution, geological
structures and soil profiles over large area by measuring electrical resistivity distribution over the target soil
deposits or underground space. Table 1 shows the typical values of resistivities of different geomaterials. As
can be noted, the resistivities of cemented material such as concrete or grout vary from 10,000 ~ 40,000 ohm-
m, while those of porous and moisture material such as saturated sands, silts and clay vary from 15 to 1,000
ohm-m. Also indicated in Table 1, the resistivity of sea water is as low as 1 to 5 ohm-m. Because the RIP
method has high sensitivity to water content of various geomaterials and grout materials, it is therefore
possible to identify different soil deposits, to detect defects of underground structures, to tell ground condition
with different level of treatments, and to locate possible water leaking paths accordingly.

Usually, electrical currents are introduced into the target area by setting up layers of electrical circuits.
Resistivity values at specific locations could be measured by specially arranged probing posts or sensors.
Recorded values of resistivities are then input into analytical models to calculate the resistivity field of the
target area. Key factors of the RIP method include optimization of sensor layout designs and resolution of the
inverse models used to calculate the resistivity field.

Table 1 Resistivities of different material

Material Typical Resistivity ( Q-m)
Sea water 1~5
Clay (saturated) 15~30
Silt (saturated) 30 ~ 200
Sandstone 100~ 800
Sand (saturated) 200 ~ 1,000
Gavel (saturated) 1,000 ~ 5,000
Sand (dry) 5,000 ~ 20,000
Concrete Cemented Grout 10,000 ~ 40,000

2.2 Inverse Programs

In this study, two kinds of inverse programs: 1) The inverse program, RES2DINV ver. 3.54 by Loke(2005)
and 2) the 3-D program, Earthlmager 3D by AGI(2006) were used in the studied cases for calculating
electrical resistivity fields.

RES2DINV Software The inversion routine used by the program is based on the smoothness constrained
least-squares method (De Groot-Hedlin and Constable 1990). A new implementation of the least-squares
method based on a quasi-Newton optimization technique (Loke 2001) was also used. This technique can be
more than 10 times faster than the conventional least-squares method for large data sets and requires less
computation effort. The smoothness constrained least-squares method is based on the following equation

(@J+uF)d=J"g (1)

Where F=ff," +f,f,",
fx, fz, are the horizontal flatness filter and vertical flatness filter respectively,
J is the matrix of partial derivatives, J" is transpose of J
u is the damping factor, and
d is the model perturbation vector and g is the discrepancy vector.
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The 2D model used by this program divides the subsurface into a number of rectangular blocks (shown in
Figure 1(a)). The purpose of this program is to determine the resistivity of the rectangular blocks that will
produce an apparent resistivity pseudo-section in agreements with the actual measurements.

Earthlmager 3D Software In this program, the underdetermined and ill-posed nature of 3D resistivity
inverse problems makes the inverse solution inherently non-unique. Additional constraints, or regularization,
must be imposed on the model to single out one optimal solution. The smooth model inversion, also known as
Occam’s inversion, could find the smoothest possible model whose response fits the data to a-priori Chi-
squared statistics. The true model must be at least as, but never less complex than, the smooth model obtained
through smooth model inversion. Smooth model inversion is based on the assumption of Gaussian distribution
of data errors. The smooth model inversion algorithm was originally described in DeGroot-Hedlin and
Constable (1990). The mesh of the program is shown in Figure 1(b). The objective function of smooth model
inversion is given by

S(M) = (dobs-g(M)) "Wa(daos-g(M))+ & m'Rm )
Where a is a Lagrange multiplier and a stabilizing factor. It determines the amount of model roughness

imposed on the model during the inversion, and
R is a roughness operator.

—»] a je—

,—( )—l (V)
I < |
C2 C1 P1 P2
Far pole Far pole
4 o) P
T S |
C2 C1 P1 P2
I—( )—l V%
Ly |
C2 C1 P1 2

C1, C2: Current Pole P
P1, P2 : Potential Pole

a : Spacing

@ : Control Point

, @
t
L
\P
B

Far Distance

T
35

Borehole Borehole

(a) (b)
Figure 1 (a) 2D mesh of borehole measurement and (b) 3D Electrode Geometry of Earthimger 3D (AGlI, 2006).

3 CASE STUDY |
3.1 Site Information

O1 Station of Kaohsiung Mass Rapid Transit (KMRT) system is an underground terminal station at the
western end of the KMRT Orange line (Figure 2). Excavation for the station was carried out to a depth of 20m
by using diaphragm walls as the retaining structures. Two types of diaphragm walls were designed in this
excavation work. Walls of 800mm in thickness were designed to a depth of 39m and those of 1000mm in
thickness were designed to a depth of 37.5m. The studied site was a salt pan used for fish farming till the
completion of the Kaohsiung Harbor in the beginning of the 20th century. The area was reclaimed by using
the soil dredged from the harbor. Subsoils on site are the typical silty sand and sandy silt interlayers. These
deposits are young sediments with high water contents and low plasticity. Such soils can easily be softened
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once disturbed or liquefied when subjected to steep hydraulic gradients. Figure 3 shows the soil profile
summarized using numbers of boreholes collected before and after the failure event (Ho et al, 2005). Soil
properties adopted in designs are listed in Table 2. Ground water table is 1 to 3m below the ground surface.
On account of the formation of subsoils as well as special site location as shown in Figure 2, ingression of sea
water increased the high chloride content in groundwater. It has been suspected that the quality of diaphragm
walls may deteriorate as a result of chloride attack. In many cases, jet grouting piles were installed to prevent
guiding trench of diaphragm walls from collapsing; however, necking that reduced the sectional areas of
diaphragm walls as well as sludge pockets inside the diaphragm walls that provided leakage paths are still

frequently occurred.

Table 2 Basic soil properties adopted in design of diaphragm walls.

Figure 2 Locatio

"of O1 station of KMRT.

Unit c’ @’ Su
weight kpa | degrees | kPa
KN/m®

SF 20.1 0 28
CL 18.9 0 27 18

SM 20.2 0 32
CL/SM | 195 0 29 85
CL 19.5 0 28 113

(M)

0 10 20 M

Hev=1:2

Figure 3 Soil profile of O1 station.
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On 9 August 2004, a large sinkhole was quickly formed behind central wall panels on the south side of
excavation area. It was caused by uncontrolled leakage of the diaphragm walls when excavation already
reached a depth of 15m. This ground failure has resulted in served ground subsidence and building damages.
Excavation work was stopped right after the incident. Countermeasures were soon taken to improve the
watertightness of diaphragm walls. The 3D cross-hole RIP method was adopted to verify the effectiveness of
the ground treatments, and to examine the condition of the defected diaphragm walls.

3.2 Test Plan

In this case, RIP tests were carried out in order to identify effectiveness of different ground treatments that
were applied after the excavation failure, and to inspect the integrity of diaphragm walls. Diaphragm wall
panels S7T2MF to S74AMF were selected as the test wall panels because they were concluded by pumping test
as the potential defected wall units. The test wall panels were first treated by Super Jet Grouting (JSG)
columns. After the JSG treatment, Jet Grout Pile (CCP) was again added at panel connection to enhance
watertightness. RIP tests were performed before and after the CCP treatment. Figure 4 shows the schematics
of layouts of RIP testing in stereo and plane views.

Crosshole RIP  Crosshole RIP Y Fig. 7
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z
Figure 4 Stereo and plane view of RIP layouts.

To perform the RIP test, electrodes were installed on both sides of target wall units to a depth of 40m in
order to cover full wall depth and treated ground. Total six boreholes were drilled to install electrodes so that a
4mX4mX40m column of ground condition could be “visualized”. Potential electrodes were installed at 1m
intervals in vertical direction. Electrical current was applied to the ground through two current electrodes and
electrical fields were then generated within the probing area. The resulting voltage difference between two
potential electrodes was measured to determine the resistance of the ground. Resistivity measurements were
then input into commercial computer software to produce 2D and 3D imagines of resistivity distribution of
tested ground (Hwang et al, 2007).

3.3 Test Results

Figure 5 shows the RIP image columns before the after the CCP treatment. The imagines were presented in
colored contour. Cold colors, from green to deep blue, represent low resistivity materials like saturated sand or
clay. On the contrary, warm colors, from yellow to red, represent high resistivity material such as grout or
cemented soil. As shown in the figure, location and condition of diaphragm wall panels could be clearly
identified in the 3D imagines. Before the CCP treatment, it could be seen that wall panel had a permeable
fragment below the depth of GL-30.33m. It also found that CCP treatment had in fact improve the
watertightness of the diaphragm wall with apparently increased volume coverage of high resistivity zone. The
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permeable fragment that showed before CCP treatment was also found to be improved in the post-CCP
treatment 3D imagine. The 3D RIP imagine columns were further sliced into 2D imagines at different
locations to have closer views of the quality of wall panels and effectiveness of ground treatments. Figures 6
and 7 show the 2D imagine slices those were prepared parallel (XZ sections) and vertically crossing (YZ
sections) the tested wall panels accordingly. As illustrated in Figure 4, XZ sections at location where Y=2.0 to
2.5 represent the body of the examined diaphragm wall panels. X=3.5 of YZ sections represent the joint
between wall panels where leakage is most likely to occur. As shown in figure 6, the 2D RIP slices of Y=2m
and Y=2.5 clearly indicate scattered permeable portions at depth of 30m before CCP treatment. Nevertheless,
the post-treatment RIP slices show that the possible defects had effectively improved. Similar result could be
also shown in Figure 7. The 2D slices of X=3.5 show distinguished difference of water permeability at
adjacent location of panel joint. In summary, effectiveness of different ground treatments for diaphragm wall
defect mitigation could be clearly verified through the 3D RIP method. Test results show that the inspected
diaphragm wall units had a possible sludge pocket below the depth of GL-30.33m that might lead to potential
leakage. Test results also indicate that CCP method had better performance in improving watertightness and
ground voids of treated ground than JSG method. However, this outcome might be a consequence of
accumulated grouting.
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4 CASE STUDY II

4.1 Site Information

The corridor connecting the up-line and down-line subway tunnels between O7 and O8 stations of KMRT had
collapsed during excavation on December 4™, 2005. The corridor was constructed by means of the NATM
method. A vertical shaft 3.3m in diameter was designed to provide a sump for water collection in the middle
of the corridor. The accident happened when the shaft excavation reached a depth of 4.95m from the floor of
the corridor, at the very last stage of the excavation. The collapse was followed by steadily increased outflow
of mud water. This breakage led to undermining the already built-up tunnels, accompanied by an inflow of
soil and water from the rips opened at the junction on the ceiling between the corridor and tunnel. This
breakage culminated eventually in a large scale collapse of the tunnel structure involving formation of two
cave-ins on the ground surface (Ishihara & Lee, 2008). Figure 8 shows the location of the collapse and the
feature of the cave-in on the ground surface. The cross section and side views of the tunnel are shown in

Figure 9. It is to be noted that there was an underground roadway called Chung Cheng underpath just above
the subway tunnel (Ishihara & Lee, 2008).
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Figure 8 Location of the collapse and the feature of the cave-in on the ground surface (after Ishihara & Lee, 2008).

Soil condition of the studied case is comprised predominantly of silty sand deposit with occasional layers
of low-plasticity clay to a depth of 40m. Figure 10 shows the typical soil profile at the location of collapse.
The blow count, N-value, is shown to increase with depth and to have a value of 20 to 30 at the depth where
the sump for water collection was excavated (Ishihara & Lee, 2008).
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Figure 10 Soil profile at the site of collapse (Ishihara & Lee, 2008).

4.2 Test Plan

Right after the accident, surface 2D RIP testing was conducted to probe ground condition, and to check the
effectiveness of remediation grouting. Figure 11 shows the layout of the 2D RIP testing. As depicted in Figure
11, six survey lines in north-south direction and one in east-west direction were installed in an attempt to
cover the damaged area; and hopefully to identify different soil conditions and underground structures. The
corridor was surrounded by grout material which was installed to stabilize the ground prior to excavation.
Large numbers of sand bags and backfill material were dumped into the surface sinkholes to stabilize the
disturbed ground after the event. Ground conditions was fairly complicated when the 2D RIP survey was
conducted.
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Figure 12 2D RIP results of survey lines in north-south direction.
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4.3 Test Results

Figure 12 shows the results of 2D RIP in cross sectional profiles. Similar to the display mode of 3D RIP
imagines presented in previous case study, the 2D RIP imagines were presented in colored contour. Cold
colors, from green to deep blue, represent low resistivity materials as the disturbed ground with larger volume
of ground water content. On the contrary, warm colors, from yellow to red and brown, represent high
resistivity material such as grout materials or cemented backfill. Inverse analysis of the 2D RIP is basically
similar to reflection and refraction laws of wave propagation. Underground structures shown in imagines of
2D RIP tend to be distorted from rectangular shapes into upward shell shapes. As depicted in Figure 12,
despite the imagine distortion, area in between the underground carpass and the subway corridor were
identified as in seriously disturbed condition. Moreover, distribution of the weak ground also indicates that
both surface sinkholes were extended from 30m below ground surface where the subway tunnels located as
results of deep soil piping. At locations of Line L2 and Line E, which are the east and west boundaries of the
soil improvement block of the damaged corridor, soil beneath the subway tunnels was also found to be
severely agitated by the piping failures. This observation implied that the subway tunnels outside the grouted
area might subside and resulted in dislocations of tunnel ring segments. Imagines shown in Figure 12 also
indicate that immediate remediation grout treatments have effectively reached both sides of the corridor as
displayed in warm color. Figure 13 shows the 2D RIP imagine of survey line L13. Imagine shown in this
figure has a good agreement to those obtained in cross sectional views. Longitudinal scale of the weak ground
were further identified by means of this imagine. Effectiveness of immediate remediation grout treatments at
east and west end of sinkholes were also verified in this imagine profile.

55555

77777

0.1794685
-0.2344185
-0.6483055

Figure 13 2D RIP imagine of survey line L13.

4.4 Describing the Failure

2D RIP results presented above was the most important information that provided visual imagines of the
failed ground. Figure 14 shows the possible failure schema predicted based on the RIP results and other
forensic investigation works (Ishihara and Lee, 2008). As shown in the figure, after triggering the piping, the
blackish mud water continued to come out in the sump with increasing volume. It is believed that the mud
water flowed into the sump from the bottom. This assumption would hold true in the light of the fact that the
zone stabilized by the jet grouting could not so easily broken down in the horizontal direction, and a weak
zone might have existed in the form of vertical pipe. The aggressive piping extended from the bottom of the
sump had resulted in underscouring of the soil below the corridor and tunnel segments, and had caused the
corridor block and tunnel lining segments to subside and possibly breakdown as shown in Figure 14. Mud
water then started to cascade from the ripped joints of ring lining segments into the tunnels. Because large
amount of debris continuously flooded into the tunnels, the fall-off of the soil had spread upward form the
depth of the corridor and the tunnels up to ground surface, and had created two large sinkholes on the surface.

In an effort to validate the scale of the damaged tunnel portion, borehole probing was also conducted at the
same time when 2D RIP survey was performed. Figure 15 shows the results of the borehole probing. It has
good agreement to the 2D RIP results of survey lines L2, E, and L13 shown previously. Tunnel lining
segments outside the corridor block had subsided seriously as a result of sever soil collapse underneath.
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Figure 14 Possible failure schema of the accident based on the RIP results (after Ishihara and Lee, 2008).
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Figure 15 borehole probing result for settlement of damaged tunnel.

5 CONCLUSIONS

Both 2D and 3D crosshole RIP technologies were concluded to be capable of identifying various ground
conditions and performance of underground structures. Promising results and applications presented in this
paper prove that RIP technology could be adapted in underground constructions with adequate planning and
design. It has great advantages of providing visual imagines and decoding different objects than present soil
exploration methods used for underground construction. Studied cases presented in this paper is hoped to
promote applications of advanced geophysics technologies such as RIP method in engineering practice, and to
provide alternative resolutions to similar geotechnical problems.
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Load Tests for Jet Grouting at Macau

T.M.H. Lok, H.S. Leong, Y.L. Wong, [.C. Chan & W.M. Yan

Macau Association for Geotechnical Engineering, Macau SAR, China

ABSTRACT

A construction project involved ground improvement for a mat foundation with high pressure jet
grouting is described. The mat foundation is about 1700 m” in area. The soil profile consists of
12 m of soft soil below the ground surface, which was improved by jet grout piles at 1.5 m
spacing. There were two tests on individual jet grout piles and two plate load tests on the
composite foundation. Observations of the foundation settlements during and after construction
showed satisfactory performance of the ground improvement.

1 INTRODUCTION

This paper describes a project of ground improvement for a mat foundation by jet grouting at Macau (Tai Ah
Co., 2006). The project is for the extension of police station which covers an area of about 1700 m?,
approximately in L shape with maximum dimension of about 39m x 70m. As shown in Figure 1, the center to
center spacing of jet grout columns is 150 cm. There are about 780 jet grout columns with depth from GL-1.1
to 12.0 m and diameter of about 30 cm.
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Figure 1: Plan of jet grouting (jet grout piles shown in dots)
2 SITE INVESTIGATION
According to the site investigation, a layer of fill of about 2 m is found at the ground surface, underlain by soft

clay followed by alluvium and decomposed soils. The variation of SPT N values is shown in Figure 2. N
values are generally less than 12 from depth of 0 to 12 m, where jet grouting was applied. Below 12 m, N
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values are generally over 25 where soil improvement was not planned. Average ground water table is at about
GL-2.0 m.
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Figure 2: SPT N values vs. depth

Table 1 shows the simplified soil parameters for design purpose. Undrained shear strength was determined
from consolidated undrained triaxial tests. Undrained shear strength (S,) was correlated with preconsolidation
pressure (p.), and the Young modulus was estimated based on Bjerrum (1972), where E; = 1000S, for
cohesive soils, or as E; = 4000xlog N for cohesionless soils.
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Table 1 Simplified soil parameters for design

. .. Depth 7 ¢ SPT Pe Su E,
Soil Layer Description (m) (N/m?) (Nuw) | (kN m?) | (eNm?) | (i’
Back filling silty sand 2.0 19.6 5 o o 29,430
Marine deposit sandy silty clay 6.0 16.7 5 92.2 106.0 | 106,050

Alluvium fine to coarse . 12.0 19.8 12 1360 | 1564 | 156,370
clayey sand /sand Silt

Alluvium medium to coarse 19.0 19.6 24 2003 | 2303 | 230,340
clayey sand /sand silt

Completely fine to medium
Discomposed sand /sandy silt 26.0 20.6 >50 267.0 307.1 307,050
Granite (C.D.G) y

3 FIELD LOADING TESTS
3.1 Jet grout pile tests

There are two tests performed on individual jet grout piles, No. N25 and No. Q22, as shown in Figure 3.
Loading was applied with a hydraulic jack under a weight platform (kentledge). Three cycles of loading were
applied up to 70, 120 and 165kN, corresponding to 100%, 170%, and 235% of the design load. At each
loading stage, the load was maintained until the pile head settlement rate was less than 0.004 mm/min. The
maximum loading was maintained for 24 hours for studying long term settlement. The load vs. settlement
curves are shown in Figure 4a and 4b.

As shown in Figure 4a, for pile No. N25, the maximum pile head settlement was 3.17 mm under the
maximum load of 165 kN including the 0.7 mm due to creeping from 24 hours of maintained load, while for
pile No. Q22, the maximum pile head settlement was 5.88 mm under the maximum load of 165 kN including
the 0.9 mm due to creeping from 24 hours of maintained load as shown in Figure 4b. The settlements
observed for the individual jet grout piles are relatively small compared with those from the plate load tests as
described below, implying probably the loading for the jet grout piles were well below the ultimate condition.

3.2 Plate load tests

There are two plate load tests performed at the locations shown in Figure 3. The plates were made of 30 cm
thick reinforced concrete with an area of 3 m by 3 m. The pressure vs. settlement curves are shown in Figure
S5a and 5b. The design load of the foundation was estimated to be 86.6 kPa, 2.5 times of which was planned as
the applied loading, for plate load tests. However, as shown in Figure 5a for test A, settlement quickly
increased upon 139 kPa, and the test was terminated. This was probably due to adverse site condition after
heavy rainstorm on the testing day. For test B, the maximum load of 224 kPa was achieved before unloading
as shown in Figure 5b. The corresponding average settlement at maximum load was about 16 mm.

Also shown in Figure 5a and 5b are the reading from different dial gauges located at the four corners of the
plate. As the applied loading approached the maximum load, the readings from different dial gauges started to
deviate from each other, implying possible rotational failure of the foundation.
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Figure 3: Location of jet grout pile and plate load tests
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Figure 4a: Load test curve for jet grout pile No. N25 Figure 4b: Load test curve for jet grout pile No. Q22
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4 ESTIMATED AND OBSERVED SETTLEMENT
The settlement was estimated by considering elastic settlement and consolidation settlement for the treated
and untreated soil layers, respectively. Young’s modulus of the jet grout treated soil was estimated to be
144,800 kN/m’, based on the area ratio of the jet grout to the untreated soil. The following properties were

obtained for the alluvium and the weathered soil:

Table 2 Consolidation properties of untreated soils

Soil € C. G
Alluvium 0.63 0.0975 0.0139
Weathered soil 0.54 0.030 0.0043

The distributed loading from the superstructure is shown in Figure 6. Most of the foundation will be
loaded with 63.8 kPa (6.5 t/m®) except the lower rectangular part will be loaded with 25.5 kPa (2.6 t/m?). The
estimated settlements of the mat foundation are within 1.4 cm as shown is Figure 7. A monitoring program of
the settlement after the completion of the superstructure was carried out for a period of about 8§ months. As
shown in Figure 8a, 8b and 8c; the observed settlement at the end of the monitoring were in the range of 5 to 8
mm, which were generally less than the predicted final settlement except at a few locations.
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Figure 7: Estimated settlement for the mat foundation (values in cm)
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5 CONCLUDING REMARKS

A case history of load tests for jet grouting at Macau was presented. The project involves ground
improvement of an area of about 1700 m>. Two tests on individual jet grout piles and two plate load tests on
the composite foundation were carried out according to the local requirements. The monitoring of the
settlement during construction of the superstructure indicated that the improved foundation performed
satisfactory.

As driven piles are commonly recommended for such scale of construction projects in Macau, jet grouting
provides an economical alternative. The case history presented here is just one of the few cases using ground
improvement in Macau. Further utilization and improvement of the technique in Macau is foreseen for the
future.
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Asphalt Heaving at the Hong Kong International Airport —
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ABSTRACT

The second (northern) runway at the new Hong Kong International Airport began operating in
July 1999. Shortly after this runway was opened, during periods of very wet weather the asphalt
wearing course on the shoulders of the pavements was observed to occasionally heave in the form
of domes with various sizes. Pavement damage in the form of cracking and localised bulging of
the wearing course was observed at various locations, particularly on the taxiway shoulders. In
the later part of the year a heave dome occurred at one of the rapid exit taxiways and caused the
closure of the captioned taxiway for an emergency repair. The heaving was found to be associated
with air being displaced by the rising water level in the rock fill below the runway caused by tidal
effects. The air pressure developed beneath the asphalt was found to significantly increase when
the surface of the asphalt and the adjacent ground was very wet. This paper describes the
investigation carried out to identify the cause of the heaving and to define the extent of the
problem area. The results of the investigation were used to predict the potential for future heaving
and the particular conditions required to cause heaving. The paper also describes the technical
background to the design of the temporary measures taken to mitigate the problem as well as the
development and implementation of a long-term solution.

1 BACKGROUND

1.1 Pavement structures

The runways and taxiways of the Hong Kong International Airport (HKIA) are constructed on reclaimed land.
To cater for the ground settlement, a flexible pavement design was adopted. The flexible pavement layers
comprise a Marshall Asphalt Wearing Course and a Base Course (MAWC & MABC) on a compacted
Crushed Aggregate Base Course (CABC) and a Crushed Aggregates Sub-Base (CASB). The total thickness of

the MAWC and MABC varies from 130 mm on the runway to 50 mm on the shoulders of the runway and
taxiways. A typical cross section of the runway / taxiway pavement is shown on Figure 1.

Figure 1: Cross section of runway/taxiway pavement
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1.2 Subgrade and fill

Prior to the reclamation, the soft marine clay, which blankets most of the seabed, was removed by dredging.
The reclamation in the area of the runway and taxiways is comprised of a 2-4 m thick marine sand capping
layer overlying 13 m rock fill which in turn is underlain by 5-10 m of marine sand to dredge level. A
horizontal geotextile filter fabric was installed between the marine capping sand and rock fill to prevent the
wash out of the capping sand into the underlying rock fill. The subgrade sand fill below the CASB was
compacted to 95% to 98% of maximum dry density.

2 PROBLEM OF PAVEMENT HEAVING

Pavement damage associated with the heave of the wearing course was first observed on the taxiway
shoulders within the North Runway Area between July and September 1999. At some of these locations the
wearing course was observed to be temporarily lifted away from the underlying crushed aggregate base course
forming a dome with height of up to 400 mm and a diameter up to approximately 10 m, see Figure 2. At the
remaining locations the damage was observed in the form of cracking and localised bulging of the wearing
course. Detailed investigations demonstrated that the cracking and bulging was caused when a heave dome
subsided back onto the underlying aggregate base course.

Figure 2: Heaving of pavement at the taxiway shoulder

It was noticed that the heaving phenomena occurred only after prolonged heavy rainfall during the summer
months. Air bubbles were also observed at the locations of the damaged pavement surfaces during the heaving
occurrence. The duration of each heaving occurrence was also very short, about one or two hours, after which,
the dome disappeared.

During the summer months of 2000, the heaving at the shoulder area continued. In 2001, the heaving
problem extended to the aircraft traffic area at a taxiway. On 7 June 2001, after 5 days of heavy rainfall, an
area of taxiway pavement at Rapid Exit Taxiway (RET) A5 heaved and fractured the pavement asphalt along
a construction joint.

3 POTENTIAL CAUSE OF HEAVING

Following the initial heaving problem in 1999, a task force was set up to undertake a thorough investigation of
the phenomena. The investigation included a review of the as-built drawings of the reclamation, construction
and the underground utilities and correlation of heave occurrences with rainfall events, ambient temperature,
tide level and sunshine hours. Leung et al. (2007) discuss the potential causes of the heave investigated by the
task force.
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The most obvious correlation of the heaving damage phenomenon was with rainfall but it was apparent
that the rainfall acted as a trigger for the heave damage rather than being directly responsible. A detailed
review of the tidal record indicated that all of the heaving incidents occurred during a rapidly rising “Spring”
tide and after continuous heavy rainfall for a few days. Spring tides are associated with either a full moon or
new moon and are the highest tides of the monthly cycle. A high tide is associated with a rapid rate of tide rise
approximately 3 hours before the actual high tide.

The tidal water level varies between approximately 0.0 and 2.6 mPD and the ground level at the runway
and taxiways is typically approximately 6.5 mPD. The heaving caused by direct tidal water force was ruled
out and it was considered that the pavement heaving was caused by the build-up of air pressure underneath the
pavement due to the rising tide and blockage of free air flow in the saturated capping sand layer and the wet
asphalt. Under dry weather, a rising tide would push the air in the voids in the rock fill (30% by volume)
below the geotextile up through the relatively permeable sand capping and this air would escape slowly
through the pavement layers and asphalt or through the landscaped areas.

Calculations indicated that a pressure of only 1.2 kPa would lift a 50 mm asphalt layer such as either the
asphalt on the shoulders on the runway and taxiways or potentially a 55 mm thick layer of MAWC which had
debonded from the underlying MABC. A pressure of 3 kPa would lift the 130 mm full thickness asphalt
pavement (MAWC and MABC).

4 MEASUREMENT OF AIR PRESSURE

In order to confirm the hypothesis that air pressure caused by a rising tide was the cause of the heave, a
number of pressure sensors were installed close to the centreline of the runway and taxiways. The pressure
sensors were small diameter vibrating wire piezometers, 120 mm long and 12 mm in diameter. The
piezometers were inserted into small diameter holes drilled in the asphalt surfacing with their tip set at the
level of the underside of the asphalt. The cables from the piezometers were laid across the pavement surface in
6 mm wide by 30 mm deep saw cut grooves backfilled with asphalt sealant. The cables were connected to
dataloggers which were buried in waterproof boxes in the landscaped area directly adjacent to the pavements.

A typical pressure monitoring result over a three day period of dry weather is shown in Figure 3, which
also shows the variation of tidal water level in the rockfill beneath the pavement. Figure 4 presents the same
data but this time compares the air pressure beneath the asphalt with the rate of rise of tide. This figure shows
that the maximum pressure occurs when the rate of rise of the tide is at its greatest, approximately 3 hours
before high tide.
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Figure 3: Measured air pressure and tide level Figure 4: Measured air pressure and rate of tide rise

Subsequent monitoring of vibrating pressure gauges installed in the asphalt demonstrated that the peak
pressure increased significantly during wet weather events. Figure 5 shows the pressure monitoring results
from one of these pressure gauges during the 2002 wet season. The highest peak pressures were measured
during wet weather which occurred around 11 June, 27 July and 10 August 2002.
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Figure 5: Measured air pressure during the 2002 wet season

The monitoring data confirmed that the rising tide was the most probable cause of the heave. The next
problem was to define the extent of the runway and taxiways which was being affected by the pressure,
requiring a measurement of the pressure at many locations.

It was considered that it might be possible to drill a small diameter hole through the asphalt and then insert
a small pressure probe into the hole and temporarily seal the hole. A simple water filled manometer tube
equipped with a rubber bung to seal the hole was constructed and a small number of holes were drilled
through the asphalt. Figure 6 shows the manometer being used to measure the air pressure below the asphalt.
During one of the regular overnight runway closures which coincided with a rapidly rising tide the system was
tested and it was demonstrated that a reliable pressure measurement could be obtained within approximately
10 seconds.

Figure 6: Manometer measured air pressure beneath asphalt

Once it had been confirmed that this simple system worked, pressure monitoring holes were drilled at
approximately 20 m centres along the length of the runway and taxiways. In total approximately 600 pressure
monitoring holes were drilled in the asphalt surfacing

During a subsequent night closure, which coincided with a rapidly rising tide, four sets of monitoring
equipment were used to measure the pressure at all 600 points during a 3 hour period. The exercise was
repeated on two further occasions when a rapidly rising tide coincided with a night closure. In order to allow
the data measured at different times and on different days to be compared, the data was normalised by
adjusting the measured pressure by a factor which related to the measured rate of rise of tide and this could
also be correlated with the pressure monitoring data measured using the vibrating wire piezometers.
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The pressure data obtained through this process was used to zone the pavements into three pressure
categories, high, medium and low, allowing remedial work to be prioritised and optimised. A plan showing
the pressure zones on the runway and taxiways determined from the pressure monitoring and the pressure
measured beneath the runway is shown in Figure 7.
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Figure 7: Measured air pressures along Northern Runway and taxiways
5 MEASURING THE AIR PERMEABILITY OF ASPHALT

It was apparent from the piezometer monitoring data that the rising tide caused an increase in the pressure
below the asphalt and it was also apparent that the magnitude of this pressure was influenced by rainfall,
although it was not obvious why the rainfall caused an increase in the pressure. At this time it was thought that
the very dense asphalt used for airport pavements would be virtually impermeable to airflow but this was not
consistent with the observed heaving and its link to rainfall. It was therefore decided to investigate the
permeability of the asphalt to airflow.

A novel piece of apparatus was constructed to measure the permeability of the asphalt as illustrated in
Figure 8. The apparatus consisted of a 200 mm diameter cylinder in which a cored sample of asphalt could be
inserted and a seal formed around the perimeter of the sample using silicone sealant. The chamber below the
sample could be pressurised to create a pressure difference across the asphalt sample, allowing the
permeability to be measured. A pressure gauge connected to the lower chamber allowed the air pressure to be
monitored.

The test routine adopted to determine the air permeability was similar to a falling head permeability test.
The air pressure in the sealed chamber below the sample was raised to approximately 5 kPa and then allowed
to fall as a result of leakage through the asphalt. Readings of air pressure against time were made until the air
pressure in the chamber returned to atmospheric. Because the volume of the chamber below the sample was
known, the change in air pressure could be equated to a volume flow rate in order to determine permeability.

Because the edge of the test cylinder was higher than the asphalt sample it was possible to cover the
asphalt surface with water in order to test the air permeability of the asphalt either with the surface dry or with
the asphalt surface wet. The wet surface typically had a water depth of 1 to 2 mm. Figure 9 presents the results
of an air permeability test carried out on a sample of asphalt with both a dry surface and wet surface. It can be
seen in Figure 9 that the air pressure beneath the dry sample falls to atmospheric after approximately 15
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seconds. However the air pressure below the wet asphalt initially falls in a similar but slower manner to the
dry test but then stabilises with a locked in pressure of 0.6 kPa.

asphalt covered by water

Figure 8: Custom-made apparatus for measuring the permeability of asphalt
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Figure 9: Results of air permeability tests for dry and wet asphalt surface

The lock in pressure of the wet sample is referred to as the air entry value, which is the pressure required to
overcome the surface tension of the water which forms a meniscus over the small voids in the asphalt. The air
entry value is controlled by the size of the voids in the asphalt, being higher where the voids are smaller.

The slower rate at which the air pressure drops when the sample is wet indicates a lower effective
permeability and demonstrates why the pressure would be greater beneath wet asphalt in comparison to dry
asphalt assuming the same rate of airflow through the asphalt. Back analysis of the asphalt permeability test
results based on the airflow rate caused by a rising tide indicated that on average an air pressure of 0.6 kPa
would be expected beneath dry asphalt and 2.6 kPa would be expected beneath wet asphalt during a rising
tide. This finding was consistent with the observed phenomenon that the air pressure was capable of lifting the
asphalt on the shoulders (50 mm) but not sufficient to lift the full thickness of asphalt (130 mm)

This finding indicated that the heave problem was very unlikely to occur for the full asphalt thickness.
However, because the asphalt was constructed in two layers, there was a possibility that the upper layer may
heave if it became debonded from the underlying layer. This is thought to have been the cause of the one
heave related damage incident on the pavement of a rapid exit taxiways, where only the upper layer was
damaged.
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6 DESIGN OF EMERGENCY REMEDIAL SCHEME

Based on the results of both the air pressure monitoring and the asphalt permeability testing the mechanism
causing the asphalt heaving was understood and the extent of the problem had also been identified. It was
clear that it would not be possible to design and install a permanent solution prior to the wet season in 2002,
however because of concern that heave domes could form on the runway if debonding between the asphalt
layers occurred, it was decided that a short term measure to prevent the heave problem should be
implemented.

The short term scheme comprised drilling small holes through the asphalt to relieve the air pressure build
up directly below the asphalt. Numerical modelling of the air flow through the sand capping and exiting
through a small vent hole in the asphalt was carried out to investigate the pressure distribution. The result of a
flow model is presented in Figure 10, where it can be seen that the extent of the influence on air pressure is
confined to a relatively small radius of approximately 50 mm around the vent hole.
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Figure 10: Predicted reduction in air pressure by a 14 mm diameter small hole

It was determined from this analysis that the small holes could not eliminate pressure build up below the
asphalt. However, should a heave dome start to develop, the asphalt would lift from the underlying base
course forming an air void directly under the asphalt. The air void would form a direct path for the air to the
vent, thereby assisting the quick relief of pressure. In essence the vent holes act as a way of pre-popping heave
domes before they form. Drilling holes through domes as they developed had previously been used as a
remedial measure so it was known that this system would work.

The spacing at which the holes were drilled through the asphalt was based on a combination of the pressure
zoning determined from the pressure monitoring and the sensitivity of the location to the development of
heave zones. In the high priority areas, such as within the wheel paths on the runway in high pressure areas, a
hole spacing of 1 m was adopted. Elsewhere the spacing was increased to either 2 m or 4 m. A total of
160,000 holes were drilled through the asphalt during overnight closures of the runway.

In addition to the small diameter vent holes a number of pressure sensors were installed in the high
pressure areas in order to allow continuous monitoring of the air pressure throughout the following wet
season.

Although the Airport Authority was confident that the small diameter vents would prevent heave problems,
as an additional precaution during the high risk periods, when there was a potential for heave domes to form, a
number of maintenance teams were deployed to continuously inspect the runway and taxiways. The high risk
periods were defined as periods when the tide was rising at a rate faster than 0.3 m per hour combined with a
period when more than 50 mm of rain had fallen in the preceding 24 hours and the asphalt surface was wet.
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7 DEVELOPMENT OF A LONG TERM SOLUTION

The short term pressure relief measures were successful in preventing any further heave domes occurring
subsequent to the 2001 wet season. However, as expected based on the result obtained from the pressure
monitoring, the small holes could not relieve the pressure, instead they ensured that when pressure built up it
was vented. The small holes were considered to be a short term measure for two reasons, first there was
concern that the holes could become blocked and second the holes would allow water to penetrate into the
underlying base course, which is not ideal for pavement life. A long term solution to the problem was needed.

A number of options were considered including the following:

* Building a water cut-off structure, for example a diaphragm wall, around the perimeter of the runway and
taxiways to prevent tidal fluctuation of the water level.

* Adding an additional layer of asphalt to the surface to provide extra weight to resist the pressure.

* Anchoring the asphalt down to the underlying base course using short steel or glass fibre rods.

* Providing an air venting system to vent air directly from the underlying rock fill.

A workshop was held to discuss the various solutions and it was determined that the air venting system
would be the most cost effective system if it could be proved to work. The air vent system was based on the
concept of constructing vertical vents in the landscaped areas adjacent to the runways and taxiways which
would penetrate through the sand fill capping and into the underlying rock fill.

8 PRELIMINARY DESIGN OF A VERTICAL VENT SYSTEM

Following the workshop, numerical modelling of the air flow to a vent was used to develop a design for the
venting system and in particular to determine the necessary vent spacing and vent size. The initial numerical
models were based on axisymmetric modelling of the vent with the controlling parameters being the air
permeability of the rock fill, sand capping and asphalt, the volume air flow rate to be vented and the spacing
of the vents.

The volume of air to be vented could be determined from the maximum rate of rise of tide and the porosity
of the rock fill. The porosity of the rock fill was known to be approximately 0.3 based on the construction
records of the rock fill reclamation (i.e. volume of rock from the quarrying to volume as placed). The
maximum rate of rise of tide was based on the data from two tide gauges established at the airport site and was
determined to be 0.45 m/hour.

The air permeability of the asphalt had already been measured. The apparatus manufactured to measure the
air permeability of the asphalt was modified by the addition of a larger air cylinder to enable air permeability
testing of compacted samples of the CABC, CASB and Sand Capping to be carried out. Figure 11 presents a
schematic representation of the modified apparatus. Tests were carried out to establish the variation of the air
permeability of these materials as a function of both relative density and relative saturation. In addition, tests
were carried out in the field to measure the in situ relative compaction and relative saturation of these layers.

Air pressure supply manometer

0.1 m’ air cylinder

Soil sample

r Filte

Air chamber 50mm

200mm

valve

Figure 11: Modified apparatus for measuring permeability of CABC, CASB and Sand Capping
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Although the water permeability of the rock fill had not been measured it was known to be very high. For
example it is impossible to dewater even small excavations in the rock fill. It was assumed that the air
permeability of the rock fill would be very high and would not influence the analysis results.

Based on the results of the numerical analyses of air flow to the vents, it was determined that vertical vents
installed along both sides of the runway at a spacing of approximately 20 m and with a vent diameter of
approximately 1 m could successfully limit the build up of air pressure beneath the asphalt.

9 DESIGN OF THE VERTICAL VENT

The design of the vertical vent was controlled by the requirement to install the vent during the night-time
closures of the runway. The final design for each vent comprised five 150 mm diameter plastic pipes installed
from ground surface to a depth of 2 m below the lowest tide level, a total depth from ground level of
approximately 8 m. Figure 12 shows a schematic detail of the vent pipe system and the completed installation
adjacent to the runway. The plastic pipes were slotted below the base of the sand capping and protrude only
approximately 100 mm above ground level. Leung et al. (2007) describe in detail the construction sequence
which was adopted to install the vents during overnight closures of the runway.
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Figure 12: Schematic details of vent shafts and installed shafts along Northern Runway
10 SITE TRIAL OF THE VERTICAL VENT SYSTEM

Because the short term pressure relief system was known to be working it was decided that prior to installing
the long term vertical venting system a site trial would be carried out. The site trial was used to confirm that
the vent design was appropriate, to obtain data to optimise the final layout and to confirm that the proposed
installation system was possible during the night-time closures. Accordingly eight vertical vents were installed
adjacent to the runway in the highest pressure area. The vents were spaced at 30 m, with four vents on either
side of the runway. Additional pressure monitoring sensors were installed to monitor the pressure below the
asphalt in the trial area.

The performance of the vents was monitored during the 2002 wet season. In addition to the pressure
monitoring, the air flow rate from the vents was measured during both dry weather and also during a very wet
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period. During the monitoring period there were a number of high risk periods when the rate of rise of tide
was in excess of 0.3 m per hour and heavy rainfall occurred.

The air flow monitoring confirmed that the air vents were displacing a volume flow rate of 3500 m’ per
hour from the 8 vents. Based on the known rate of rise of tide it was determined that the vent pipes were
venting the air from an area of approximately 5 times greater than the area enclosed by the venting trial.

11 MODELLING OF THE VENTING TRIAL

The data obtained from the venting trial was back analysed in order to determine the performance of the final
system. A numerical model of the flow was developed assuming that the airflow was concentrated within the
rock fill and as such a horizontal slice through the rock fill could be adopted for the model. The numerical
model made use of symmetry effects such that only 2 vents (i.e. one quarter of the trial area) was included in
the model. Figure 13 presents the pressure contours predicted by the model.

Runway centreline

;" N he \ el Asl2o| | ||
; -2 kP SN O I I
Symmetric plane ., S L] ]

-

-

Trial vent spacing 30 m ¢

Figure 13: Predicted contours of air pressure for the venting trial

The numerical model of the vent trial indicated that the maximum pressure generated below the asphalt
could be limited to approximately 1.6 kPa, which was in line with the pressure measurements. The results
obtained from the numerical model of the vent trial were used to calibrate a numerical model of the full
venting system with vertical vents constructed along the length of the runway and this allowed the spacing of
the vents along the runway to be optimised. Figure 14 presents the predicted maximum pressure beneath the
runway during a wet weather event as a function of the vertical vent spacing.

The overall design criteria for the venting system was to limit the maximum rise in pressure to less than
1.0 kPa, which is less than the weight of a 50 mm layer of asphalt. A total of 282 vertical vents were installed
at a spacing of 20 m along both sides of the runway in the high pressure zones, increasing to 30 m spacing in
the medium pressure zones.
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Figure 14: Predicted air pressure build-up beneath runway centreline for different spacing of vertical vents.

12 OBSERVATION AFTER INSTALLING VERTICAL VENTS

The vertical vents were installed during the 2002/3 dry season. In order to ensure the effectiveness of the
entire venting system, an online monitoring system was also installed including 47 sub-pavement sensors
along the centreline of the runway and taxiways to measure the build up of air pressure under the pavement.
All these devices were linked and connected to a computer in the Maintenance Service Control Centre.
Special software was developed to analyse the collected data and generate a warning alarm if the preset safety
threshold pressure was exceeded.

The development of a cost effective solution to the unique problem of asphalt heaving was achieved by
following a logical sequence of site investigation, laboratory testing, numerical modeling of the problem and
potential solutions, implementation of a site trial, numerical modeling of the result of the site trial and
development of the final solution, installation of the remedial scheme and development of a monitoring
system to confirm that the scheme is working. A number of innovative test methods, design and construction
approaches were developed to ensure the success of each step.

The air venting system has been operational now for 4 years and to date there have been no further
instances of heave dome formation and the measured pressures have been within the predictions. The vertical
venting system has allowed the temporary small diameter drill holes through the asphalt to be sealed to
prevent water ingress into the CABC and CASB layers.
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ABSTRACT

In year 2004, The Hong Kong Electric Co. Ltd. (HKE) constructed two cable tunnels in Lamma
Island to facilitate an additional 275kV Power transmission system. The tunnels were excavated by
using non-explosive Drill-and-Split rock fracturing methods which adopted chemical expanding
agent and hydraulic splitting for the cable tunnel excavation. In this paper, we overview the
excavation for one of the cable tunnels between Lamma Power Station and Yung Shue Wan South
which is 220m long with tunnel span of 2.5m. The tunnel was excavated at first by the chemical
expanding agent method which was later changed to the hydraulic splitting method. The rates of
progress of tunnel advancement were increased substantially. The mechanism involved in the
chemical expansion and hydraulic splitting methods is similar, by providing expanding tensile
forces in the pre-drilled pattern holes to fracture the rock mass. However, the excavation progress
rates in the hard rock tunnel were very different. This paper provides an overview of both the
tunnelling technologies and the excavation progress rates of hard rock tunnelling using different
plants and equipments.

1 INTRODUCTION

The Hong Kong Electric Co. Ltd (HKE) has

completed construction of an additional e, _ o

high-voltage (275kV ower transmission [ESSEEEEEEEEEEEET . : N
£ ge | ) P W Cyberportablen r. A cqumiiine®"Tain

J Landing Point

system from Lamma Power Station (LPS) new
extension to Cyber Port via a 220m long tunnel
between Yung Shue Wan South Cable Landing
Point and Lamma Power Station which forms
one of the major elements of the project. The
tunnel excavation commenced in November
2004 and broke through in September 2005. In
order to comply with the Environmental
Permit, the drill and blast conventional . a
tunnelling method was prohibited in order to e Y e New Power Station
avoid noise impact to nearby residents, and also Tunnel Extension

to prevent any damage to equipment at the
adjacent LPS which was very sensitive to vibration. Therefore, two alternative methods were proposed for the
cable tunnel excavation using non-explosive Drill-and-Split rock fracturing methods. This paper will provide
an overview of both tunnelling methods in terms of mechanism, production cycle, manpower and equipment.
It also compares the weekly tunnelling progress rates of both the chemical expansion method and hydraulic
splitting method.
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2 SITE DESCRIPTION & GEOLOGY

The cable tunnel is located between the Yung
Shue Wan South shoreline and the Northwestern
corner of Lamma Power Station. The total tunnel
length was about 220m with a constant gradient
between tunnel axis levels from +7.9mPD to
+6.5mPD (see FIGURE 1). The tunnel was
excavated as an inverted U or horseshoe shape
with a lined internal span of 2.5m (see FIGURE
2). The ground encountered in the tunnel was
strong slightly decomposed medium grained
granite with closely to medium spaced joints.
The rock mass classification and tunnel support
class was determined by the NGI Q system. The
geological mapping records revealed that the
tunnel was excavated through good rock
conditions with Tunnel Support Class 1 which is

YUNG SHUE
WAN SOUTH
SHORELINE _

8

-

POWER ™
STATION

self supporting with spot dowel support for local potentially unstable rock features. The Q values varied
between 1.02 and 25.0 with an average Q of 7.28. The observed groundwater inflows during tunnelling were
found to be minor and were limited to observations of drips and localised minor ponding. The groundwater
influence on the tunnel excavation rate was therefore considered to be insignificant.
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FIGURE 1 - Longitudinal Section of the 275kV Cable Tunnel
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FIGURE 2 - Typical Cable Tunnel Cross Section
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3 SITE CONSTRAINTS AND TUNNELLING METHOD

The south tunnel portal is very close to the existing Lamma Power Station and Yung Shue Wan South. The
Environmental Permit did not allow using the blasting method in order to avoid any noise impact to nearby
residents and also to prevent any damage to adjacent equipment at LPS which was identified as being very
sensitive to vibration. With the conventional drill and blast tunnelling method prohibited and other tunnelling
methods such as using TBM and roadheader machinery considered not to be cost effective because of the
short tunnel length to be excavated and difficulties with plant mobilization into Yung Shue Wan South
seashore, other alternative excavation methods were considered.

4 TUNNEL EXCAVATION BY CHEMICAL EXPANDING METHOD

Considering the constraints, the selected method of tunnel excavation was by chemical expanding agent for
the initial works stage. The expanding agent is a dry powder consisting of an inorganic compound made
mainly of a special kind of silicate and an organic compound. 1.5 to 1.7 litres (water ratio of 30% to 34%) of
clean water is poured into container and the powder gradually mixes well until it has a good fluidity. The
mixing time by hand-mixer is about 2-3 minutes. This is then poured into drillholes in the tunnel face, and
allowed to ‘cure’, during which the mixture will expand thus inducing stress in the rock mass, leading to
cracking and loosening. The normal excavation cycle by chemical expansion was as follows:-

Excavation cycle for Yung Shue Wan Tunnel Drive

(i) Pattern hole drilling
Pattern holes were drilled into the excavation face by
horizontal leg hammer drill. The holes were 44mm in
diameter and were formed with spacing from 250mm to
300mm with depth varying from Im to 1.8m. A full face
tunnel excavation required about 200 numbers of holes.

(i) Slot formation
Two rows of pilot holes of 44mm diameter were drilled at
the middle third points of the tunnel height. Further reaming
by a 150mm diameter drill bit formed two horizontal
continuous slots in the tunnel face with depth varying from
1.2m to 1.8m. The slots were formed to act as stress relief
zones to induce the rock fracturing.

(iii)) Mixing and injection of the chemical expanding agent
The dry chemical powder was mixed with clean water (i.e.
free from oil and organic substances) at a designed water
ratio for between 2 and 3 minutes with an electric handheld
mixer. The pattern holes were filled with the expanding
agent which were mixed by a pump. The hole was plugged
with a polyethylene seal to prevent leakage.
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(iv) Curing
The chemical agent set and expanded over a period up to 20
hours at the designed temperature such that the additional
stress fractured the rock mass and cracks were formed on the
tunnel excavation surface.

(v) Crack development
In a normal operational mode, the time required for crack
formation in the rock was between 10 to 20 hours. The
cracks usually developed from the edges of the slots.

(vi) Rock Breaking, scaling and mucking out
After crack development, secondary breaking was carried out
with a hydraulic breaker mounted on backhoe loader. Loose
blocks from the tunnel crown and wall were also scaled off.
The removal of the excavated rock mass was carried out by a
front bucket of loader.

(vii) Geological Mapping, temporary support installation and
setting out
After a completed excavation cycle, the rock mass
classification and tunnel support assessment was determined
by the engineering geologist. Based on the NGI system,
temporary supports were installed subsequently if necessary.
Survey and setting out works for the next excavation cycle
were then carried out.

A normal excavation cycle by chemical expanding agent method took an average of five to six days with
average pull length varying between 1m and 1.8m. However, the performance of the chemical curing reaction
for splitting and cracking of the rock was found to be unreliable and resulted in slow excavation progress. The
average tunnel excavation advance rates were 2.04m per week at the Lamma Power Station Drive and 1.06m
per at Yung Shue Wan South Drive using a 24 hours shift cycle for both tunnel faces. There were several
factors observed that affected the performance of the tunnelling method using chemical expanding agent.

(a) Temperature —Temperature was the more significant factor affecting the performance of the chemical
agent. (the lower the ambient temperature was, the longer the time for the chemical curing reaction to
take place and the more uncertain of the development of the crack formation.)

(b) Performance of rock fracturing in confined rock condition was unreliable — the magnitude of the
additional stress caused by the chemical expansion cannot be controlled. The additional stresses may
enhance the arching effect and reduce the rock fracturing between rock blocks.
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(c)  Water cleanness (free from oil and grease in the water, mixing equipment)
(d)  Pattern and width of relief slot free surface

(e)  Power of hydraulic breaker

(f)  Mix proportion and time control on the chemical expanding agent

(g)  Rock strength, joint spacing, contact and orientation

Due to the slow progress being made and in order to expedite the tunnel excavation rate, the method of
rock fracturing was changed to the hydraulic splitting method. Other improvement included the use of
separated benches of excavation being carried out in the Lamma Power Station Drive while a mini-jumbo was
imported for the Yung Shue Wan Tunnel Drive.

5 TUNNEL EXCAVATION BY HYDRAULIC SPLITTING METHOD
Mechanism of hydraulic splitting method

The hydraulic splitter was powered by a hydraulic pressure pump. The cylinder contains a control valve and a
piston that moves a plug between two feathers (called wedge and counter-wedges respectively). The wedge
and counter-wedge end was placed into the drilled hole. The wedge is pushed down between the two
counter-wedges forcing them against the rock sides within the hole. When the tension stresses increase
beyond the tensile strength of the rock, a crack is formed through the rock mass. The entire operation of the
cylinder is controlled by a single lever on top of the tool which advances and retracts the wedge.

Yung Shue Wan Tunnel Drive with Mini-Jumbo

A mini-jumbo with double booms was imported to Yung Shue Wan South tunnel drive in order to increase the
pattern drilling rate. The use of a mini-jumbo rig effectively shortened the pattern hole drilling time and
increased the drillhole depths to 3m. The average excavation rate was increased from 1.06m per week to
2.67m per week for the 24 hour shift cycle.
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Excavation cycle for Yung Shue Wan Tunnel Drive

(i) Pattern hole drilling
The pattern holes were drilled into the excavation face by
the double boom mini-jumbo. The hole spacing was
formed at a 300mm spacing with a depth of about 3m. The
hole diameter was maintained at 46mm to 48mm.

(il) Hydraulic Splitting
The wedge and counter-wedges were inserted into the drill
hole. Rock was split from the upper centre face of the
tunnel to the lower part of the tunnel in order to keep a
suitable height for equipment handling.

(iii)) Geological mapping, Temporary support and Setting out
After a completed excavation cycle, the rock mass
classification and tunnel support assessment was
determined by the engineering geologist. Based on the
NGI system, temporary supports were installed
subsequently if necessary. Survey and setting out works
for the next excavation cycle were carried out next.

Lamma Power Station Tunnel Drive with Separated Bench Excavation
As for the Lamma Power Station tunnel drive, Upper and lower bench excavation was used in lieu of full face
excavation. Two tunnelling teams were allocated to excavate the upper bench and lower bench separately. The

average excavation rate was expedited from 2.04m per week to 2.94m per week.

Typical Excavation Cycle at Lamma Power Station

(i) Pattern hole drilling
The pattern holes were drilled into the excavation face by
a horizontal leg hammer drill. The hole spacing was
formed at about 300mm spacing to depth varying from 1m
to 1.8m. The hole diameter was between 46mm and
48mm.
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(ii-a) Upper bench excavation by Hydraulic Splitting
The wedge and counter wedges were inserted into the drill
hole. Rock was split from the centre of upper bench to
form a ‘burn cut’ of stress relief free surface for the
subsequent rock fracturing around the tunnel profile.

(ii-b) Lower bench excavation
The lower bench was either excavated by the chemical
expanding agent or hydraulic splitting method. The
mucking out process was also carried out continuously
during the bench excavation process.
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(iii) Geological Mapping, temporary support installation and
setting out
After a completed excavation cycle, the rock mass
classification and tunnel support assessment was
determined by the engineering geologist. Based on the
NGI system, temporary supports were installed
subsequently if necessary. Survey and setting out works
for the next excavation cycle were carried out next.

The application of heading and bench excavation would create more working space and excavation rate
was effectively increased with the additional resources and effort. The use of Jumbo also shortened the time of
pattern hole drilling. The use of hydraulic splitting method required, a very tight control on the drillhole size
of 46mm to 48mm as the splitting operation could not be performed in holes larger or smaller than this range.
Because of the hardness of the rock, a large number of drill bits and wedge and counter-wedge parts were
consumed. During the learning period, wear and tear of the parts were high due to insufficient hole depth and
uncontrolled ‘swing angle’ of the cylinder with respect to the tunnel face. This had reduced the excavation
progress. The hydraulic splitting method required more skilled labour including both drillers and hydraulic
splitter operators than the chemical expansive agent method.

6 COMPARISON OF TUNNELLING ADVANCE RATES OF DRILL AND SPLIT ROCK
FRACTURING METHODS BY CHEMICAL EXPANSION AND HYDRAULIC SPLITING

The average tunnelling excavation rates by hydraulic splitting method increased from 2.04m to 2.94m
advance per week in Lamma Power Station tunnel drive (see FIGURE 3). For Yung Shue Wan tunnel drive,
the excavation rate increased from 1.06m to 2.67m advance per week (see FIGURE 4). The estimated results
are summarized in TABLE 1 below.
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TABLE 1 — Comparison of Tunnel Advance Rates

Lamma Power Yung Shue Wan Overall Tunnel
Station Tunnel South Tunnel Excavation rate of
Drive Drive Two tunnel drives

Tunnel Length Excavated

by Chemical Expanding

(m) 31.7 17.5 49.2

Tunnel Length Excavated

by Hydraulic Splitting (m) 85.4 852 170.6

Average Excavation rate

by Chemical Expanding 2,04 1.06 310

(m per week)

Average Excavation rate 794

by Hydraulic Splitting (by Separated Benches . 2.'6.7 5.61

(m per week) Excavation) (with Mini-Jumbo)

Percentage increase in

excavation rate after

change of tunnelling 44% 152% 81%

method

Lamma Power Station Tunnel Drive - Weekly Excavation Advance rate

Tunnel Excavation by Tunnel Excavation by Hydraulic
5 Chemical Expansion Method Splitting method with separated
(Average 2.04m / week) benches excavation

_ (Average 2.94m / week)
« >l

Tunnel Advancement (m) per week
]
]
]

1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39 41 43 45
Week No.

Figure 3 — Lamma Power Station Tunnel Drive — Weekly Excavation Advance Rate
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Yung Shue Wan South Tunnel Drive - Weekly Excavation Advance rate

Tunnel Excavation by Hydraulic

Tunnel Excavation by Splitting method with Mini-Jumbo
Chemical Expansion Method for Pattern hole drilling

§ (Average 1.06m / week) (Average 2.67m / week)
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Figure 4 — Yung Shue Wan South Tunnel Drive — Weekly Excavation Advance Rate

Based on the estimated tunnel excavation rates for the Lamma Power Station and Yung Shue Wan South
tunnel drives, the projected break through day should have been in late January 2006. In this project, the
change of tunnelling method, use of jumbo and application of heading and bench excavation had effectively
increased the excavation rate for about 81%, and the tunnel was holed through about 5 months earlier
(FIGURE 5).
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Figure 5 — Comparison of projected and actual breakthrough
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7 CONCLUSIONS

The mechanism of both the chemical expansion and hydraulic splitting methods is similar by providing a large
expanding force in the pattern holes to fracture and split the rock mass by inducing tensile stresses in the
tunnel face. Both excavation methods used were found to be feasible for rock tunnel excavation with
excessive over-break and vibration be well controlled. The chemical expansion method is dependent on
several factors, particularly the long duration of the chemical curing reaction. The curing reaction will also be
affected by temperature fluctuation and the advance rate of the tunnel excavation cannot be guaranteed. The
hydraulic splitting method in comparison, which required a larger pool of skilled labour, very tight controlling
measures during the pattern hole drilling, constant drill bit and hydraulic wedge splitting equipment
replacement, led to a well maintained and acceptable tunnel excavation advance rate.
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ABSTRACT

Removing existing trees is sometimes inevitable for civil engineering projects especially for the
works in rural area. The current government policy on this issue is stated in the Development
Bureau Technical Circular No. 03/2006 where tree felling should only be considered as a last
resort if there is no other practical alternative or the concerned trees have unrecoverable health
problem. Problems arising from those trees with low survival rate where felling is not allowed,
but unlikely to survive after transplantation. It is not uncommon that efforts and resources were
spent to preserve those trees but its fate cannot be changed at the end of the day. Although felling
of a tree means the end of its life, it does not represent the end of its contribution to the
environment. This paper describes the environmental initiative taken during the site formation of
the CLP Castle Peak Cable Tunnel (CPT) Project where the felled trees, those with unrecoverable
health problem and low survival rate, were further chipped into recycle materials for the use
mulching and composting. The author appreciates the importance of tree preservation and it is not
the intention of this paper to encourage civil/ geotechnical engineering practitioners to act
indiscriminately on felling trees but to exercise our commitment on social responsibility to save
our precious landfill sites and on the re-use of natural materials.

1 INTRODUCTION
1.1 The Project

CLP Power Hong Kong Limited (CLPP) has planned to construct a cable tunnel, to secure the power supply
of the existing network in Tuen Mun, Yuen Long and the Airport and to develop the future outlets from Black
Point and Castle Peak Power Stations. The 4.5km long Cable Tunnel, which is presented in Plate 1 below, will
bored through the mountainous area of Castle Peak with 4.5m internal diameter to contain eight 132kV cable
circuits. The method of construction was chosen to reduce visual and environmental impacts associated with
these power cables, avoid interface with Castle Peak Firing Range and nearby landfill and site of special
scientific interest, and increase the reliability of the electricity supply system by protecting the cables from the
natural elements and accidental damages.

1.2 Background

Throughout the history, the project owner has been at the forefront in Hong Kong of operating in respect for
the betterment to the project, environment and the quality of societal life as a whole. With this founding
principle of the project owner the concept of tree recycling was envisaged and implemented. Before the actual
site work a detailed environmental study was undertaken and to facilitate the site formation works for the
Castle Peak Portal and the vertical shaft at Tuen Mun, unavoidably a considerable numbers of existing trees,
which were not indigenous species but were artificially planted as part of the power station development, were
needed to be either transplanted or fell, for trees with low value to be preserved. After a series of
environmental initiative meetings amongst the project team, options to turn the felled trees to useful products
of compressed timber boards, paper, bio-charcoal and planting products — composed and mulched materials
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rather than disposal to the landfill site for the felled trees have been considered. Having considered the
availability of plants and economic viability locally for re-processing timber, paper and bio-charcoal, the
option of recycling the felled trees to composted and mulched material for planting purpose was finally taken
on-broad. Whole trees and tree stumps arising from site formation works can be processed into a variety of
useful products. These include compost for soil improvement, mulch for weed control, sawdust for animal
bedding, and wood flour for cleaning up spills.

Plate 1: Aerial photo showing the Cable Tunnel alignment
2 TREE PRESERVATION
2.1 Current Hong Kong Government Policy and Social Responsibility

The current government policy on this issue is stated in the Development Bureau Technical Circular No.
03/2006 where tree felling should only be considered as a last resort if there is no other practical alternative or
the concerned trees have unrecoverable health problem. Problems arising from those trees with low survival
rate where felling is not allowed, but unlikely to survive after transplantation. It is not uncommon that efforts
and resources were spent to preserve those trees but its fate cannot be changed at the end of the day. Although
felling of a tree means the end of its life, it does not represent the end of its contribution to the environment.
As stated in Steiner & Steiner (2006, 459) that the ideal level of regulation to the environment can be
presented by using Cost-Benefit Analysis (Chilton, 1999). As illustrated in Figure 1 when government
restriction is substituted into the model, the optimize level is to maximize the gap between benefits and costs
at point R. When more benefits are achieved, more philanthropy would return to the society. As a result, the
society and stakeholders would benefit the most from the extent of regulation and pay the least cost.

100%

Tatal
costs

Cost

B / Tatal
benefits

R

1800 1900 2000 2050

| ®Market  Extemally mandated H Voluntary l Zero Exdent of regulation 100%

Figure 2: Principal elements of social responsibility and Figure 1 - Relationship between Extent of Regulation,
their evolving magnitudes (Steiner, G. & Steiner, J. Costs, and Benefits in Environmental Regulation
(2006), p124). (Chilton 1999, 8; Steiner & Steiner, 2006, 459).

The key factor to drive this environmental initiative is that the project owner is committed to the

responsible use of resources and management of the impact of his operations and business on the
environment. According to (Steiner & Steiner (2006), there is a trend of principal elements of social
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responsibility and their evolving magnitude (Figure 2). The general trend tells us that the elements of
voluntary social responsibility increase from Year 1800 to present and will continuously show an uptrend to
Year 2050. This trend can truly reflect the situation within the client company and more voluntary events and
actions are taken place and one of the voluntary areas is the promotion of environmental awareness within the
operations. Hence, in this cable tunnel project one of the environmental initiatives/ voluntary is tree recycling
for the felled trees.

2.3 Tree Preservation

To facilitate the site formation works for the Castle Peak Portal (Plate 1) and the vertical shaft at Tuen Mun,
unavoidably, the CPT requires the tree felling and transplanting of a considerable number of trees, in which
the selection of felling and transplanting is based on their invasiveness, ecological significance, healthiness,
and survival rate. The Landscape Consultant who prepared the Tree Felling Report, however, raised concerns
about the suitability of the trees for transplanting. Taking into account of her concerns, it is proposed that
these trees be recycled in the same manner as the felled trees.

A taskforce was set up by CLPP / Power Systems Business Group
(PSBG) in May 2007 to plan the tree recycling works for the trees
to be felled within Lot No. TMTL220. The taskforce decided that
the trees to be felled would be recycled to produce wood chips for
mulch and fine material for composting. The quantity of materials
that would be available for recycling was tabulated in Table 1
through a detailed inspection of the trees that were to be felled.

Recycled Material Estimated Quantity (m°)
Wood Chips for Mulch 24 m’
Fine Material for Composting 2m’
Table 1: Estimated Quantity of Recycled Material Plate 1: Felling of Trees at Castle Peak Tunnel

3 TREE RECYCLING

Wood waste is the portion of the wood waste stream that can include sawn lumber, stumps and whole trees
from site formation of this project. The disposal of wastes generated from the tree felling activities represents
a significant portion of operating expenses in landfill space. Wood waste from this tunneling site and such
wood waste can be used in its original form or can be processed into a variety of products. In this project 2
major products were generated from this wood waste, which were mulched materials and composted
materials. The tree felling works commenced on this site in June 2007. The felled trees were transferred to a
temporary storage area on site (Plates 2 & 3) for recycling. Recycling was carried out using a Gravity Feed
Wood Chipping Machine with adjustable chipping blades to permit the production of variable sized recycled
material. Whole trees and tree stumps arising from site formation works can be processed into a variety of
useful products. These include compost for soil improvement, mulch for weed control, sawdust for animal
bedding, and wood flour for cleaning up spills.

. : : # Plates 2 & 3: T St f
m‘fmﬁ-‘di“{ N ates emporary Storage o

Materials within Work Site
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3.1 Wood Chipping

Recycling was carried out using a Gravity Feed Wood Chipping Machine (Plates 4 & 5) to produce variable
sized recycled material. The recycled material was delivered to the pre-determined organisations, throughout
July 2007. The large size of wood chip was used as mulching material, on the other hand the leaves, sawdust
and relatively smaller sizes of wood chip with less time for decomposition rate were used as composting
materials.

Plates 4 & 5: Chopping of Tree
Trunks and Chipping of Tree

3.2 Composting

As stated in (Clarence G. (1972),p13) “Composting is a biological process for converting organic solid wastes
into a stable, humus-like product whose chief use in as a soil conditioner.” Having considering the scale and
complication of the set up of the tree recycling, in this project the method of aerobic_composting was adopted
and a storage area of 6 nos. of Im (H) x 3m (W) x 3.5m (D) compartment was used for the process of
composting as illustrated in Plates 6 & 7. As stated in Compost - Wikipedia, the free encyclopedia (2008) “In
a properly operated compost system, pile temperatures are sufficient to stabilize the raw material, and the
oxygen-rich conditions within the core of the pile eliminate offensive odors. High temperatures also destroy
fly larvae and weed seeds, yielding a safe, high-quality finished product.” The critical factors for the
application of composted material are carbon and nitrogen. It is suggested in (Mackinnon, J. E. R. a. H. C.
(1997), p143) “Compost with wide ratios of C:N may not be suitable for incorporation into soil.” and in
(p145), the C:N ratio for the composted material of dead hulls, leaves, straw and sawdust are generally be
120:150, 100:180, 120:180 and 300:500. Hence, this implies that the materials generated from felled tree are
good composted materials for such application. Technical benefits recommended in (Compost - Wikipedia,
the free encyclopedia (2008)) “It is used in landscaping, horticulture and agriculture as a soil conditioner and
fertiliser. It is also useful for erosion control, land and stream reclamation, wetland construction, and as
landfill cover.” and in (Rechcigl, J. E. (2000), p283) “Compost applications have significantly positive effects
on plant disease suppression, especially soil-borne root pathogens.” The saw dust generated from the wood
chipping process was then mixed up with other green wastes such a grass clippings and fallen leaves
generated from the landscape maintenance in Power Stations as the composting materials. The end product
free of plant pathogens and weed seeds with fresh earthy aroma is ready for use after 3 months composting
process. In fact, the compost is used as planting medium for landscape planting, landscape maintenance and
potting soil mix for seasonal and indoor plants for CLP’s Power Stations.

Plates 6 & 7: Composting
Process at CLP / Generation
Business Group Nursery
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3.3 Mulch

“In agriculture and gardening, mulch is a protective cover placed over the soil, primarily to modify the effects
of the local climate.” (Mulch - Wikipedia, the free encyclopedia (2008)). It is a widely used method to
maintain the plants healthiness. The mulching material should apply as a top layer of the planting area with
thickness of 2 to 4 inch depth. “Properly composted wood chips can be used as a long lasting mulch that
weathers to a silver-gray color.” (Mulching Tree and Shrubs (2000)) In this project the relatively larger size
wood chips from the felled trees have been used as mulching material and this material was delivered and
applied to 4 planting areas managed by Hong Kong Housing Society (HKHS) - Plates 8 & 9 refers. According
to Mulch - Wikipedia, the free encyclopedia (2008), “Mulch is used for various purposes:
(1) to adjust temperature by helping soil retain more heat in spring and fall, and by keeping soil cool and
even out temperature swings during hot and variable summer conditions; (2) to control weeds by blocking
the sunlight; (3) to retain water by slowing evaporation; (4) to add organic matter and nutrients to the soil
through the gradual breakdown of the mulch material; (5) to repel insects; (6) to incrementally improve
growing conditions by reflecting sunlight upwards to the plants, and by providing a clean, dry surface for
ground-lying fruit such as squash and melons; (7) for erosion control - protects soil from rain and
preserves moisture; and (8) for sediment control - slows runoff velocity .

4 REVIEW
4.1 Application
Given the quantities of recycled materials produced the taskforce considered a numbers of potential

organisations that could be used these materials. The recycled materials were delivered to the following
organizations throughout July 2007.

Facility Date of Delivery Quantity of Material Delivered
Jat Min Chuen, HKHS 9 July 2007 / 10 July 2007 12m’

Clauge Garden Estate, HKHS 10 July 2007 6m’

Lok Man Sun Chuen, HKHS 11 July 2007 6m’

CLP/Generation Business Group Nursery | 20 July 2007 2m’

Table 3: Delivery of Recycled Materials

The material of wood chips was delivered to HKHS for mulching purpose, see Plates 9 & 10. There was a
positive feedback of the recycled material with an appreciation letter from HKHS.

Plates 8 & 9: Mulching at Hong
Kong Housing Society Planting
Areas

The composted material was delivered to Generation Business Group of CLPP (GBG) used for the
planting within the power station. The composted material was applied to replace the peat moss, which was
used to import from European countries. The application of the composted materials to the garden in Black
Point Power Station of GBG was presented in Plates 10 and 11.

In addition, a trial has also undertaken to test the effectiveness of the composted material. It is noted that
there was a better growth of vegetation at the area where the material has been applied. Although there is no
quantifiable figure to support, with the results show in Plates 12 to 14, it appears that the composted material
not only can serve the purpose of soil conditioner but also has some sort of fertilizing power.
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e . Plates 10 & 11: Application of
- Approxima I, Composting at Black Point Power

1 month of planting " Station of Generation Business Group
B of CLPP

Plates 12, 13 & 14: Application of Composting at Generation Business Group of CLPP

4.2 Benefit Vs Cost

These recycling products of mulching and composting have technical as well economical benefits. The
technical benefits on applying the composted material and mulched material for planting have been discussed
in earlier Sections of 3.2 and 3.3. Economically their applications can (1) reduce the waste of felled trees that
go to the landfill area, the handling fee for each 9 cubic metres industrial waste skip is about HK$300; (2)
reduce the environmental pollution of burning the felled trees; (3) serve the purpose of the replacing the
sphagnum peat moss imported from foreign countries, around HK$250 per 250 litres per bale imported from
Germany; (4) reduce landscape maintenance; (5) the processes of composting and mulching have low
sensitivity problem, hence much more easy to control.

Although there are economic benefits as discussed about, there are also varies costs in association with the
composting process. These costs include the cost of temporary storage, chipping, labouring and transportation.
In addition, as discussed in earlier Section of 2.1 there is other factor such as social responsibility to be
considered. Because the scale of this tree recycling initiative in this cable tunnel project, the cost and benefit
analysis can not be undertaken to reflect the full scale application. Apart from the cost implication, whether
we should apply such environmental initiative depends on how much we appreciate the project sustainability
and our responsibility to the society as a professional engineer.

5 CONCLUSIONS

In this paper, re-use the recycling material from felled trees for composting and mulching are discussed. Using
the products from the tree recycling has both technical and economical benefits and the project team of this
cable tunnel project appreciates the importance of tree preservation. It is not the intention of this paper to
encourage civil/ geotechnical engineering practitioners to act indiscriminately on felling trees but to exercise
our commitment on social responsibility to save our precious landfill sites and on the re-use of natural
materials.
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A Glimpse of the New Technology Applications in the Landslip
Preventive Measures Programme

T.C.F. Chan & D.C. Chan

Geotechnical Engineering Olffice, Civil Engineering and Development Department,
The Government of the Hong Kong Special Administration Region

ABSTRACT

In the quest for improvements in the design and construction of slope upgrading works under the
Landslip Preventive Measures (LPM) Programme, the Geotechnical Engineering Office (GEO)
continuously strives to develop innovative technology applications and explore new products to
enhance the programme efficiency, improve quality of works, and better protect the environment.
In recent years, trials of a number of new technologies and products have been carried out, and
some have found successful applications in LPM works. This paper will present the outcome of
the trials, the potential applications in LPM works and their limitations.

1 INTRODUCTION

The government has since 1977 embarked on the Landslip Preventive Measures Programme to systematically
retrofit sub-standard man-made slopes to progressively reduce landslide risk to the public. In response to the
advancement in the slope engineering practice, new technologies and products were explored during the
implementation of the LPM Programme as a continuous drive to enhance efficiency, improve quality of
works, and better protect the environment. In recent years, a number of new technologies and products have
been studied and tried in the LPM works. Some of these trials have found successful applications while others
require further study. In this paper, the new technology applications tried or actually put into practice in LPM
works in recent years will be presented.

2 NEW TECHNOLOGY APPLICATIONS IN THE LPM PROGRAMME
2.1 Concrete grillage/soil nail system in upgrading loose fill slope

In the past, many of the old fill slopes were formed by end-tipped method without compaction. These fill
slopes are in loose state and are liable to failure by liquefaction. Up to the early 2000’s, sub-standard loose fill
slopes were upgraded by the conventional method of excavating and re-compacting the top 3m of the fill. This
method very often faces a number of construction constraints, such as access and stockpiling problems,
stability of the temporary excavation and the need to fell the existing trees on the slopes. Particularly on the
issue of tree removal, the method is not an environmentally friendly solution readily accepted by the public in
some cases. Recent work by the Hong Kong Institution of Engineers (HKIE) (2003) has developed a new
method using soil nails in conjunction with a grid of grillage beams to stabilise loose fill slopes.

Concrete grids are constructed on the slope surface to restrain the sliding potential of the soil mass at
steady state and in turn restrained by soil nails bonded into a competent sub-surface stratum. Existing trees are
preserved within the grillage openings. During construction, the layout of the grids is adjusted on site to
accommodate the existing trees. To minimize the effect on tree roots which tend to be at shallow depth, grid
beams are normally buried shallow on the slope surface, say 100mm. Typical soil nail spacing is about 2m
horizontal and 1.5m vertical. However, this design method is applicable only to loose fill with a relative
compaction not lower than 75%, and usually costs about 30-50% more than the fill re-compaction method.
Since early 2000’s, this method has been used in about 50 cases under the LPM Programme to upgrade loose
fill slopes with existing mature trees. Figure 1 displays the typical design grid arrangement and Plate 1 shows
a completed project where trees are preserved satisfactorily within the grids.
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Plate 1: Completed LPM project taken in 2003 & 2007 using the concrete grillage/soil nail system
2.2 Pit-by-Pit Re-compaction Method

Pit-by-Pit re-compaction method is used as an alternative option for upgrading loose fill slopes to cope with
the situation where trees and restrictive site constraints exist. Close proximity of the slope to private lot and
too loose a state for the fill (degree of compaction less than 75%) preclude the use of the grillage-nailing
method. Difficult site access, inadequate working space for excavation and stockpiling, and adverse
environmental impact to the nearby developments make re-compaction in bulk impracticable. Under such
circumstances, the loose fill between trees can be excavated in small pits adjoining one another measuring 1.5
to 2 metres on plan to avoid the trees and their roots, leaving behind the volume of fill at the tree locations.
The liquefaction potential of the loose fill left in place is adequately reduced due to its small quantity and the
presence of tree-root action. The common backfill materials are soil-cement, mass concrete, lightweight
concrete or no-fines concrete. The Pit-by-Pit excavation will result in stepped profile of the backfill and it is
difficult to construct continuous drainage blanket underneath the backfill. The liquefaction potential of any
loose fill left in place underneath the backfill will need to be considered by the designer in adopting this
option. Mitigation measures may include raking drains tapped into the loose fill, or an impermeable cap on
slope surface in case no-fines concrete backfill is used. Usually a layer of topsoil is placed on the top of the
concrete backfill for vegetation growth. The method is more suitable for small fill slope as the construction is
normally more time consuming.
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2.3 Rubber soil

Rubber soil is a construction material normally comprising shredded rubber tires mixed with cementitious
material. The application allows reuse of waste and saves landfill space. Trial use of the material as an
alternative backfilling material for re-compaction of two small loose fill slopes was carried out under the LPM
Programme in around 2002 and 2005 taking advantage of its free draining property, high cemented strength,
and different densities for different mixes.

Plate 2: Slope with loose fill replaced by rubber soil

In the original design of the two features, conventional fill replacement of the top 3m was planned using
compacted fill and no-fines concrete respectively. The rubber soil backfill was proposed as an alternative by
the respective contractors. The slurry mixture which was composed of rubber crumbs/chips, cementitious
materials as the binding agent, and water was delivered to site pre-mixed. The backfill was placed in
horizontal layers of 800mm to 900mm employing wooden formwork as required and compacted by means of
a lightweight roller. A rubber soil primer layer was applied on the temporary excavated face acting as a 1-way
drainage layer, according to the designer, for intercepting the rain water from penetrating into the remaining
loose fill below the porous rubber soil. An interlocking surface protection grids were placed on the final slope
surface and filled with 150mm of planting soil for hydroseeding and some light planting. The layer also
served as a protective surface against fire hazard. Plate 2 shows the finished slope in one of the trials.

The performance of the completed features was monitored for more than a year using field
instrumentations. The results showed that all the measurements were well below the alert levels during the
monitoring period. However, there are a few issues to be considered for wider use of rubber soil in re-
compaction of loose fill slopes. The effectiveness of the primer layer in preventing saturation of the
underlying loose fill needs further study. The cost of the material is relatively high in comparison with the
normal soil backfill and no-fines concrete. Similar to the conventional re-compaction, the application requires
the removal of existing fill and hence the removal of existing trees, and is generally not an environmentally
acceptable solution.

2.4 Stabilisation of loose fill by grouting

The use of grouting as an alternative upgrading method to stabilize loose fill slope was investigated. Two
ground improvement techniques, namely compaction grouting and permeation grouting, were studied by site
trials. The adopted compaction grouting involved capsulated grouting using the tube-a-manchette (TAM)
method to densify the surrounding soil. The grout holes along the grout pipe served as the injection points in
the formation of a series of expanded grout capsules lined by fabric at different depths, thus achieving the
compacting effect. Whereas for the permeation grouting, grout was pressurized through the grout points of the
TAM to permeate into the voids to increase the inherent strength of the soil and to reduce its contractive
tendency when sheared. In both cases, as grouting was carried out within the top 3m of the loose fill, the grout
pressure was carefully controlled to guard against the risk of heaving. The limiting grouting pressure was set
at 5 bars. In the trials, a layer of shotcrete was applied on the slope surface to act as a reaction boundary. The
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spacing of the grout holes were 1.2m c/c and 1.5m c/c for the compaction and permeation grouting
respectively. Figures 2 and 3 show the diagrammatic details of the grouting methods respectively.

The results of the trials were not satisfactory. The fabric bags in the capsulated grouting cracked along the
connecting seams at low grout pressure and grout escaped into the surrounding through preferential paths in
the soil matrix instead of forming capsules to compact the soil. The average diameter of the grouted capsules
was found to have expanded to about 220mm, only slightly larger than the grout hole diameter of 150mm. For
the permeation grouting, the grout travels along preferential paths instead of permeating into the voids.
Verification tests on the soil properties before and after the trials did not lend positive and affirmative results
confirming achievement of the design effects, that is densifying the soil to 95% relative compaction or an
improvement in the strength. Effective means of controlling heaving, hence improving the efficiency of soil
densification near the slope surface has to be reviewed. Improvement in the choice of liner fabric has to be
studied. In general, the heterogeneity of the fill body, which is common in loose fill slopes in Hong Kong
formed by uncontrolled dumping, renders both grouting methods less promising. Further research and trials on
other ground improvement methods are being undertaken by the GEO.
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Figure 2: Details of capsulated grouting Figure 3: Details of permeation grouting

2.5 Fibre reinforced polymer soil nail

Fibre Reinforced Polymer (FRP) reinforcement because of its high tensile strength, durability, light weight
and flexibility was studied for its potential as alternative to steel bar in soil nailing works. The fibres
commonly used in composite include carbon FRP (CFRP), glass FRP (GFRP) and aramid FRP (AFRP). The
high corrosion resistance can eliminate the need of sacrificial thickness, zinc coating or corrugated plastic
sheath. Different FRP bars were tried under the LPM Programme.

Plate 3: View of the CSDN hollow bar

Ho et al. (2007) investigated two types of FPR nail, namely the Composite Self-drilling nails (CSDN) and
the actively stressed soil nails (ASN). The CSDN used a hollow FRP bar equipped with an end drill bit as the
drill rod. Grout was pumped through the central bore of the rod which was then left in place in the grouted
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hole as the nail. Pull-out tests on the nails concluded that they were capable of resisting the design ultimate
load. The shortcoming of the CSDN nail was that it could not penetrate rock efficiently and it would be
difficult to maintain the hole alignment in soil with boulders. For the actively stressed nails (ASN), two FRP
bars were installed in the same hole with one of them actively stressed and debonded in the active zone, while
the second member passively tied the active zone to the resistant ground zone. The installation would reduce
or eliminate ground movement needed to mobilize the nail strength. Two such nail assemblies were pull-out
tested. In both cases, the plastic nuts that transferred the loads from the jack to the bars fractured prematurely.

Cheung & Lo (2005) presented the study on the use of CFRP in soil nail application. Pull-out tests were
performed on seven CFRP soil nails covering both flat strips and round bars. To accommodate the
conventional pull-out equipment, factory fabricated head adapters were fixed onto the bars. For the pull-out
tests, pre-mature failure of some of the CFRP reinforcements behind the adapters was observed, mostly found
on the flat strip type. The probable cause was the stress concentration behind the adapter during transportation.
However this was not observed for the round reinforcement. The conclusion of the study indicated that CFRP
reinforcement is a potential alternative to steel bars in soil nail application. However its brittle behaviour, low
shear and bending capacity are concerns relevant to the use of the material. To gain insight and experience, a
set of interim design and construction guidelines has been promulgated for the trial use of the reinforcement in
the LPM Programme.

2.6 Stainless steel soil nail

The use of stainless steel bar in soil nail application was investigated because of its corrosion resistant
property. Based on a review of the published literature and the test information, Grade 304 and Grade 316
(Austenitic type stainless steel) and the more superior grades are considered potentially feasible. Both the
solid stainless steel bar, and the stainless steel clad bar were considered. The latter type makes use of a
stainless steel clad metallurgically bonded onto a carbon steel core to provide the corrosion resistant
characteristic thus reducing the material cost. The study is still in the process. An initial assessment indicated
that the construction cost of soil nailing using solid and cladded stainless steel bars are about 41% and 28%
more costly than the usual double corrosion protected carbon steel nails. Some physical property tests have
been arranged to verify some of the manufacturing information on the cladded bar.

carbon
steel core

d

i

Plate 4 (left): solid stainless steel bar
Plate 5 (top): stainless steel clad bar

2.7 Non-destructive test for steel soil nails

A number of non-destructive testing (NDT) techniques were investigated in GEO (2003) & GEO (2006b) for
determining the length of grouted soil nails. The Time Domain Reflectometry (TDR) was identified as a
suitable method because it is cost effective and the simplest. The TDR test assembly involves pre-installing an
electric wire parallel to the steel soil nail. In the test, an electrical pulse is sent through the steel nail and by
determining the time for the pulses to travel from the pulse generator and get reflected from the point of
discontinuity or mismatch, that is the end of the nail, the pulse propagation velocity is determined and hence
the length of the nail. The method can also assist in identifying defects in the grout sleeve based on the
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displayed waveform and the short TDR-deduced bar length. Since 2004, the method has been routinely used
in LPM projects as a tool to supplement site supervision in the quality control of soil nailing works. The TDR
tests provide additional assurance on construction quality and a deterrent against mal-practice.

2.8 Drilling Process Monitoring system

The Drilling Process Monitoring (DPM) technique can be employed to continuously monitor and record a
series of parameters in real time sequence for ground characterization during drilling. The device equipped
with sensors collects data from the various components of the drilling process and determines the penetration
rates that are used in the ground characterization. The assembly was developed by the Civil Engineering
Department of the University of Hong Kong (HKU). Trial of the equipment in LPM soil nail drilling works
was described in GEO (2006a) & GEO (2007a). Also tested was the RT-DPM, which incorporated the real-
time capability, capable of automatically retrieving, processing and sending the DPM data via wireless
channels to a site server for analysis. The records provide real time information on the position of the drill bit
inside the drill hole, the drilled length and the penetration rates.

The trial suggests that the RT-DPM is quick and reliable in providing real-time drilling data on site in
estimating the depth of the hole based on the collected data and could be used as a driller’s log for record
purpose. There is a general correlation between the penetration rates derived from the DPM system and the
actual site conditions. However, the relationship is dependent on factors such as the skill of the operator, the
condition and state of wear of the drill bits. Therefore calibration of the DPM data with known ground
conditions is important for meaningful interpretation.

¥ Drilling
e M_achine

Plate 6: Drilling rig equipped with DPM
2.9 Inflatable packer for soil nail pull-out test

When using the conventional sponge packer in forming the grout length in the pull-out test, there is reasonable
concern regarding the accuracy of the formed length as grout may leak into the free length, and therefore
affect the confidence level of the test data. To improve the performance of the packer, two types of inflatable
packers shown in Plates 7 and 8 were developed and the performance tested in LPM projects. Details of the
studies were described in Cheung et al. (2005) and Swann et al. (2007).

Both packers are inflatable by compressed air, and are made of rubber membrane for the HK Packer and
rubber tube for the inflatable rubber tube packer. In both studies, measures were incoroporated to verify the
effectiveness of the packers in forming and isolating the bond length. These included the real time monitoring
by video camera placed in the drillhole in front of the packer and instrumentation on the nails with strain
gauges on the bonded section. The test results concluded that both inflatable packers perform well allowing
reliable and practical control of the grout length. The use of the new inflatable packers is encouraged in future
pull-out tests.
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Figure 4: Diagrammatic view of the rubber tube inflatable packer

Plate 7: HK Packer Plate 8: Rubber tube inflatable packer

2.10 Pre-fabricated formwork system for concrete grillage construction

The conventional method of constructing grillage beams involves erecting temporary formworks for the
construction. Trial was carried out using frame of steel net pre-fabricated in the factory. The frame, a
proprietary product, was first unfolded on site and placed at the design location. The longitudinal main bars
and the upper stirrups were then installed. Sprayed concrete was applied to form the beams.

It was concluded that the framing system requires less time to install. However it is more difficult to install
on undulating ground and the proprietary system is more expensive than the conventional formwork method
for the wider application.

g basic framework of steel net with lower stirrup

g steel net with lower stirrup and main bar

steel net with lower &
upper stirrups and main bar

Plate 9: Pre-fabricated formwork system for concrete grillage construction
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3 CONCLUSIONS

In recent years, a number of new technologies and products were investigated for application in the LPM
Programme in the quest to improve construction efficiency, cost-effectiveness and quality of works, and to
better protect the environment. Some have found successful applications in the Programme such as the
concrete grillage/soil nail system, Pit-by-Pit re-compaction, non-destructive testing of steel soil nails, and
inflatable packer. More feasible applications may evolve from the studies at hand. Under the continuous
improvement initiatives of the Programme, new technologies and products will continuously be studied and
investigated to identify their potential for application in the slope upgrading works.
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ABSTRACT

This paper presents a piling system named Rock Penetration Composite Pile (RPCP) recently
accepted by the Buildings Department as a recognized foundation type. The new piling system is
a rock socketed pile involving the use of precast prestressed concrete pile (or Spun pile) as the
main load-carrying structural element of the pile above the rock socket and reinforcing bars
encased in cement grout as the structural element within the rock socket. The paper presents
details, load transfer mechanism and results of a full-scale loading test of RPCP. Discussions on
developing variations to this new piling system are also presented in the paper.

1 INTRODUCTION

The common foundation types currently used in Hong Kong include bored piles, barrettes, socketed H-piles,
driven piles, mini-piles and auger piles. They can be classified in terms of pile capacity as follows:

. Pile
Pile type capacity Examples
. A maximum geotechnical pile capacity of 119,105 kN can be attained,

Bored pile and . . . .
barrettes Hich for instance, for a bored pile with a shaft diameter of 3m, a socket length

. & of 6m and a bellout diameter of 4.5m designed to be founded on
founding on rock

moderately decomposed rock.

Rock-socketed Pile capacities of 5900 kN and 3500 kN can be achieved with rock
and driven steel Medium | socketed piles and driven piles respectively using Grade S460
H-piles 305x305x223kg/m H-piles
Mini-piles and A pile capacity of 1400 kN can be achieved with mini-piles comprising
augerI;) e Low four 50mm diameter high-yield steel bars and a pile capacity of 3500 can

be achieved using a 610mm diameter auger pile constructed.

The cost of steel H-piles has escalated sharply in recent years and nearby doubled in the past twelve
months. Rock-socketed H-piles and driven steel H-piles have therefore become increasingly less competitive
compared with the traditionally more expensive bored piles. To tackle this problem, a new pile type has
recently been developed with an aim to achieve medium pile capacity comparable to conventional rock-
socketed H-piles at a lower cost. Details of the new pile type will be discussed in this paper.

2 THE NEW PILING SYSTEM

Figure 1 shows the typical details of the patented pile type recently developed in Hong Kong. The new pile
type, which is named Rock Penetration Composite Pile (RPCP), has been accepted by the Buildings
Department (BD) as a recognized pile type in 2006 and is given a BD reference number of BD-RP017.
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Figure 1: Details of a RPCP (based on an actual test pile)
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2.1 Features of a RPCP

RPCPs are rock socketed piles. The salient features of a RPCP are:

a.

The structural elements of a RPCP can be divided into two portions. The upper portion is located above
the rock socket and is constructed using spliced segments of precast prestressed concrete pile (also
commonly known as Spun pile in the literature). The rock socket portion of a RPCP is a pre-fabricated
reinforcement cage welded onto a steel capping plate. A RPCP is then formed by welding the steel
capping plate of the pre-fabricated reinforcement cage onto the cast-in steel end plate at the lowest end of
the Spun pile. A RPCP can be designed to attain a design capacity up to 5104 kN which is comparable to
a conventional rock-socketed Grade S460 305x305x223 kg/m steel H-pile

Spun piles are not new in Hong Kong. The “Daido piles” commonly used as driven piles in Hong Kong in
the past are one type of Spun piles produced by a local manufacturer in Hong Kong. Spun piles are now
available from manufacturers in the Mainland China at lower costs. Spun piles are manufactured in
standard segments, typically of 12m in length and with steel plates provided at both ends of the pile.
Splicing of individual Spun piles can simply be effected by welding the steel end plates together on site.

A Spun pile is circular in shape and has a circular hollow at the centre of the pile. Spun piles used in Hong
Kong are commonly supplied in standard size of 500mm in outer diameter and with concrete thickness of
either 100mm or 125mm. A 100mm thick Spun pile itself can achieve a design pile capacity of 2300 kN
while a 125mm thick Spun pile can give a design capacity of 2700 kN. To attain a high axial load capacity
for a RPCP, a bundle of 50mm diameter high-yield reinforcing bars are inserted in the central hollow of
the Spun pile to the full length of a RPCP down to the bottom of the rock socket. The maximum number
of reinforcing bars that can be inserted in the central hollow are 8 and 7 for 100m thick and 125mm thick
Spun pile respectively. In essence, the bundle of reinforcing bars and the Spun pile forms a composite
reinforced concrete section to enhance the structural capacity of the pile above the rock socket. The
central bundle of reinforcing bars also serves to increase the structural capacity of pile within the rock
socket.

The reinforcement cage at the rock-socketed portion of a RPCP is fabricated from S0mm diameter high
yield deformed steel bars. It can be pre-fabricated in a workshop or fabricated on site. As deformed steel
bars have a higher bond strength with cement grout than steel H-piles with planar surfaces, the required
rock socket length of a RPCP will be smaller in comparison.

2.2 Installation procedures

A RPCP is installed in procedures similar to that of a rock-socketed steel H-pile. The procedures are:

A pile bore with a diameter sufficient to accommodate a RPCP (usually 635mm) is formed using the Odex
method to the required depth. A temporary steel casing is to be sunk to the rockhead level in phase with
drilling and to be extracted later during the subsequent grouting process of pile installation.

The pile bore is cleaned by air-lifting.

The reinforcement cage can either be welded in advance onto the Spun pile and inserted into the pile bore
in a single operation as shown in Figure 2(a). Alternatively, the reinforcement cage can be lowered into the
pile bore first and the Spun pile is then connected to the capping plate of the reinforcement cage by
welding on site.

A RPCP can be lengthened if necessary by welding a new segment of Spun pile onto the segment of Spun
pile already inserted inside the pile bore. The process can be continued until the entire RPCP has been
installed.

A bundle of reinforcing bars is then inserted into the circular hollow of the Spun pile to the bottom of the
pile bore.

The space in the rock socket, the remaining space in the central hollow of the Spun pile and space left in
the pile bore outside the Spun pile are then filled up by cement grout.
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Figure 2 shows some photographs taken during installation of a RPCP.

(a) (b)
Figure 2:  (a) Reinforcement cage and Spun pile being placed in pile bore
(b) A bundle of reinforcing bars installed inside a Spun pile

2.3 Load transfer mechanism

The load transfer mechanism of a RPCP is similar to that of a conventional rock-socketed steel H-pile. When
a RPCP is loaded axially, the loading will firstly be transferred to the composite reinforced concrete section
formed by the Spun pile and the bundle of reinforcing bars installed inside the central hollow of the Spun pile.
The loading will then be transferred to reinforcement cage below the Spun pile in the rock socket. The loading
sustained by the reinforcing cage in the rock socket will ultimately be transferred to the bedrock through
interface shear stresses developing between reinforcing bars and cement grout and between cement grout and
rock.

3 LOAD TEST RESULTS

To verify the design capacity of RPC piles, a full-scale loading test was carried out in 2006 on a test pile
designed to its full capacity at working load of 5104 kN. Details of the test piles and the ground profile at the
test pile location are actually presented in Figure 1. The test pile was 43m in length with a 4.73m rock socket
in moderately decomposed meta-siltstone. Figure 3 shows a photograph of rock cores taken at a location close
to the test pile and at depths equal to the rock socket depth of the test pile. It can be observed that the meta-
siltstone at the location of the rock socket was highly fractured and closely jointed.

A RPCP is designed as a rock-socketed pile deriving its geotechnical capacity mainly from the strength of
the rock socket. It was considered desirable to construct the test pile such that the test load can be transferred
to the rock socket as much as possible during a loading test. An effort was therefore made to reduce the
frictional resistance along the Spun pile by coating it with bituminous paint and then wrapping the coated
Spun pile by plastic sheets before installation.

The test pile was load-tested to twice the design pile capacity (i.e.10208 kN) in accordance with test
procedures specified in the Code of Practice for Foundations (BD, 2004).

86



The HKIE Geotechnical Division Annual Seminar 2008

Load (kN)

0 2000 4000 6000 8000 10000 12000
0
5
\\.\
10
£ 15 \\:\\
E N —
E To—
£ Ne
E 25 ‘:\
3 30 S
a5 ™N \\‘
\
40 —
45
Figure 3: Rock quality at rock socket location of test pile Figure 4: Load-settlement curve of test pile

Figure 4 shows the load-settlement curve of the test pile. The load-settlement response is largely linear
throughout the entire range of virgin loading. About 6mm of delayed or creep settlement occurred during the
72 hours of maintained loading at maximum test load. Upon full unloading from peak test load, the residual
settlement was only 2.68mm. This suggested that over 50% of the settlement occurring within the 72 hours of
maintained loading at maximum test load were recoverable.

The small residual settlement indicated that the pile response was essentially elastic. The ultimate load of
the test pile is expected to be significantly higher than the maximum test load of 10208 kN. This indicated that
significant pile resistance had developed even if the pile was socketed in highly fractured rock. The test pile
demonstrated the adequacy of the new piling system.

4 FURTHER DEVELOPMENTS

There are variations to the above new piling system which are covered by the same patent. Such variations are
also covered by the same new pile type recognized by the BD. They differ in the design of structural elements
in the rock socket. A steel H-pile can be used in lieu of the reinforcement cage as shown in Figure 5(a) and the
bundle of reinforcing bars within the Spun piles will not be extended into the rock socket. As another
variation, more reinforcing bars can be used in fabricating the reinforcement cage to achieve the same
structural capacity and the bundle of reinforcing bars within the Spun pile will be terminated at the bottom o
the Spun pile. The adequacy of RPCP with the design variations shown in Figure 5 has also been confirmed
by loading tests, although the test results are not presented in this paper due to lack of space.

5 DISCUSSIONS AND CONCLUSIONS

A new piling system is developed to take advantage of the lower material costs of Spun piles. Different
variations and pile capacities of the same piling system can be developed by varying the structural details of
the pile within the rock socket and changing the number of reinforcing bars to be provided within the central
hollow of the Spun pile and in the rock socket. The piling system is proven to be viable by full scale loading
tests. It is recognized by the Buildings Department as a safe piling system.

The maximum capacity of RPCP currently approved by the BD is limited to 10208 kN. Although RPCPs
tend to be more economical than conventional rock-socketed steel H-piles, considerations are given to develop
rock penetration composite piles with a higher pile capacity in future using steel bars with an even higher
design yield strength such that the new piling system can outperform conventional rock-socketed H-piles both
in terms of costs and pile capacity.
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ABSTRACT

Time domain reflectometry (TDR) technique is conventionally applied in geotechnical
engineering for the detection of slip planes and groundwater levels in slopes, and determination
of soil moisture content. Since 2004, the Geotechnical Engineering Office of the Civil
Engineering and Development Department has adopted TDR technique as part of its quality
control measures on soil nailing works. While development work on this subject is being further
pursued, an innovative idea of using TDR technique as an alternative to the use of packers to
control the designated grouted length of soil nails in pullout tests has recently evolved. This paper
presents the principle and the findings of field trials of using TDR technique to determine the
grouted length of soil nails in pullout tests. The working procedure that has been developed, and
the merits and limitations of the technique are also described.

1 INTRODUCTION

Soil nailing technique was introduced to Hong Kong in the 1980s. Nowadays, it is the most popular slope
stabilizing method in Hong Kong. Each year, more than 10,000 soil nails are installed to stabilise slopes under
the Landslip Preventive Measures (LPM) Programme administrated by the Geotechnical Engineering Office
(GEO) of the Civil Engineering and Development Department (CEDD). In order to enhance the quality
control of soil nailing works, the GEO strengthens site supervision and introduces an independent site audit on
soil nail construction works, and in 2001 began to identify and try out potential non-destructive testing (NDT)
methods that could be carried out on installed soil nails to infer their as-built quality. Among the potential
NDT methods that have been examined, TDR was the simplest and least expensive (Cheung, 2003; Cheung et
al, 2007). While development work on this subject is being further pursued, an innovative idea of using TDR
as an alternative to the use of packers to control the designated grouted length of soil nails in pullout tests has
recently evolved. This paper describes the principle and findings of the field trials of using TDR technique in
the determination of the grouted length of soil nails in pullout tests. The working procedure that has been
developed together with the merits and limitations of the technique are also presented.

2 PRINCIPLE

The principle of TDR technique was derived in the 1950s from that of radar. Instead of transmitting a 3-D
wave front in radar, the electro