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Abstract: The design of retaining walls and support systems for deep basement construction requires careful analysis, design and
monitoring of performance. This is especially critical for deep basement construction in urban areas where the need for space and
high land prices justify the deep basement construction. Due to the close proximity of existing buildings in urban areas, careful
selection of suitable retaining walls and support systems is important, taking into consideration criteria such as control of ground
movement, lowering of the groundwater table, encroachment into neighbouring land, etc. The design of retaining walls and support
systems requires careful evaluation of various possible failure modes, such as overall stability, basal heave failure, hydraulic failure,
structural failure, etc. In addition to conventional “working state design”, the assessment of associated ground movements due to
deep basement construction is also important to ensure neighbouring structures are not affected. The risk associated with deep
basement construction works is high as failures of retaining wall or support systems will be catastrophic and will affect surrounding
areas. As such, the design of retaining walls and support systems for deep basement construction works requires careful
consideration of soil-structure interaction and this is usually accomplished using the finite element method (FEM). However, the
use of the finite element method (FEM) requires proper understanding of the limitations associated with the method and also proper
modelling of the structures in order to make a representative analysis. This paper presents design approaches commonly used to
assess various potential failure modes, serviceability limits and recommended guidance on the use of finite element method for
analysis and design of retaining walls and support systems for deep basement construction. In this paper two case histories on deep
basement construction works are also presented.

1 INTRODUCTION

Due to scarcity of land, especially in urban areas, the need for basements to optimize the use of land has resulted in increasing depth
of basements being constructed. In this paper, the approximate division between shallow and deep excavation is based on 6m which
is guided by the definition used by CIRIA (Irvine & Smith (1992)) on trenching practice and Puller (1996). The design of retaining
walls and support systems for deep basement construction requires careful analysis, design and monitoring of performance. This is
because the risk associated with the works is high and recent high profile failures involving deep excavation (e.g. Nicoll Highway,
Singapore (Figure 1) and Shanghai Metro, China) have highlighted the need for proper design and construction control. A recent
study by Moh & Hwang (2007) has listed 43 failures since 2001 related to MRT works of which 8 failures were related to retaining
walls and strutting works and some of the failures have resulted in death, collapsed buildings and economic losses in millions.
Some of the recommendations by Moh & Hwang (2007) include having a proper risk management program associated with
underground works and a sound understanding of geotechnical fundamentals to complement the use of computer codes. Proper
implementation of risk management programmes and the use of computer codes require sound understanding of the design and
construction considerations of underground works in order for the risk management to be effective and computer codes used
properly. As such, this paper intends to highlight some of the important aspects of Malaysian experience on design of retaining
walls and support systems for deep basement construction to ensure a safe and economical design.

2 DESIGN CONSIDERATIONS

In this paper, a brief discussion on the planning of subsurface investigation and testing and selection of retaining walls and support
systems will be presented followed by a more detailed discussion of the design of retaining walls and support systems for deep
basement excavation. The design of retaining walls and support systems for deep basement excavation will cover the following
aspects:

a) Overall stability

b) Basal heave failure

¢) Hydraulic failure

d) Axial stability

e) Finite element analysis

f)  Ground movement associated with excavation

A short discussion of steel design for struts and some design aspects of reinforced concrete retaining walls is also presented. At the
end of the paper, two case histories are presented to illustrate typical deep basement construction works in Malaysia.
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3 PLANNING OF SUBSURFACE INVESTIGATION AND TESTING

Proper planning and supervision of subsurface investigation (Sl) are of utmost importance to the designer in order to produce a safe
and economical design for deep basement excavation. In this paper, a thorough discussion of the planning of SI, field and laboratory
testing will not be included and interested readers may refer to publications by Geotechnical Control Office of Hong Kong
(GEOGUIDE 2: Guide to Site Investigation) and Clayton et al. (1995). Generally the following soil parameters should be obtained
from the SI:

a) Shear strength parameters of soil (¢’ and c’)
b) Stiffness of soil (E’)

¢) Permeability of soil (k)

d) Groundwater level

The above information is usually obtained from routine SI programmes except for soil stiffness which requires special testing
techniques and interpretation of results. The use of pressuremeter tests is recommended to obtain representative soil stiffness values
for design. Further discussion of the use of appropriate soil stiffness values will be presented in the next section. Recent advances
in the use of seismic piezocone (e.g. Mayne (2000)) and seismic test (e.g. Massarsch (2004)) appears promising where small-strain
stiffness can be obtained for design.

4 SOIL PARAMETERS FOR DESIGN OF RETAINING WALLS AND SUPPORT SYSTEMS

The design of retaining walls and support systems requires careful selection and interpretation of the appropriate soil parameters to
be adopted. Some of the important soil parameters are discussed in the following sections.

4.1 Shear strength parameters

In Malaysia, the effective shear strength parameters of the soil (¢” and ¢’) are commonly obtained from Isotropically Consolidated
Undrained Triaxial (CIU) Test with pore pressure measurements. If a finite element is used, understanding the constitutive models
and numerical algorithms adopted in the finite element software is important in order to model the problem appropriately. For
example, for PLAXIS analysis, the following are recommended:

a) Hardening soil model should be used to model excavation problems, as the conventional Mohr-Coulomb model is unable
to model unload-reload problems properly. Mohr-Coulomb model is based on elastic behaviour and is unable to model
density and shear hardening which renders it inaccurate for deformation problems.

b) For undrained behaviour analysis, assumption of dilatancy angle has serious effects on results. Careful selection of
appropriate dilatancy angles is important.

¢) Modelling of undrained behaviour is recommended to be performed in effective stresses and with effective stiffness and
strength parameters, if possible.

d) If information on effective strength parameters is not available, undrained strength parameters (¢ = ¢, ¢ = 0, y = 0) with
effective stiffness parameters can be used. Proper understanding of the constitutive soil models is important and further
discussion of the undrained modelling of excavation problems will be presented in Section 7: Finite Element Analysis of
Retaining Walls for Deep Basement.

The conversion of shear strength parameters between undrained strength (c,) and effective strength parameters (¢’ and c’) should
always be checked as per Figure 2 to ensure the parameters adopted are reasonable.
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Fig. 2. Mohr circle for evaluating undrained shear strength (plane strain) (Tan,2007).

4.2 Soil permeability

For an economical design where coupled consolidation analysis is carried out in a finite element analysis, the soil permeability (k)
is important to ensure the drained or undrained behaviour of the soil is modelled correctly. In-situ tests are recommended in order
to take into account the complex soil stratigraphy at site which is not capable of being reproduced in the lab. Either rising, falling or
constant head tests can be carried out. The values obtained should be compared to published values as a check to ensure the values
obtained are reasonable for the given soil conditions. Figure 6 of BS8004: 1986 is useful as a simple check and it is reproduced here
as Figure 3.
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Fig. 3. Permeability and drainage characteristics of soils (BS8004: 1986).

4.3 Soil stiffness

Current practice for estimation of soil stiffness is usually based on empirical correlations. This is because routine laboratory tests
give soil stiffness parameters which are significantly less than the stiffness values derived from back analysis of field
measurements. This is primarily due to disturbance to the soil samples and also testing at strain levels which are larger than the
range which is appropriate for retaining walls. This is illustrated in Figure 4 which shows the strain dependent characteristics of soil
stiffness.
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Fig. 4. Characteristic stiffness-strain behaviour of soil with typical strain ranges for laboratory tests and structures (Atkinson,
2000).

From Figure 4, it can be seen that the strain levels for retaining walls is relatively small compared to foundation and tunnel
problems. As such, the use of dynamic testing methods or local gauges is recommended to obtain representative small-strain
stiffness for design. As the use of local gauges is limited in Malaysia and generally requires a sophisticated testing laboratory, the
use of in-situ testing such as seismic piezocone or seismic tests is recommended. However, the use of such in-situ tests is still
limited in Malaysia and currently, the use of empirical correlations is the norm. Various empirical correlations are available to
determine small-strain stiffness for design (e.g. Hardin (1978), Burland & Kalra (1986) and Tan (2001)). However, the designer
should be aware of the basis of the empirical correlations as it is highly dependent on factors such as local soil conditions,
constitutive models adopted and finite element programs used.

5 THE SELECTION OF TYPES OF RETAINING WALLS AND SUPPORT SYSTEMS

Various types of retaining walls and support systems can be adopted for deep basement construction. The selection is usually made
on the basis of:

a) Foundation of adjacent properties and services

b) Designed limits on walls and retained ground movements

¢) Subsoil conditions and groundwater level

d) Working space requirements and site constraints

e) Cost and time of construction

f)  Flexibility of the layout of the permanent works

g) Local experience and availability of construction plant

h)  Maintenance of the walls and support systems in a permanent condition

Some of the retaining wall systems which are commonly used in Malaysia for deep basement construction are as follows:

a) Steel sheet pile walls

b)  Soldier pile walls

¢) Contiguous bored pile walls (CBP walls)
d) Diaphragm walls

e) Secant pile walls

f)  Soil nail walls

For discussions of the advantages and disadvantages of the various wall systems, please see Gue & Tan (1998b) and Puller (1996).
For support systems, the following are commonly used in Malaysia:

a) Internal horizontal steel struts

b) Inclined steel struts

¢) Ground anchors

d) Soil nails

e) Top-down construction using floor slabs and structural frames as support



Support system selection is commonly affected by the following factors:

a) Width of excavation

b)  The number of times it is necessary to move the props during construction
¢) The ease with which materials can be excavated

d) Limits placed on walls and ground movements

e) The distance that the props will span across the excavation

f)  The ease of fabrication of props

g) Availability of props

h)  Build-ability

Further details on the selection and design of temporary propping systems can also be found in Institution of Structural Engineers
(1975), CIRIA C517: Temporary propping of deep excavations — guidance on design (Twine & Roscoe (1999)) and Gue & Tan
(1998b).

Other than the factors listed above, it is very important to note that even though for most of the time a ground anchor support
system appears attractive where it offers unobstructed excavation for basement construction, the designer should be aware of the
following factors prior to adopting the system:

a) Permanent ground anchors always pose great difficulties in long-term maintenance. Reference can be made to BS8081 for
further details. Therefore, it is not recommended to use permanent ground anchors unless no other options are available.
In addition, a strict long term maintenance scheme should be in place and be strictly followed to prevent failure.

b) If local authorities require temporary ground anchors to be removed after use, the removal of temporary ground anchors
may pose problems if the system has not been proven at site to be fully removable. The use of U-turn temporary
removable ground anchors which is quite common in Malaysia appears promising and reference can be made to Chua &
Prasanthee (1997).

¢) Approval from adjacent land owners should be acquired if there is encroachment of ground anchors into adjacent
properties. Checks should also be carried out to ensure the ground anchors do not affect any services or utilities,
foundations, etc. at the adjacent land.

d) Leakages and loss of fine (especially in loose sandy ground) through drill holes need additional precautionary measures
during construction (e.g. full casing, etc).

e) Proper sealing of temporary ground anchor holes upon completion of permanent basement construction works is
important to ensure water-tightness.

6 DESIGN OF RETAINING WALLS FOR DEEP BASEMENTS

6.1 Overall stability

The overall stability of retaining walls is often evaluated using the limit equilibrium method of analysis where the conditions of
failure are postulated, and a factor of safety is applied to prevent its occurrence. This is to ensure the provision of sufficient
embedment depth to prevent overturning of the wall and to ensure overall slope stability. For excavation in soft ground, the
Strength Factor Method as recommended by Padfield and Mair (1984) can be used to determine the penetration depth of the wall
only. Limit equilibrium slope stability analysis is also carried out to check for both potential circular and non-circular slip failure
using Bishop’s simplified method and Spencer’s method respectively. The Factor of Safety (FOS) adopted is 1.2 for short term and
less critical structures while an FOS of 1.4 is adopted for long term or high risk to life structures. If a finite element computer
program is available, it can also be used to carry out the check on overall stability. Figure 5 shows the examples of overall stability
that need to be checked in design.

Fig 5. Examples of overall stability failures (extracted from EN1997-1:2004)



6.2 Basal heave failure

Basal heave failure is particularly critical for deep excavation in soft ground and less prone in stiff soils. The basal heave failure is
analogous to a bearing capacity failure, only in reverse where the stresses in the ground are being relieved rather than increased.
There are many methods to examine basal heave failure and they can be broadly divided into methods based on bearing capacity
formulae and methods based on examination of moment equilibrium. The method based on bearing capacity formulae by Terzaghi
(1943) is suitable for shallow and wide excavations while the method of Bjerrum & Eide (1956) is suitable for deep and narrow
excavations. Based on the Authors’ experiences, the moment equilibrium method is generally sufficient to check against basal
heave failure. Figure 6 shows the moment equilibrium method. The required factor of safety (FOS) is 1.2 where the vertical shear
resistance along retained ground shallower than the excavation is ignored (Kohsaka & Ishizuka (1995)).
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Fig. 6. Basal heave check based on the moment equilibrium method.

6.3 Hydraulic failure

For excavation at sites with groundwater on the retained side above the base of excavation or where artesian pressure is present, a
hydraulic failure check needs to be carried out. If the toe of the wall does not penetrate into an impermeable layer or to a sufficient
depth, base instability caused by piping will occur if the vertical seepage exit gradient at the base of the excavation is equal to or
less than unity.

The potential for hydraulic failure of an excavation can be checked using Terzaghi’s method, or the critical hydraulic gradient
method which mainly considers vertical flow in the vicinity of the excavation bottom. Figure 7 illustrates the above two methods. A
survey of common methods used in Japanese practice (Kohsaka & Ishizuka, 1995) indicates that the factor of safety (FOS) adopted
for Terzaghi’s method ranges from 1.2 to 1.5. For the critical hydraulic gradient method, the suggested FOS is 2.0.

Recent research by Tanaka & Verruijt (1999) has shown that the critical hydraulic gradient method is unconservative for situations
where D/T > 0.5 (D — wall penetration depth, T — thickness of permeable layer). As such, Terzaghi’s method is recommended for
hydraulic failure checks for routine cases of one-layered soil. For other cases such as one-layered anisotropic soil, two-layered soil,
or a one-layered soil with a loaded filter, the prismatic failure concept can be adopted (Tanaka & Verruijt, 1999).

To prevent heaving due to artesian pressure, equilibrium between overburden pressure and pore water pressure at the top surface of
a confined aquifer (bottom surface of clayey soil) needs to be evaluated as shown in Figure 8. As this method only examines the
balance of weight and does not consider mechanical properties of soil such as shear strength or adhesion strength of the ground and
retaining wall, a smaller FOS of 1.0 to 1.2 is sufficient.
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6.4 Axial stability

Axial stability is a simple check which is often overlooked but is important to ensure stability of the retaining wall and support
system. The check ensures that the self-weight of the wall and any axial component of force exerted onto the wall (e.g. axial
components of prestressed ground anchors) can be supported by the skin friction of the embedded portion of the wall. The skin
friction on the wall above the base of the excavation and end-bearing of the wall should be ignored (unless proper cleaning of the
wall toe can be carried out during construction). The factor of safety for axial stability checks is recommended to be 2.0. Figure 9

shows typical a vertical failure of an embedded wall that needs to be prevented in design.
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Fig.9. Example of vertical failure of embedded wall (EN1997-1:2004)




7 FINITE ELEMENT ANALYSIS OF RETAINING WALLS FOR DEEP BASEMENT

7.1 General

The design of retaining walls and support systems for deep basement construction requires consideration of soil-structure
interaction and for this purpose, finite element (FEM) analysis is required. The use of finite element analysis is common and
various commercial software packages are available to the designer. Some of the commonly used finite element software includes
PLAXIS, CRISP, etc. Due to increasing user-friendliness of the commercial software packages, the use of finite element has
become increasingly common and FEM is being routinely used by engineers of differing levels of experience and expertise. As
such, various authors such as Potts (2003) and Wood (2004) had highlighted the importance of proper understanding of finite
element analysis and also the coding and constitutive soil models used in the software. In an example quoted by Wood (2004) based
on Schweiger (2003), the results of a benchmark problem analysed by different people using the same numerical analysis program
(PLAXIS) and the same constitutive soil model with the same soil parameters are shown in Figure 10.
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Fig. 10. Benchmark comparisons of results of numerical analysis of strutted sheet pile wall retaining dense sand using PLAXIS: (a)
outline of problem analysed; (b) approximate range of predictions of horizontal displacement of walls; (c) approximate range of
predictions of bending moment in walls (Wood, 2004).

As can be seen from Figure 10, there is scatter in the results, even for such a ‘simple’ excavation problem. As such, the designer
should be aware of the following factors which may affect the results of FEM analysis:

a) Locations of the boundaries of the problem. The problem boundary should be located far enough away such that there is
no stress rotation near the boundary. For undrained analysis, the extent of the model required will be greater.
b) Details of mesh. Higher order elements are to be preferred to simple elements, especially if high strain gradients are
anticipated, or for failure analysis. More, smaller, elements need to be placed where gradients are expected to be highest,
and at regions of stress concentration (Wood (2004)).
¢) Long, thin elements will lead to calculation instability. As such, the layout of the model and mesh should avoid long, thin
elements.
d) Stages of construction. As soils are non-linear, history dependent materials, proper modelling of the soil at various stages
from the past to its construction stages needs to be carried out.
e) Modelling of interfaces. Improper modelling or use of unconservative interface reduction factors may lead to dangerously
unsafe design.
f)  Use of suitable constitutive soil models to model different geotechnical problems.
g) Sensitivity of various soil parameters. For different constitutive soil models adopted in different FEM software packages,
different soil parameters may have different effects on the analysis results. Some of the important parameters include:
i. Shear strength parameters (¢’ and ¢’)
ii. Stiffness parameter (E)
iii. Coefficient of earth pressure at rest (K,)
iv. Wall-Ground Interface factor (5)
v. Permeability of soil (k)



The amount of shear stress which can be mobilised at the wall-ground interface is governed by the wall-ground interface factor (J)
which can be significant for deep excavation.

8=k ¢o’
where, ¢, = critical state angle of shearing resistance in terms of effective stress

EC7 (EN1997-1:2004) recommendations are as follows:
- for precast concrete or steel sheet pile, k should not exceed 2/3
- for concrete cast against soil, k can be assumed as 1.0.

The designer should be aware of the modelling techniques required for different FEM software and also its limitations. As such, a
simple hand calculation should always be carried out together with FEM analysis as a check against the validity of the FEM
analysis.

7.2 Geometrical data

In FEM analysis, the geometry of the model should reflect the actual field conditions closely. In Malaysia, the following criteria
are normally observed in both FEM and manual calculation:

b)  Provision for Over-Excavation (Aa):
The stability of the retaining wall depends on the passive ground resistance in front of the structure and therefore it is
prudent to allow for over-excavation (Aa) in the design (EN1997-1:2004) depending on the site control.
- for cantilever walls, Aa should equal to 10% of the wall height above excavation level, limited to a maximum of
0.5m;
- for a supported wall, Aa should equal 10% of the distance between the lowest support and the excavation level,
limited to a maximum of 0.5m.
A smaller value of Aa can be used when the excavation surface can be controlled reliably throughout the excavation
works. The over-excavation (Aa) provided in design is not meant for lack of control at site which is very important for all
excavation works.

c) Water levels:
The selection of design groundwater level (free water and phreatic surfaces) should be based on information collected
during subsurface investigation through monitoring of standpipes or other means. If the site is prone to flooding, as in
many areas of Malaysia, the flood level should be taken into consideration depending on the permeability of the subsoil.

d) Surcharge:
The surcharge value should take into account the site conditions and control at site. Site conditions such as loadings from
adjacent buildings, vehicles, services, etc. should be taken into consideration in the design. It is prudent to incorporate a
minimum surcharge of 10kPa to cater for construction loads and unforeseen circumstances. During tender and
construction, it is very important for the Contractor to be aware and follow the assumptions adopted by the designer to
prevent causing problems to the retaining system due to uncontrolled stacking of materials (loading) on the retained side.

7.3 Constitutive soil models

In FEM analysis, proper understanding of the constitutive soil models is important in order to produce safe design. Various soil
models have been incorporated in commercial software packages ranging from elastic-perfectly plastic Mohr-Coulomb model to the
Cam clay model. For example, in the FEM computer program PLAXIS, there are various soil models for different application, i.e.
the Mohr-Coulomb, Soft Soil Model and Hardening Soil Model. An example of incorrect use of soil models is best illustrated in the
recent Nicoll Highway collapse (Yong & Lee, 2007). In the design of the diaphragm wall with internal strutting, the Contractor had
used effective stress parameters (¢’ and ¢”) with the Mohr-Coulomb model to simulate the undrained behaviour of soft clay (known
as Method A among PLAXIS users). This method overestimated the undrained shear strength of the marine clay as illustrated in the
stress path diagrams (Figure 11). The undrained shear strength, c, in the ‘real’ soil from the test is much lower than that predicted
using Method A. The consequence of using Method A with the Mohr-Coulomb model in the Nicoll Highway project led to an
under-estimation of wall deflection, bending moment and strut forces in the design. The original design estimated a maximum
deflection of 145mm whereas 450mm would have been computed if the lower c, value in the ‘real’ soil was used (Yong & Lee,
2007).
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Fig. 11. Comparison of undrained strength (c,) of a soft clay in consolidated undrained triaxial compression test: (a) stress path
determined from finite element analysis using Mohr-Coulomb model with effective stress parameters (Method A) and (b) stress
path of a real soil.

7.4 FEM analysis of limit state

By 2010, the Eurocodes will have replaced current British Standards and it is apparent that Malaysia will follow a similar route in
adopting the Eurocodes for design with its own national annexes. The Authors have started to incorporate the Eurocodes concept
into their geotechnical analysis and design. Following are the procedures suggested by the Authors to merge with current practice
in Malaysia.

In Malaysia, the analysis and design of retaining walls for basement excavation is commonly carried out using “working state
design” or “conventional method”. In the “working stage design”, the focus and concept of design is to model what is expected to
happen at site with the construction performing in a successful manner. Once the actions and stresses (e.g. struts/anchors forces,
bending moments & shear forces) which will be mobilised in this working state are calculated, factors of safety (FOS) are imposed
to cater for unforeseen circumstances and to ensure safety.

For those who are not familiar with EC7 (EN1997-1:2004), following are some common terms used as extracted from Simpson &
Yazdchi (2003):

Table 1. Common terms used in EC7.

Design value A value used in a calculation, possibly already factored or adjusted from another value, such as a
characteristic value.

Characteristic value of a | Usually a value derived as a fractile of results from a prescribed test.
structural parameter

Characteristic value of a | “A cautious estimate of the value affecting the occurrence of the limit state” as defined in EC7. It
ground parameter is intended to indicate that the value, though cautious, is the engineer’s assessment of the ground
behaviour actually governing the occurrence of the limit state under consideration. In conventional
design, they are called “moderately conservative values” usually selected by a Geotechnical
Engineer for analysis and design.

EC7 (EN1997-1:2004) and Simpson & Yazdchi (2003) defined and explained clearly the limit state design. FEM is usually used to
analyse expected behaviour (conventional design) but it can also be used to check for unexpected states in order to demonstrate that
limit states are sufficiently unlikely to occur. Partial factors are applied to the strength of the ground and to actions as in Design
Approach 1, Combinations 1 & 2 of EC7 (EN1997-1:2004), as listed below:

Table 2. Partial factors for Design Approach 1.

Design Approach 1
Partial factors for DAL — Extracted from UK National Annex Combination 1 | Combination 2
Partial Factors | Partial Factors
Permanent Unfavourable 1.35 1.0
Actions Favourable 1.0 1.0
Variable Unfavourable 15 1.3
Favourable 0 0
tan ¢’ 1.0 1.25
¢’ (effective cohesion) 1.0 1.25
Soil Parameters | s, (undrained shear strength) 1.0 14
Unconfined strength 1.0 1.4
Weight / Density 1.0 1.0

10



One of the important features in FEM is that the complete “stress history” of the soil and the structure can be simulated and
accounted for. Simpson & Yazdchi (2003) proposed three possible schemes to perform limit states design using FEM:

1) Perform all the calculations with design (factor) values of ground and action parameters: the complete history is then
simulated for soil parameters at design level.
2) Simulate the whole stress history using ground parameters at characteristic levels and check the safety at the relevant

stages by performing a stepwise reduction of the soil strength parameters, the initial stress field at each of these
reductions being the current characteristic stress field.

?3) Simulate the whole stress history using ground parameters at characteristic levels and multiplying these values by the
load factor (which then in fact acts as a model factor on the effects of actions).

Simpson & Yazdchi (2003)also highlighted that the two key points stated above are that:
a) part of the reason for factors of safety is to cover human error.
b) limit state analyses investigate unrealistic states, especially in the Ultimate Limit State (ULS) analysis.

The purpose of the analysis is to establish that the limit state is sufficiently unlikely to occur. Simpson & Yazdchi (2003)
recommended that both Schemes 2 and 3 should be carried out. Scheme 2 represents EC7 Design Approach 1 Combination 2
(DA1-C2) and Scheme 3 represents Design Approach 1 Combination 1 (DA1-C1).

In this paper, the above two schemes are summarised into design procedures using FEM as follows:

Step 1:  Carry out each stage of excavation and construction of support in FEM using Characteristic Values strength parameters
(similar to EC7 Design Approach 1 Combination 1)

- Adopt characteristic values for soil strength parameters (partial factors = 1.0)

- Adopt a wall-ground interface factor (8) depending on the retaining structures adopted (see Section 7.1
above)

- Adopt a representative conservative ground water level

- Apply surcharge at the retained soil side (if proper control can be established at site, surcharge loadings
can be omitted)

- Generally use over-excavation of 0.5m (if proper control can be established at site, provisions for over-
excavation can be omitted)

- The envelopes of bending moment (BM), shear force (SF) and reactions (struts/anchors forces) obtained
using characteristic values are working state values.

- The need to apply Factor of Safety (FOS) = 1.35 (as in EC7 DA1-C1) or 1.4 (as in conventional design) to
convert working state values to Ultimate BM or Ultimate Shear Force for structural design.

- For struts or anchors, to impose FOS = 1.5 to 2.0 depending on the criticality of the support on the
allowable movements, overall stability of the retaining structures and adjacent properties or services.

Step 2:  After completing the entire Step 1 of FEM analysis, “insert” between each stage a “critical stage” as an ultimate limit
state (ULS) check following EC7 Design Approach 1 Combination 2 (EC7 DA1-C2)

- Adopt design strength values for soil strength parameters.

- Design Soil Strength = Characteristic Soil Strength / Partial Factors. The partial factors should refer to
Design Approach 1 Combination 2 values as listed in Table 2.

- Adopt a wall-ground interface factor (5) depending on the retaining structures adopted (see Section 7.1
above)

- Adopt worst possible ground water level (also check for artesian or flood level, if any).

- Adopt worst possible surcharge at the retained soil (if proper control can be established at site, surcharge
loadings can be omitted). If not sure, use at least 10kPa.

- Adopt over-excavation of 0.5m.

- The envelopes of bending moment (BM), shear force (SF) and reactions (struts/anchors forces) obtained
using design values are ultimate state values.

Step 3:  Compile the results of both Step 1 and Step 2 to carry out design

- Adopt the larger value of Ultimate State BM envelopes, Ultimate State SF envelopes and Ultimate State
Actions (struts / anchors forces) obtained from both Step 1 and Step 2.

- Carry out design of the retaining structures and support systems.
- Deformation of the wall and adjacent ground should be assessed based on results from Step 1.
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7.5 FEM analysis via Plaxis

FEM computer program Plaxis is one of the most widely used FEM software programs in Malaysia to analyse retaining walls for
deep basement construction. The following section describes some of the key processes to observe when using Plaxis to simulate
basement excavation.

It is recommended to carry out effective stress analysis in Plaxis compared to total stress analysis. The hardening soil model is
recommended, rather than the Mohr-Coulomb model as discussed in Section 4.1. Two methods commonly used are:
1) Method A : Effective Stress Analysis
- Type of material modelled is set to “undrained”.
- Soil Strength = Effective Stress Strength (c’, ¢, y’)
- Soil Stiffness = E’, v’, 1 ic*
- Generally used for granular residual soils or sandy materials as these soils are generally governed by effective
stresses.
- For soft clay, it is better to use Method B unless the undrained strength parameters can be correlated properly
with effective strength parameters (care should be exercised) as highlighted in Sections 4.1 & 7.2. Method A
using Mohr-Coulomb’s model will produce unsafe design as discussed in Section 7.3.
- Allows change of strength with change in effective stress (due to loading, unloading or water pressures).
- Essential for exploiting features of advanced soil models such as the Hardening Soil Model (Vermeer &
Brinkgreve, 2002), the Soft Soil Model and the Soft Soil Creep Model in Plaxis.

2) Method B : Effective Stress Analysis
- Type of material modelled is set to “undrained”.
- Soil Strength = Undrained Shear Strength (c,)
- Soil Stiffness=E’, v’
- Suitable for low permeability fine grained soil (e.g. soft clay)
- Use this method when there is no information on effective strength parameters.
- Can only use the Mohr-Coulomb and Hardening Soil Models.
- Limitation is that change in effective stress will not change the strength of the subsoil.

When setting initial conditions in FEM analysis, it is important to use representative OCR or K, in the generation of initial stress
conditions. For each stage of excavation, seepage analysis should be carried out to obtain the representative water pressures for the
whole system. It is more representative of the actual site conditions if transient flow calculation is carried out, provided that the
permeability of the subsoil and construction timing/duration are well defined. If these two key pieces of information are lacking,
then steady state flow calculation will generally err on the conservative side.

8 GROUND MOVEMENT ASSOCIATED WITH EXCAVATION

In the design of deep excavation works, the designer should be aware that ground movements related to open excavation can
include a substantial component of horizontal strain. This is in addition to settlements of buildings caused by their own weight. The
traditional criteria based on differential settlement or angular distortion alone is therefore inadequate for assessment of building
response due to deep excavation works. Typical limiting values of angular distortion for buildings where only building settlement is
assessed are shown in Figure 12.

Fig. 12. Limiting angular distortion (Bjerrum, 1963).
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Boscardin & Cording (1989) summarise the following important considerations for assessment of building response to excavation:

a) Buildings sited adjacent to excavations are generally less tolerant to excavation-induced differential settlements than
similar structures settling under their own weight. This is due to the lateral strains that develop in response to most
excavations.

b) As astructure is subjected to increasing lateral strains, its tolerance to differential settlement decreases. As a consequence,
measures to mitigate excavation-related building damage should include provisions to reduce the lateral strains sustained
by the ground.

¢) Horizontal ties in the form of reinforced concrete grade beams or similar items are effective means of controlling the
strains and distortions in both bearing wall and frame structures adjacent to an excavation.

Various damage category criteria have been proposed such as the methods of Rankin (1988), Boscardin & Cording (1989) and
Boone (1996). The method of Boscardin & Cording (1989) appears to produce reasonably accurate predictions as shown in Figure
13. As such, the damage criteria as proposed by Boscardin & Cording (1989) are recommended and the limiting values are
summarised in Table 3.

2 T ] I

«.:9 Legend

% *  Negligible
= O Very Slight
g | ® slignt

% 8  Moderate
I 4 Sgvere

'E *  Very Severs

Angular Distortion { p x 10°)

Fig. 13. Summary of plots of damage estimation using the method of Boscardin & Cording (1989) and aséessed ground movement
behaviour (Boone, 1999).

Table 3. Damage category criteria (Boscardin & Cording, 1989).

CATEGORY ANGULAR DISTORTION | HORIZONTAL STRAIN
B (x10% en (x 10°%)
Negligible <~11 <05
Very slight ~11<B <~16 0.5<¢,<0.75
Slight ~16<B <~33 0.75<g,<15
Moderate ~33<B <~6.7 15<¢,<3.0
Severe >~6.7 >3.0

For design purposes, the designer should normally limit the angular distortion and horizontal strain such that the damage category
does not exceed “slight” in Table 3. The damage category is based on the work of Burland et al. (1977) and is shown in Table 4.
Therefore, the limiting value of angular distortion (B) and horizontal strain (g,) for the slight category is 3.3 x 10® and 1.5 x 107

respectively. Figure 14 illustrates a simple example of the limiting values of angular distortion and horizontal strain.

Table 4. Severity of cracking damage (modified after Burland et al., 1977).

DAMAGE DESCRIPTION OF TYPICAL DAMAGE APPROXIMATE WIDTH
CATEGORY OF CRACKS, mm
Negligible Hairline cracks <0.1
Very slight Very slight damage includes fine cracks which can be | <1

easily treated during normal decoration, perhaps an

isolated slight fracture in building, and cracks in

external brickwork visible on close inspection
Slight Slight damage includes cracks which can be easily | <5

filled and redecoration would probably be required,
several slight fractures may appear showing the inside
of the building, cracks which are visible externally and
some repointing may be required, and doors and
windows may stick
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Moderate Moderate damage includes cracks that require some | 5 to 15 or several cracks >
opening up and can be patched by a mason, recurrent | 3mm

cracks that can be masked by suitable linings,
repointing of external brickwork and possibly a small
amount of brickwork replacement may be required,
doors and windows stick, service pipes may fracture,
and watertightness is often impaired

Severe Severe damage includes large cracks requiring | 15 to 25 also

extensive repair work involving breaking-out and | depends on number of cracks
replacing sections of walls (especially over doors and
windows), distorted windows and door frames,
noticeably sloping floors, leaning or bulging walls,
some loss of bearing in beams, and disrupted service

pipes

Very severe Very severe damage often requires a major repair job | Usually > 25

involving partial or complete rebuilding, beams lose | depends on number of cracks
bearing, walls lean and require shoring, windows are
broken with distortion, and there is danger of structural
instability

/ Before excavation

.(ﬁ:;/\ T

: / After excavation

—— —— ] IA B=A/L
h of building e, = h/L

L = lengt

E.g.

Building length = 10m

Allowable lateral movement = 15mm
(g, = 1.5 x 10-3)

Fig. 14. Example of limiting values of angular distortion and horizontal strain.

The estimation of ground movement due to deep excavation requires the use of finite element analysis and the results from finite
element analysis are then compared with the criteria given above. However, for simple preliminary checking, empirical methods by
Clough & O’Rourke (1990) and Peck (1969) can be used.

The empirical method for estimating movements for in-situ wall system proposed by Peck (1969) is shown in Figure 15 from data
compiled on the settlement of the ground adjacent to temporary braced sheet pile and soldier pile walls. Clough & O’Rourke (1990)
present settlement profile for retaining walls in different soil types and is generally more detailed compared to the earlier work by
Peck (1969).

In Malaysia, the use of the above empirical methods is for preliminary assessment only and detailed analyses are usually carried out
using FEM. This is because the above empirical data is based on experience from other countries that may not reflect local
experiences. For example, there have been cases of lowering of the groundwater table in the retained soil which causes settlement
extending beyond the influence zone recorded in the above methods and distance exceeding 50 times the depth of excavation has
been recorded. As such, the designer should always compare the preliminary assessment based on empirical methods with results
from FEM analysis. The designer should pay particular attention to structures within the influence zone obtained from FEM
analysis and therefore, dilapidation survey should also cover buildings within this zone.
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3.
Zone | — sand and soft to hard clay, average workmanship
2one It — very soft 1o soft clay .
Zone Il — very saft lo soft clay to a significant depth below bottorn of excavation

The data used lo derive tha three zones were taken from excavalions supporled by soldier piles or shael piles with crass-
lot struts or lie-backs.

Fig. 15. Observed settlements behind excavations (Peck, 1969).

9 STRUCTURAL DESIGN OF RETAINING WALLS AND SUPPORT SYSTEMS

The structural design of retaining walls and support systems for deep excavation is also very important to ensure satisfactory
performance and to prevent catastrophic failure. In this paper, some aspects of reinforced concrete and steel design related to deep
basement excavation are presented. This is in light of recent high profile failures of deep excavation retaining walls and support
systems (e.g. Nicoll Highway, Singapore) where deficiency in structural design is believed to have contributed to the failures.

Current approach to design of retaining walls and support systems will invariably involve some form of finite element analysis (e.g.
PLAXIS, SAGE-CRISP, etc.). As such, the forces and stresses extracted from finite element analyses should be factored
appropriately for structural design. Where unfactored soil parameters (characteristic soil parameters) are used in the analysis, the
following factors of safety are generally applied in structural design:

a) A minimum factor of safety (FOS) of 1.4 should be applied to walls and sheeting moments.
b) A minimum FOS of 1.5 to 2.0 should be applied to strut or anchor loads.

It can be observed that a higher FOS is applied to strut or anchor loads, as conventional plane-strain analysis tends to underestimate
the strut or anchor loads due to the 3-dimensional arching effect.

9.1 Some common mistakes in steel design (Chiew & Leow, 2006)

This section highlights some of the common mistakes of steel design for deep basement support systems using the steel strut-waler
system. The designers should be aware of the serious consequences of inadequate design of the steel strut-waler system which will
lead to catastrophic failure of the entire retaining walls and support systems. The materials presented in this section are primarily
drawn from Chiew & Leow (2006).

One of the commonly used support systems used in conjunction with retaining walls for deep basement excavation is the steel strut-
waler system. The struts usually consist of an H-section with walers laid across the walls to ensure continuity. The struts and walers
used as a support system are different compared to beams and columns in terms of connection behaviour. For beam-column
connection typically found in building frames, the webs of the beam and column are usually in the same plane. On the other hand,
for strut-waler connection, the webs of the strut and waler are in two different planes perpendicular to each other. This key
difference in the orientation of the H-section strut is significant in terms of load transfer; the load from the waler is not transferred
to the strut in a straightforward manner as compared to the beam-column situation. In addition, the two strut flanges are abutting at
the edges of the waler flanges; consequently, the load transfer is more critical and the strut-waler connection is more prone to sway
instability compared to the beam-column connection. Due to these reasons, strut-waler connections are usually stiffened because it
is the weakest link in the entire strut-waler system. Not many designers recognize this difference and therefore, inadequate
attention is paid to the design of this connection.
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The formulas for web bearing and web buckling capacities extracted from the 1990 and 2000 versions of BS5950 are shown in

Table 5.

Table 5. Web bearing and buckling equations.

Design criteria BS5950-1: 1990 BS5950-1: 2000
Web bearing P =(by +ny) tpyw Pow = (b1 + nK) t pyy,
Web buckling Pu= (b n) tpe p,= 2%L_p
Jby +nkyd

Note:

b, — stiff bearing length

n; — length obtained by dispersion at 45 °through half the depth of the section

n, — length obtained by dispersion through the flange to the flange to web connection at a slope of 1:2.5 to the plane of the flange
t — thickness of the web

p. — compressive strength of the web

pyw — design strength of the web

n, k — design coefficients as given by Clause 4.5.2.1 of BS5950-1:2000

d — depth of the web

£=(275/p,)*®

From the table above, it can be seen that the stiff bearing length, b; plays an important role in the resistance of the unstiffened web
to bearing and buckling. Stiff bearing length is defined as the length of support that cannot deform appreciably in bending. This stiff
bearing length is usually smaller than the width of the cover plate and using the cover plate width as the stiff bearing length would
lead to an overestimation of the web bearing capacity by approximately 2 times. The formula for determining the stiff bearing
length is now given in Figure 13 of BS5950-1:2000. Figure 16 shows the correct diagram and formula to be used in determining the
stiff bearing length for a strut-waler connection.

by=t+16r+2T by=t+1.6s+ 2T
Fig. 16. Stiff bearing length for strut-waler connection (BS5950-1:2000).

For web buckling capacity, as with all buckling phenomena, the effective length and slenderness of the unstiffened web under axial
compression affects the buckling capacity. In the 1990 version, the slenderness A of the web can be taken as 2.5d/t (derived based
on an effective length factor of 0.7) provided that the flange of the waler is effectively restrained against both rotation relative to the
web and lateral movement relative to the other flange. In the 2000 code, it can be seen that there is no effective length or
slenderness parameter in the web buckling formula. This is because similar to the 1990 version, the 2000 version also defined that
this formula is valid only when the flange of the waler is effectively restrained against rotation relative to the web and lateral
movement relative to the other flange. When these two conditions are satisfied, this means that the flange of the waler will not sway
sideways under the strut loading and the effective length of the web is 0.7 times the depth of the web, similar in concept to the 1990
version. However, more often than not, there is no lateral restraint to the flange of the waler as they are placed horizontally across
the walls. This means that the waler flange can sway sideways and thus causes the effective length of the web to increase. The 1990
version requires the user to check the web for the effects of strut action. The 2000 version takes this into account by introducing a
reduction factor, based on the ratio of the effective length under sway and non-sway mode, to the web buckling capacity under non-
sway condition as shown in Eq. 1.

P, )
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If the unstiffened web is required to be strengthened, the type of stiffener detail adopted for the connection will also have a huge
impact on the connection performance. The conventional method of welding steel plates between the flanges of the waler increases
not only the bearing and buckling capacity of the web but also the robustness and ductility of the connection. The plates, together
with the waler web, form a cruciform section and this increases the stiffness of the waler about its minor axis. Connections using
this plate stiffener detail tend to be ductile enough to undergo a substantial amount of plastic deformation before failure occurs.
Failure is mainly due to the in-plane buckling of the plate and/or web with little or no side sway of the waler flange.

Another common way of strengthening the web involves casting a concrete block in place of welding the steel plates. Connections
of this form may have a higher bearing and buckling capacity than steel plate stiffeners due to the high compressive resistance of
the concrete. However, failure occurs under a much lesser post-peak plastic deformation and this indicates that the failure mode is
more sudden and brittle.

Another form of strengthening detail is to weld steel C-channels instead of steel plates. Recent research carried out by Chiew & Yu
(2006) has shown that this form of connection has the worst performance amongst the three details. Failure is caused by the side-
sway of the C-channels and the web in a sudden manner with a drastic reduction in web capacity. The web and C-channels do not
interact as one section unlike the cruciform section for a plate stiffener, as each member tends to bend about its own axis.
Connections adopting C-channels as stiffeners are most sensitive to the effective length used in calculating the web capacity as
compared to the other two types of connection details.

In order to illustrate the sensitivity of the web buckling capacity to changes in stiff bearing length and effective lengths, a total of
three different strut-waler connection details as illustrated in Figure 17 were studied by Chiew & Leow (2006). The first case is an
unstiffened waler. The second and third cases are waler stiffened with steel plates and C-channels on both sides respectively. The
effective length factor used is 1.0, 1.2, 1.5 and 2.0. The design is based on BS5950-1:2000, Clause 4.5.3.1. The design parameters
are given in Figure 17 and results tabulated in Tables 6 and 7.

Strut
Waler i~ "7
. .
A \\ o —
Cover plate Steel plate _ C-channel
Design Parameters:  Waler = 356406287 kg/m UC 5355
Strut = 305x305x240 kp/m UC 8355

la = 20 mm thick cover plale

& = 10 mm fillet weld

by = 23+ {Lo}10)+ 2(20) = 79 mm

a; > 07d

n =5

k = 37.7+152=529mm

Fig. 17. Strut-waler connections with different stiffening details (Chiew & Leow, 2006).
Table 6. Influence of stiff bearing length (Chiew & Leow, 2006).
Stiff Bearing Length (b;) Unstiffened waler Steel plate stiffener C-channel stiffener
(mm) Py (kN) 100x12mm S355 127x64x15 kg/m S355
P, (kN) P, (kN)
317.9 (full width) 4494 5198 5805
79 (Fig. 13 BS5950) 2631 3335 3942

17




Table 7. Influence of effective length (Chiew & Leow, 2006).

Effective Length Unstiffened waler Steel plate stiffener C-channel stiffener
Py (kN) 100x12mm S355 127x64x15 kg/m S355
Py (kN) Py (kN)
Le=1.0d 4242 6114 5539
Le=1.2d 2474 6114 3747
Lg=1.5d 1979 5994 3213
Lg=2.0d 1485 5773 2649

It can easily be seen from Tables 6 and 7 that the values of stiff bearing and effective length assumed in design have a major
influence for both unstiffened walers and walers stiffened with C-channels. Walers stiffened with steel plates are less sensitive to
changes in effective length due to the high stiffness of their cruciform sections. The correct stiff bearing length should be used, and
it is recommended that an effective length factor of at least 1.2 be used for strut-waler connections.

9.2 Some aspects of reinforced concrete design of retaining walls for deep basements

The design of reinforced concrete walls for deep basements requires consideration of the water-tightness requirements of the
basement. As such, the structural design of the basement wall using systems such as diaphragm walls would require the diaphragm
wall to be designed as a water retaining structure. In Malaysia, the diaphragm wall is designed in accordance with BS8007:1987
where the maximum design surface crack widths are:

a.  Severe or very severe exposure: 0.2mm

b. Critical aesthetic appearance: 0.1mm

For normal car parks in Malaysia, a design surface crack width of 0.2mm is adequate. For routine designs, Cheng (1996) is useful
for the determination of reinforcement requirements. The minimum concrete grade for diaphragm walls should be Grade 35.

Good detailing practice is also important to ensure satisfactory performance of reinforced concrete retaining wall systems (e.g.
diaphragm walls). Some common detailing practices are as follows (BS8110: Part 1):
a. Every corner bar is to be supported by a link passing round the bar.
b.  Links should be arranged such that there is no longitudinal tension bar > 150mm from a vertical leg.
c.  Size of links = ¥*d of largest compression bar or 6mm whichever is greater.
d. Maximum link spacing = 12*d of smallest compression bar.

The above requirements are to prevent buckling of compression bars and peeling of concrete covers. They also confine the concrete
core which improves its axial capacity. This is important, as usually diaphragm walls are also designed to support some of the
superstructure loads.

In addition, the construction of diaphragm walls should also ensure that the concrete can flow around the reinforcement and inserts
and fill the entire space within the slurry trench. In order to achieve this, detailing recommendations of DIN Standard 4126 are
recommended:

a.  The clear distance between the reinforcement and the bottom of the trench should be not less than 200mm.
b.  Minimum clear spacing between vertical and horizontal reinforcement should be provided as per Figure 18.
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(Figgé)g) Minimum spacing and concrete cover to reinforcement in diaphragm walls as recommended by DIN Standard 4126 (Puller
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10 CASE HISTORIES

In this section, some case histories on retaining walls and support systems for deep basement are presented to illustrate the
successful application of the principles highlighted in this paper.

10.1 Berjaya Times Square

The performance of 1.2 m thick anchored diaphragm walls for a 6-level deep basement for a mixed development of Berjaya Times
Square in Kuala Lumpur, Malaysia, is presented here (Tan et. al., 2001). Figure 19 shows the layout of the site. The depth of the
basement excavation ranges from 24.5 m to a maximum of 28.5 m and the walls were constructed in residual soils derived from
Kenny Hill Formation.
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Fig. 19. Location plan of the two walls.

The subsurface investigations carried out comprise rotary wash boring boreholes along the perimeter of the diaphragm wall and
inside the site. Field testing such as Standard Penetration Tests (SPT) and pressuremeter tests were also carried out in the
boreholes. Standpipe piezometers were installed in the boreholes to measure changes of groundwater levels with time for design.
The groundwater level measured was generally located at about R.L.+36.0m before excavation. In addition, disturbed and
undisturbed soil samples collected from the boreholes were also tested in the laboratory to acquire the necessary soil parameters.
The typical subsoil profile at the site, as shown in Figure 20, indicates that the Kenny Hill residual soils mainly consist of stiff to
hard clayey SILT, and silty CLAY with sand or gravel. In between these materials are layers of medium dense to very dense clayey
and silty SAND and GRAVEL.
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Fig. 20. Subsoil profile
Although the subsoil profile presented in Figure 20 shows variable successions of strata and for analysis purposes, the subsoil were

divided into two major components, namely predominantly Granular materials and predominantly Cohesive materials for the design
and back-analysis of the two selected typical panels of the diaphragm walls with different ground anchor configurations (Wall A
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and Wall B). These two panels were located on one side of the site as shown in Figure 19. Based on the type of subsoil and
variation of SPT "N’ values, the subsoils were further divided into four different layers in the analyses

The finite element method (FEM) computer program PLAXIS, was used to back-analyse the deep basement excavation supported
by anchored diaphragm walls. The residual soil was modelled using the “Hardening Soil Model” (Vermeer & Brinkgreve, 2002)
and the 1.2 m thick diaphragm wall was modelled as beam elements. The free length of pre-stressed temporary ground anchors was
simulated as node-to-node spring while the fixed length grout body was simulated as slender objects with an axial stiffness but with
no bending stiffness and can only sustain tensile forces only. In addition, interface elements were introduced to simulate soil-
structure interactive behaviour. Figure 21 shows the plane strain condition FEM model of Wall A in initial stage utilising 6-node
elements under a 2-D plane strain condition.
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Fig. 21. Finite element modelling of excavation.

Table 8. Soil parameters for FEM back-analysis.

Layer SPT*N” Yo E’ E'u ¢ ¢’ Ko
(blow/300mm) | (kN/m*) | (KN/m?) | (kN/m?) | (kN/m?) | (degree)
>R.L. 32m 20,000
10 18.5 (35,000) 60,000 0 31 1.0
R.L.32mto R.L. 20m 56,000
28 18.5 (98,000) 168,000 5 32 0.8
R.L.20m to R.L. 10m 68,000
34 19.0 (119,000) 204,000 5 32 0.8
<R.L.20m 84,000
42 19.0 (147,000) 252,999 5 34 0.8
Note: The E’ values in brackets are the stiffness used in the original design of the diaphragm wall (Gue & Tan,
1998a).
Table 9. Details of ground anchors.
Wall A
Prestressed Ground Anchors at Level - A | Level-B | Level -C | Level-D | Level-E
Reduced Level (m) 36.2 315 27.8 235 19.3
Angle of Inclination (degree) 30 25 25 25 25
Working Load (kN) 740 730 1008 1129 891
Horizontal Spacing of Anchor (m) 1.57 1.05 1.05 1.05 1.05
Prestressed Lock-Off Load (kN) 689 626 847 873 715
Wall B
Prestressed Ground Anchors at Lovel—A | Level =B | Level—C | Level—-D
Reduced Level (m) 36.3 28.7 24.5 20.7
Angle of Inclination (degree) 30 25 25 25
Working Load (kN) 879 811 1148 1157
Horizontal Spacing of Anchor (m) 1.57 1.05 1.05 1.05
Prestressed Lock-Off Load (kN) 671 624 901 924

The key input soil parameters (all in effective stress) are listed in Table 8 and the details of the prestressed ground anchors are listed
in Table 9. The effective Young’s Modulus (E’) of the soils was interpreted from pressuremeter tests performed at different depths
in the boreholes. The effective unloading/reloading stiffness (E’y,) is taken as three times the efffective Young’s Modulus which
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matches the values from the unload-reload cycle of pressuremeter tests. The initial coefficients of earth pressure at rest, K, were
also obtained from pressuremeter tests.

In the back-analysis, the soil stiffness which has considerable influence on the wall movement has been modified from the values
used in the original design (Gue & Tan, 1998a). The original design of the diaphragm wall was carried out using the computer
program FREW, a quasi-finite element program which allows the interation between the wall and the soil to be modelled. Full
details of the computer program FREW are described by Pappin et al. (1986).

In the numerical modelling, the diaphragm wall was assumed as “wished-in-place” after the bulk earthworks excavation in the
middle of the site but before the start of excavation immediately in front of the wall. For each stage of excavation in the undrained
analysis, steady state groundwater calculation was performed. The excavation sequences simulated in the FEM analysis are as
follows :

0. Bulk earthworks excavation at the centre of the site (Figure 22).
Installation of diaphragm wall and excavate to 1% level (R.L.35.5m for Wall A and R.L. 36.0m for Wall B).
Install and Prestress Anchors (Level-A) and excavate 2™ level (R.L.31.0m for Wall A and R.L. 28.0m for Wall B).
Install and Prestress Anchors (Level-B) and excavate 3" level (R.L.27.0m for Wall A and R.L. 23.6m for Wall B).
Install and Prestress Anchors (Level-C) and excavate 4™ level (R.L.22.5m for Wall A and R.L. 20.0m for Wall B).
Install and Prestress Anchors (Level-D) and excavate 5" level (R.L.18.5m for Wall A and final level R.L. 16.7m for Wall
B).
6. Install and Prestress Anchors (Level-E) and excavate 6™ level (final level R.L.16.7 m for Wall A).

g~ e

Fig. 22. Stage 0: Bulk earthworks excavation carried out at the centre of the site before installation of the wall.

The back-analysed results presented in this paper include relative lateral displacement of the walls and settlement of the retained
ground behind the walls due to excavation. Figures 23 and 24 show the relative lateral displacement measured from inclinometers
installed at Wall A and Wall B respectively. In these figures, the back-analysed wall displacements were also presented. Generally
the FEM results matched the measured wall profile well for all stages of excavation for both Wall A and Wall B except for slight
under-estimation of the wall top displacements. In view of the good match between the measured and back-analysed wall relative
lateral displacement profile, it is evident that residual soils can be properly modelled using the “hardening soil” model for the deep
excavation problem.

The ground surface settlement measured from settlement markers installed perpendicular to the wall in the retained ground and the
FEM back-analysed results for Wall B are presented in Figure 25. In the FEM analysis, the maximum ground settlements are
located at a distance of 15m to 20m from the wall and indicate close agreement with field measurements. The analysed settlement
profile overestimated the ground surface settlement for Stage O after bulk earthwork excavation at the centre of the site. The results
improved for Stages 1 to 3 where the analysed and measured ground surface settlement profiles agree well for a distance of 50m
before the analysed results overestimated the settlement. The reason for smaller measured settlement after a distance of 50m is due
to the presence of high-rise buildings supported by deep foundations obstructing the propagation of the ground settlement. In the
last two stages (Stage 4 and Stage 5), the analysed results underestimated the ground surface settlement which might be due to
consolidation of the subsoil due to lowering of ground water level caused by seepage flow during the process of excavation. In
order to model this effect, coupled consolidation analysis needs to be carried out
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Fig. 25. Ground surface settlement profile

Figure 26 shows the analysed and measured ground surface settlement profiles plotted in dimensionless settlement profiles
recommended by Clough & O’Rourke (1990). It is observed that the settlement profile generally extended up to a distance of 5 to
12 times the depth of excavation instead of 3 times presented by Clough & O’Rourke (1990) for stiff to very hard clay. This is
because residual soil is usually of higher permeability than clay therefore seepage flow might have caused some lowering of
groundwater level in the retained ground which can extend to distances well beyond 3 times the depth of excavation. For
excavation in soft clay, the extent of the ground settlement can extend to as far as 50 times the depth of excavation if control of
seepage was not properly carried out (Gue & Tan, 1998b). On the other hand, the percentage of magnitude of maximum settlement
over the depth of excavation for both measured and back-analysed is about 0.2% which is smaller than the 0.3% presented by
Clough & O’Rourke (1990).
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Fig. 26. Dimensionless ground surface settlement profile.

1

seilacal]

slslen bl

For Stiff to Very Hard Clay

(from Clough & O'Rourke, 19901\/\;
Legend :

Dashed line = Measured
Solid Line = FEM Back-Analysed

¥
i

In Malaysia, Standard Penetration Tests (SPT) which are commonly carried out at site to obtain SPT ‘N’ values were correlated to
obtain strength and stiffness parameters of the residual soils for design because this is economical and easily available. This is
based on the contention that the SPT “N~”values (blows/300mm), which were obtained extensively at site, adequately represent the
mass of the residual soil which is very heterogeneous. Sampling and testing for representative parameters in the very
heterogeneous residual soil are difficult to carry out. Pressuremeter tests are also carried out at times to refine the selected soil
parameters.

From the FEM back-analysis, the suggested correlations between SPT “N” values and the effective Young’s Modulus (E’) and
effective unloading/reloading stiffness (E’;) used in the “Hardening Soil” model are as follows:
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E’ =2000 x SPT*N”(kN/m?)

E’w =3 x E’=6000 x SPT*N~(kN/m?
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10.2 Solaris 2 Dutamas

This case history is somewhat unique as the retaining wall system used is the soil nail wall instead of the more traditional
contiguous bored pile (CBP) wall, diaphragm wall or secant pile wall. The total depth of the excavation is approximately 30m and
the close proximity of adjacent structures to the deep excavation pose unique challenges to the design of the soil nailing. The cross-
section of the soil nail wall is shown in Figure 27. Figure 28 shows the soil nail wall during construction taken in 2006. As can be

seen from Figure 28, existing double-storey residential houses are in close proximity to the soil nail wall and therefore, the
movement criteria of the soil nail are very important.
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Fig. 27. Typical cross-section of soil nail wall.
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g. 28. View of soil nail wall during construction (photo taken in 2006).



The design of the soil nail wall had been carried out in accordance with FHWA (1998) and the design method has been summarised
by Chow & Tan (2006). The soil nail wall consists of nails ranging from 4m to 21m in length.

This case history serves to illustrate the benefits of geotechnical input during the early stages of the project, as modifications to the
architectural layout to accommodate the soil nail wall have resulted in significant cost savings to the basement construction while
maintaining the functionality of the building. Cooperation between the client, architect, structural engineer and geotechnical
engineer during the initial planning of the building has resulted in a significantly cheaper retaining system for the basement
construction as illustrated in Figure 29. The original location of the basement wall would have resulted in construction of retaining
walls and support systems to support a vertical wall more than 25m deep with close proximity to structures on the adjacent land.
The design of such high walls will be costly and it will also affect the construction programme significantly as top-down
construction with the floor slabs acting as support for the wall would be required. The changes made to the architectural layout of
the buildings to accommodate the soil nail wall have resulted in significant cost and time savings to the project.
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Fig. 29. Shifting of the basement to accommodate a soil nail wall resulted in significant cost and time savings to the project.

A monitoring programme consisting of settlement markers, standpipe piezometers and inclinometers was implemented to monitor
the performance of the soil nail wall. Monitoring works were carried out for approximately 1.5 years starting from May 2006 to
October 2007. Total movement of the wall is very small where the recorded movement of the inclinometers is less than 5mm.
Figure 30 shows the readings of one of the inclinometers (a total of 3 inclinometers were installed). The very small movement
recorded is probably due to the inclinometer being installed after the first two berms of soil nails had been installed, where some
movement is believed to have taken place. Nevertheless, the monitoring performance has indicated that the performance of the soil
nail wall is satisfactory and no cracks on the adjacent houses were reported.
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Fig. 30. Inclinometer readings for Inclinometer 1.
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