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Abstract

This paper presents the observed and simulated effectiveness of deep cement mixing walls created using top-down (DCM-
TD) construction techniques for a deep excavation in soft Bangkok clay. The wall system consisted of four rows of 0.7-m-
diameter DCM columns, and the bracing system consisted of two 0.25-m-thick basement slabs and seven temporary struts.
The effectiveness of the wall system compared to that of other wall systems was evaluated using the measured results of
previous case studies. A 3D numerical analysis was performed to calculate forces in the basement slabs and bending
moments in the DCM wall. Finally, series of parametric analyses of both DCM-TD and deep cement mixing walls created
using bottom-up (DCM-BU) construction techniques were carried out, and their results were compared to highlight the
effectiveness of DCM-TD and its applicability to excavations at greater depths. The field and numerical results show that
DCM-TD is more effective than DCM-BU in terms of the limitations of lateral wall movement, the bending moment in a
DCM wall and the thickness of a DCM wall for various depths because of a larger system stiffness. Therefore, DCM-TD is
very effective and suitable for use in potential future deep excavations in urban areas.

Keywords Deep excavation - Deep mixing - Finite element - Simulation - Top-down construction in three dimensions -
Wall

1 Introduction

Numerous deep excavation projects involving the devel-
opment of basements for high-rise buildings have been
carried out in Bangkok, Thailand, over the past 10 years
because of the rapid increase in the economy and size of
the city. Deep excavations in soft clays are frequently
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performed near other buildings and infrastructure [42]. To
protect adjacent properties, proper retention systems and
construction techniques are required. In the bottom-up
(BU) construction technique, sheet pile walls (SPWs),
contiguous pile walls (CPWs), and diaphragm walls (DWs)
are commonly used as retention systems. SPWs are among
the most commonly used to support deep excavations
because of their low operational costs, but serious problems
may occur, such as larger displacements due to low
structural stiffnesses and/or ground movement due to pile
driving and extraction. The use of CPWs and DWs com-
prising thick cast-in-place reinforced concrete walls in the
ground can avert the problems of SPWs, but the costs of
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such concrete walls are relatively high [38]. Deep cement
mixing (DCM) and stiffened DCM (SDCM) walls, which
are alternative retaining structures used in BU construction,
have been introduced to support deep excavations in soft
clays over the past 20 years in Scandinavia, Japan, Ger-
many, the USA and Asia [16]. In a DCM wall, the columns
are formed by mixing in situ soil with cement. A DCM
wall will typically have a thick cross section due to its low
tensile strength and is typically excavated without struts.
SDCM walls, which are constructed by inserting steel
H-beams into DCM columns to increase the bending
moment capacity, are an improvement over DCM walls
[15]. Thus, the thickness of a DCM wall can be reduced
[42].

The top-down (TD) construction method is used for
deep excavations in urban areas when there are extremely
strict environmental protections, insufficient working space
and extremely short construction times. One advantage of
this method is that a basement excavation and a support
from the critical path of the project can be removed after
the walls and pile foundations are constructed and the first
slab is cast. The slabs act as permanent lateral braces for
the wall, which are considerably stiffer than cross-lot
braces and should minimize adjacent ground movements
typically encountered in BU construction [2]. Long [27]
summarized the performances of 300 case histories of deep
excavations and found no discernible differences in the
magnitudes of ground movements associated with both
methods. Moormann [29] presented a database of 530 case
histories of deep excavations, most of which were through
soft soils. The influence of the type of excavation method
on performance suggested that the TD systems tended to
result in smaller movements than the BU methods. Wang
et al. [42] presented a database of 300 case histories of
deep excavations through soft soils in Shanghai. The walls
that were constructed using the TD method included DWs,
CPWs, and SDCM walls, whereas SPWs and DCM walls
were constructed using the BU method. They concluded
that the TD methods generally resulted in smaller lateral
wall displacements. Much research has been conducted
using three-dimensional (3D) finite element analysis to
investigate the performances of excavations involving
DWs, CPWs and SDCM walls with the TD and BU
methods in terms of lateral wall movement and settlement
behind the walls [10-12, 14, 17, 23, 24, 32, 45]. However,
few studies on the performance of DCM walls for deep
excavations with TD (DCM-TD) construction in soft clays
have been conducted using field observations and numer-
ical investigations.

This paper focuses on evaluations of the effectiveness of
a DCM-TD when applied to a deep excavation in soft clay
based on a field case study in Bangkok, Thailand. In the
field case study, lateral movement profiles around the
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perimeters of the excavation area and strut forces were
observed during the final stage of excavation. The effec-
tiveness of DCM-TD in comparison with other support
systems is assessed quantitatively based on field observa-
tion data. 3D finite element analysis is used for further
investigation. The numerical analysis simulates the lateral
wall movement and axial forces in the struts and calculates
the force in the concrete slab and the bending moments in
the DCM wall induced during excavation. Finally, an
investigation of the effect of DCM wall thickness on the
lateral movement and bending moment of a DCM wall for
excavations at depths greater than that of the case study is
numerically carried out to assess the effectiveness and
applicability of DCM-TD compared to deep cement mixing
walls using the bottom-up (DCM-BU) method.

2 Subsoil conditions

The project construction site was located along Sukhumvit
road in central Bangkok, Thailand. The soil profile at this
site was a 2-m-thick weathered crust underlain by an 11-m-
thick soft clay, a 3-m-thick medium stiff clay, a 14-m-thick
stiff clay, and a thick dense sand layer, as shown in Fig. la.
Detailed laboratory tests were conducted prior to con-
struction to evaluate the geotechnical engineering proper-
ties of the foundation soils. The basic physical properties of
the tested soils, including natural water content (w,,), liquid
limits (LL), plastic limits (PL), wet unit weight (), soil
specific gravity (G;) and initial void ratio (e,), were also
characterized. Undrained shear strengths (s,) obtained from
unconfined compression tests were used to characterize the
clay types based on strength. These basic properties of the
foundation soils are tabulated in Table 1. Conventional
oedometer tests and conventional triaxial tests based on
consolidated undrained tests were performed on foundation
soil specimens taken from the project site at depths of
— 1.5, — 7, — 14 and — 18 m for the weathered crust, soft
clay, medium stiff clay and stiff clay, respectively, to
determine the soil parameters for the numerical simula-
tions. The geotechnical engineering properties of the soils
are summarized in the soil profile presented in Fig. 1b—f.
The results of the triaxial tests indicate that the effective
friction (¢’) varied from 23° to 28°, whereas the effective
cohesion (¢’) varied from 2 to 30 kPa. These shear strength
parameters are consistent with the values for the numerical
modeling of Bangkok clays presented in Jamwawang et al.
[17]. The ratio of the swelling index (c;) to the compression
index (c.) obtained from the oedometer tests ranged from
0.13 to 0.25 for stiff and soft clays, which falls within the
range of cy/c. for the Bangkok subsoils reported by Ber-
gado et al. [3]. The OCR profiles determined based on the
oedometer tests show that the weathered crust, medium
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Fig. 1 Soil profiles and soil properties

Table 1 Basic properties of the foundation soils

Depth (m) Foundation soils wy (%) LL (%) PL (%) y (kN/m3) Gy €, su (kPa)
0-2 Weather crust 40 58 27 15.5 2.65 1.1 25
2-13 Soft clay 55-72 63-76 27-32 14.5-16.2 2.62-2.68 1.4-1.9 15-20
13-16 Medium stiff clay 48-55 60-73 29-32 16.6-18.1 2.66-2.68 1.2-1.4 25-50
16-30 Stiff to very stiff clay 22-36 40-70 27-32 18.1-18.8 2.65-2.70 0.6-1.0 75-200

stiff clay and stiff clay were heavily overconsolidated and
that the soft clay was slightly overconsolidated.

3 Project details

The project involved an 18-story condominium with two
underground parking garages, with a maximum excavation
depth of 7.90 m. The excavation area involved only the
soft clay layer. With insufficient space to construct a thick
gravity DCM wall, a DCM wall with temporary bracing
systems was designed to reduce the wall thickness. The TD
construction technique was used to minimize the con-
struction time, with a permanent basement slab serving as
the lateral support. Figure 2a shows the layout of the DCM
wall and pile foundation and the locations of the temporary
struts. Figure 2b presents the cross section of the DCM
wall. The maximum and minimum excavation depths were
79 and 6.3 m on the western and eastern sides,

respectively, of the excavation area, which were close to a
public road and a 2-story building. In addition, an 8-story
building and a public road were adjacent to the southern
and northern sides of the excavation area, respectively.
Within this limited space surrounded by adjacent struc-
tures, a performance-based design was adopted. A perfor-
mance-based design is one that is mainly based on the
serviceability of an excavation support system with con-
sideration of the fact that the induced deformation and
stress must satisfy the design requirement of a project.
Based on past experience related to the design of deep
excavation works in the urban Bangkok area, the maximum
allowable lateral movement is 65 mm. Within the range
bounded by this value, no damage to the ground near the
excavation area induced by the slab was found. Another
requirement for temporary structural members is a mini-
mum safety factor of 1.50.

The project involved two basements: B1 and B2. The
levels of the two basement slabs were different; the B1-A
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Fig. 2 a Plane view of the excavation area, b cross-sectional view A—A of the excavation, ¢ DCM wall during TD construction, d details of struts

and e enlargement of the DCM wall

slab was at a level of — 2.9 m, while the B1-B slab was at
alevel of — 4.5 m. The excavation for B2 was unequal; for
the B2-A side, the excavation level was at — 6.3 m,
whereas the excavation level for the B2-B side was
— 7.9 m. Because the construction employed the TD
method, the B1-A and B1-B basement slabs were used as
lateral supports between the southern and northern sides of
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the DCM wall, and they were installed before the con-
struction of the mat foundation. The basement slabs were
posttensioned concrete slabs with a thickness and an ulti-
mate compressive strength of 0.25 m and 35 MPa,
respectively. In addition, seven temporary struts were
connected between the two slabs B1-A and B1-B to act as
bracings for transferring the lateral forces induced on the
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western and eastern sides of the wall. Notably, the struts
used in this project had different lengths and were installed
with different inclinations to the horizontal level, as shown
in Fig. 2c and d. Finally, temporary stanchions, which
were embedded into the bored piles prior to the excavation
work, were required to support the basement slabs. The
DCM wall used at this site comprised four rows of 0.7-m-
diameter DCM columns with 0.1 m of overlap, an enlarged
view of which is shown in Fig. 2e. The entire thickness of
the DCM walls was 2.5 m, and the tip was — 14.0 m from
the ground surface. The DCM wall tip was embedded 1 m
into the medium stiff clay layer. The DCM walls were
installed using a low-pressure mechanical mixing method.
The cement content was 250 kg/m3 of wet soil, and the
water/cement ratio was 1.1. Figure 2e also shows the
construction sequences of the DCM walls. The first row,
which is farthest from the excavation side, was first con-
structed to prevent lateral movement induced by the
installation of subsequent rows of the DCM columns. Then,
the second, third and fourth rows were installed.

After the DCM wall construction was completed, core
samples were extracted from the DCM columns at various
depths in three locations, C-1, C-2 and C-3, for the labo-
ratory tests. Figure 3 presents the test results of the core
samples. The bulk unit weights ranged from 15 to 16.5 kN/
m°>, and the moisture content varied from 35 to 70%. The
unconfined compressive tests were performed on samples
50 mm in diameter and 100 mm in height. The unconfined
compressive strengths of the DCM columns, gumpcewm),
ranged from 1.4 to 2.1 MPa, with an average value of
2.0 MPa, whereas the moduli of elasticity (Epcy) ranged
from 120 to 290 MPa, with an average value of 200 MPa,
indicating an empirical relationship Epcv = 100 gumem)s

corresponding to the test results of Huang and Han
[13], Jongpradist et al. [20] and Jamsawang et al. [15-19].

The excavation stages versus construction periods are
listed in Table 2. A waiting period of 3 days was required
for the strength of the concrete slabs to reach 60% of the
ultimate design strength (35 MPa) before the next stage of
excavation was performed. The strength and stiffness of the
concrete slabs at 60% of the ultimate design strength are
sufficient for them to function as wall bracings [2]. After
the floor zone B2-B was completely installed, a lean con-
crete was immediately poured to create permanent lateral
bracings. In addition, permanent reinforced concrete walls
and columns covering the stanchion were constructed. All
stages of the excavation work are illustrated in Fig. 4. With
a good design construction sequence for a moderate
excavation depth of approximately 7.9 m with two base-
ment levels, the excavation could be successfully accom-
plished in 88 days, with an average construction period of
7 days for each excavation stage. Arboleda-Monsalve and
Finno [2] recorded the lateral movement of walls during a
15-m-depth deep excavation via TD construction in clayey
soils. The entire excavation construction period was
480 days, with an average construction period of 45 days
for each excavation stage. Field measurement data showed
that creep effects represented approximately 30% of the
maximum measured lateral wall movement, whereas the
remaining 70% arose from stress relief. Due to the short
average construction period, the creep effect, which may
play an important role in long-term deep excavations, was
thus minimal in this project and can be disregarded. Fig-
ure 23 illustrates that the creep effect provided only 7% of
the maximum observed lateral wall movement, with the
remaining 93% caused by stress relief.

Bulk unit weight (kN/m?) Moisture content (%) 9uocw(MPa) Epen(MPa)
14 15 16 17 20 40 60 80 0 1 2 3 0 200 400
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Fig. 3 Properties of the cored DCM columns
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Table 2 Excavation stages versus construction period

Stage Detail Duration
(days)
Construct 0.7- and 0.8-m-diameter bored piles to support the structural load -
2 Install a temporary column (stanchion) using H-400 x 197 kg/m steel embedded into the bored piles to transfer the -
weight from the basement floor during construction to the bored piles
3 Install DCM column walls by deep wet mixing around the excavated area to be used as a temporary retaining structure —
for the construction of the basement
4 Excavate to — 3.20 m for floor zone B1-A 5
5 Install concrete slab zone B1-A 2
6 Wait for strength development of concrete slab zone B1-A 3
7 Excavate to — 4.80 m for floor zone B1-B 15
8 Install concrete slab zone B1-B 2
9 Wait for strength development of concrete zone B1-B 3
10 Install temporary struts between slab zones B1-A and B1-B using H 300 x 94 kg/m steel to transfer the lateral load due 2
to the excavation
11 Excavate to — 6.30 m for space between floor zones B1-B and B1-A 5
12 Excavate to — 6.30 m for floor zone B2-A 28
13 Excavate to — 7.90 m for floor zone B2-B 23
Total 88

Four inclinometer casings were installed up to the stiff
clay layer at a depth of 19.0 m, which is approximately 2.5
times the excavation depth (H.) and is sufficient to obtain a
zero reading at this depth based on the practical work
related to deep excavation projects in soft Bangkok clay
reported by Likitlersuang et al. [23]. Inclinometer casings
were installed in the middle of the walls on four sides of
the excavation boundary to monitor the lateral wall
movement, as shown in Fig. 2a. To measure the forces in
the temporary struts installed between B1-A and B1-B and
to avoid the bending stress component, electrical strain
gauges were attached to the neutral axes of the struts. A
dummy strain gauge was used to eliminate any effect of
temperature. No prestressed loading of the struts was per-
formed for this project.

4 Numerical analysis of the field case study
4.1 Finite element mesh and boundary condition

A finite element simulation using the PLAXIS 3D version
2013 software was conducted to describe the performance
of the DCM wall. The 3D finite element model comprised
the DCM columns, bored piles and foundation soils. The
soil volume was modeled using ten-node tetrahedral vol-
ume elements. The circular columns (bored piles) were
modeled as prismatic columns with square cross-sectional
areas and diameters of 0.8 and 1.0 m. The stanchions and
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struts (Fig. 2a and b) were modeled using beam elements,
whereas the basement slabs (Fig. 2a and b) were modeled
using plate elements. Figure 5a and b illustrates the
430,000-element 3D finite element mesh used in the
analysis, which corresponds to the DCM wall configuration
in Fig. 2a and b. At the bottom of the finite element mesh,
the displacements were set to zero in the x-, y- and z-
directions. The vertical model boundaries were fixed in the
x- and y-directions and free in the z-direction. To avoid
boundary effects, the length and width of the model were
chosen to be 160 and 140 m, respectively, and its depth
was 30 m.

4.2 Constitutive model and model parameters

The hardening soil model is an advanced model for sim-
ulating the behavior of different types of soft and stiff soils
[16-19, 33, 37, 39, 43, 44, 46] and was used to simulate the
behavior of the weathered crust, soft clay, medium stiff
clay, stiff clay and DCM column in this study. Schanz et al.
[36] explained in detail that the most significant features of
the present hardening soil model are the use of a hyperbolic
stress—strain curve and the control of the stress-level
dependency because the stiffness of real soils depends on
the stress level. The theory of plasticity [4], soil dilatancy
and a yield cap are also applied in the model. Thus, the
yield surface is able to expand due to plastic strain. Har-
dening processes can be divided into two main types:
compression and shear. The former is used for modeling
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Fig. 4 Stages of the excavation construction

the irreversible plastic strains caused by primary com- 2E5 2)
pression in oedometer and isotropic loadings, whereas the Y2 Ry

latter is employed for modeling irreversible strains due to
primary deviatoric loading. A soil that is subjected to pri-
mary deviatoric loading exhibits a decrease in stiffness, and
irreversible plastic strains concurrently develop.

The stress—strain relationship due to the primary loading
is assumed to be a hyperbolic curve in the hardening soil
model. The hyperbolic function for the drained triaxial test
can be formulated as

_ 1 q
Eil—q/q,

where ¢, is the asymptotic value of the shear strength, and
E; the initial stiffness. E; is related to Esqy by

—& for g <gy (1)

This relationship is plotted in Fig. 6. The parameter Esq
is the confining stress-dependent stiffness modulus for
primary loading, which is 50% of the secant stiffness
modulus and is given by the equation

, ’ ro. 7N M
et € cOs@’ — assing
Eso = E5g (c’ cos ¢+ petsing (3)

where EZT is a reference stiffness modulus corresponding
to the reference confining pressure, p™, of 100 kPa. The
actual stiffness depends on the minor principal stress, 0'13,
which is the confining pressure in a triaxial test. The
amount of stress dependency is given by the power
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m. Surarak et al. [39] reported a range of m values from 0.5
to 1 for different soil types, with values of 0.9-1 for clayey
soils. The ultimate deviatoric stress, gy, and the quantity g,
in Eq. (1) are defined as

.. 2sing’
=(dcotd) —g;) ————
qf (c ¢ 3) 1 _ Sin ¢/

gt
= — 5
qa R; ( )

(4)

The above relationship for gr is derived from the Mohr—
Coulomb failure criterion, which involves the strength
parameters ¢’ and ¢'. The ratio between ¢; and ¢, is given
by the failure ratio Rg, which should clearly be smaller than
1. An R; of 0.9 is chosen as a suitable value for various soil
types [16-19, 33, 37, 39, 43, 44, 46]. For the unloading and
reloading stress paths, another stress-dependent stiffness
modulus is used:

/ (A 1\ m
Eur—Eref(c cos ¢ a3smd)> (6)

~ T\ ¢ cos ¢’ + prefsin ¢
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where E™' is the reference Young’s modulus for unloading
and reloading, corresponding to the reference pressure p™!
of 100 kPa. The shear hardening yield function, f, in the
hardening soil model is given as

f=f—»" (7)

where f is a function of the stress and yP is a function of the
plastic strain:

-2 q 2q
= — 8
f Ei 1 - q/qa Eur ( )
P =2 — €)= 24 )
-1 ¢ q
P _F— ___ 1 10
1 TR 4/q2  Eu (10)

where &} and P are the plastic vertical strain and the plastic
volumetric strain, respectively.

In addition to plastic strains, the model also accounts for
elastic strains. Plastic strains develop in primary loading
alone, but elastic strains develop both in primary loading
and in unloading/reloading. For drained triaxial test stress
paths with 0/2 = 0"3 = constant, the elastic Young’s modu-
lus E,,; remains constant, and the elastic strains are given by

q
—& ~E (11)
S = = —vurEi (12)
ur

where v, is the unloading/reloading Poisson’s ratio and &5
and &5 are the elastic radial strains. A value of v, of 0.2 is
typically used in this model [21, 36, 46]. For the deviatoric
loading stage of the triaxial test, the axial strain is the sum
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Table 3 Parameters used in hardening soil model

Weathered crust ~ Soft clay Medium stiff clay  Stiff clay DCM column
Unit weight, y (kN/m) 16 15 17 19 16
Secant stiffness, EX! (kPa) 10,000 1200 10,000 20,000 200,000
Tangential stiffness, E{fefd (kPa) 12,000 960 12,000 25,000 150,000
Unloading and reloading stiffness, E*' (kPa) 35,000 4000 45,000 95,000 600,000
Power of the stress-level dependency of the stiffness, m 1.0 1.0 0.9 0.9 0.9
Poisson’s ratio for unloading-reloading, vy, 0.2 0.2 0.2 0.2 0.2
Effective cohesion, ¢’ (kPa) 15 2 9 30 510
Effective friction angle, ¢’ (degrees) 27 23 26 28 36
Angle of dilatancy, { (degrees) 0 0 0 0 0
Over-consolidation ratio, OCR 2.0 1.5 2.0 2.4 -
Material behavior Undrained Undrained  Undrained Undrained  Undrained

of an elastic component given by Eq. (11) and a plastic
component obtained from Eq. (10). Hence, it follows that

Pyl 4 (13)

—g =g —d =
YT EL - q/qa

Another input parameter, the reference oedometer

modulus (E™)), is used to control the magnitude of the

plastic strains that originate from the yield cap. In a similar

manner to the triaxial moduli, the oedometer modulus

(Eqeq) obeys the stress dependency law
/ o L; Y

o [ € cos ¢ goe SIN ¢

Eoea = E, - .
ocd | ¢ cos ¢’ + prf sin ¢/

(14)

where Eq is a tangent stiffness modulus and K7° is K|, for
normal consolidation, which is 1 — sin d)'. The tensile
strength of the DCM columns, which were considered
using the tension cutoff in the model, was 15% of g,mpcmy
[19]. The linear elastic model was employed to model the
behaviors of the concrete slabs, stanchions, struts and bored
piles [17]. The parameters of the linear elastic model are
listed in Table 3.

4.3 Soil parameter calibration for the foundation
soils and DCM columns

The laboratory test results and hardening soil model were
calibrated by modeling the triaxial and oedometer tests
using a 2D finite element method using axisymmetric
geometries of 50 x 25 mm and 10 x 30 mm, as shown in
Fig. 7a and b, respectively, to obtain reasonable soil
parameters for simulating the field behaviors of the foun-
dation soils. The results of the triaxial tests are presented in
the form of the deviator stress versus axial strain, whereas
those of the oedometer tests are shown as plots of the

§ \ 8

Axes of < 03
symmetry

(a)
1
o \'

Elit l l L il F
£ Axes of
£ i
o symmetry

(€32 = = = #tH

|<— 30 mm —>|

Axis of s‘ymmetry 91‘,],
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Fig. 7 Simplified geometries of: a triaxial test and b oedometer test in
2D finite element models

logarithm of the vertical effective stress versus the vertical
strain curves, as shown in Fig. 8a—e. These tests included
loading and unloading, from which the loading stiffness,
the unloading stiffness and the power of the stress-level
dependency of the stiffness could be determined [17].
The simplified geometries in the triaxial and oedometer
models represent one-quarter of the soil specimens. The

@ Springer
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Fig. 8 Soil parameter calibrations

deformations along the boundaries for the triaxial model
(lines AC and CD) and for the oedometer model (lines EG,
GH and FH) were kept free to allow smooth movement
along the axes of symmetry, whereas the deformations
perpendicular to the boundaries were fixed. The boundaries
AB, BD and EF were free to move. The applied vertical
and confining stresses were simulated as distributed load
systems ¢ and o3 for the triaxial model, while the applied
normal effective stress was simulated as a distributed load
system o, for the oedometer model. A 15-node triangular
element was selected for this analysis. The clusters, rep-
resenting a quarter of the soil specimens in both tests, were
divided into soil elements during the mesh generation
process.

The input shear strength parameters ¢’ and ¢ for the
foundation soils and DCM column were obtained from the
triaxial test results. The values of the parameters EXI, E™F),
Eff;f and m are independent inputs in the hardening soil
model. These parameters were adjusted to obtain suit-
able values to provide the best-fit results of the stress—strain
curves. The results shown in Fig. 8a—e reveal good
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agreement with the stress—strain curves for the weathered
crust, soft clay, medium stiff clay, stiff clay and DCM
column, respectively. Therefore, suitable soil parameters of
the hardening soil model for the 3D finite element analysis
for this study are presented in Table 4. The stiffness
parameters used in this study are similar to those derived
by Surarak et al. [39] for Bangkok clay.

5 Numerical results and comparisons
with measurement data

Because of the limited space of the construction site, only
some instruments, i.e., inclinometers and strain gauges,
which were used to measure the lateral movements and
strut loads, respectively, were installed. A 3D finite ele-
ment analysis was thus performed with careful considera-
tion of both the material parameters and analysis
procedures to generate the responses of the soil and wall,
which could not be directly obtained from the field. In this
section, the simulated results are compared with the
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Table 4 Parameters used in linear elastic model

Concrete slab Bored pile Temporary strut Stanchion
Unit weight, y (kN/m?) 24 24 78 78
Moment of inertia, / (m*) 1.3x107> m*m 0.012-0.020 20 x 107* 7.1 x 107
Cross-sectional area, A (m?) 0.25 m*m 0.38-0.50 0.012 0.025
Elastic modulus, E (kPa) 2.8 x 107 2.0 x 107 2.1 x 108 2.1 x 108
Poisson’s ratio, v 0.15 0.15 - -
Material behavior Plate element Non-porous Beam element Beam element

measurement data to verify the computed values, which
will be discussed later.

5.1 Lateral movement profile

The observed lateral movement profiles of the DCM wall
in the middle of each side of the excavation area were
obtained from the four inclinometers (shown in Fig. 2a),
11, 12, I3 and I4, at the western, eastern, southern and
northern parts of the excavation, respectively. The lateral
wall movement profiles of the final stage of the excavation
(stage 13) are shown in Fig. 9a—d. In the figures, the
computed lateral movement profiles from the 3D finite
element analysis are also included for comparison. The
trends of the lateral movement profiles were reasonably
well captured, and the computed magnitudes were gener-
ally in good agreement with the observed data for 11, 12, I3
and I4. The 20% maximum overestimation of the computed
Onm at a depth of 8 m (20 mm) for 14 was 5 mm, whereas
the 20% maximum underestimation of the calculated dy,, at
a depth of 9 m (15 mm) for I3 was 5 mm.

Lateral movement (mm)
0 20 40 60

Lateral movement (mm)
80 80 60 40 20 O

For the I1 side, the wall movement showed a small
curvature, which means that the wall was tilted like a
block. The wall was permitted to deflect as a cantilever
beam. The maximum lateral wall movement (dy,,) located
at the top of the wall (near the ground surface) was 58 mm,
and the movement at the tip of the wall (at a depth of 14 m)
was 15 mm, which implies that the movement pattern was
a combination of slight overturning and sliding. For incli-
nometer 12, the amount of wall movement was less than
that detected by Il because the excavation depth was
smaller. Jy,,, was 32 mm at the top of the wall, and the
movement at the tip of the wall was 10 mm. The lateral
movement profiles for the I3 and I4 sides are presented in
Fig. 9c and d, respectively. The magnitudes of the lateral
movements were considerably smaller than those of the 11
and 12 sides because of the smaller wall length and suffi-
cient lateral support from the concrete slab bracings B1-B
and B1-A. Because the final excavation depths (H.) were
the same, there were no significantly different lateral wall
deflections on the two sides of I3 and I4. The lateral
movement profiles developed into a bulged profile pointed
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inward toward the excavation area, indicating that the walls
of the two sides were well propped near the surface. Thus,
the maximum lateral movement (Hy,,) occurred at a deeper
depth. dy,, was 22 and 26 mm at distances 4.5 and 7 m
below the ground surface for the walls associated with I3
and I4, respectively. The tip movements of the retaining
wall were only 5 mm for 13 and I4.

Hy, was at the ground surface for I1 and 12, whereas it
was 0.63 and 1.0 H, below the ground surface for I3 and 14,
respectively. Ou et al. [30] found that the Hy,, of eight case
histories in Taipei soft soil were often observed near the
excavation surface. The analysis of Moormann [29]
showed that the Jy,, for most deep excavations in a soft soil
were observed at depths from 0.5 to 1.5 H. under the
ground surface. Wang et al. [42] reported that Hy,, was
observed at depths from 0.5 to 1.0 H, under the ground
surface in 53% of the case histories. For 43% of the case
histories, Hy,, was observed at depths from 1.0 to 1.4 H,
under the ground surface. Hy, was observed at the top of
the wall for only approximately 4% of the case histories.
Onm for the DCM walls without internal struts occurred at
the tops of the walls. Deep-seated wall displacements were
observed when internal struts were used to support the
DCM walls. The results of Ou et al. [30], Moormann [29]
and Wang et al. [42] were broadly confirmed by this study.

The tip movement of the retaining wall was found to
occur at Il and I2. Wang et al. [41] reported that the
embedded depth ratio of the wall (D/H,) may contribute to
the toe movement, where D is the embedded length of the
wall. D/H, is an important index that reflects the economy
of the retaining wall. It also has some impact on the factor
of safety against basal heave. Here, the embedment ratio
was 0.77D/H. for the DCM wall and mainly varied
between 0.8 and 1.4, being 1.08 on average [41]. Thus, D/
H, was the smallest in this study. A larger D/H, ratio could
help in suppressing the toe movement because more soils
under the excavation surface would be strengthened.
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Fig. 10 Comparison of measured and calculated strut forces

@ Springer

5.2 Strut force

Figure 10 shows comparisons of the measured and com-
puted strut forces induced by the 7.9-m-deep excavation for
all struts, as shown in Fig. 2a—c. The measured values of
the strut forces were 310, 150, 330, 370, 440, 350 and 450
kN, whereas the computed values were 360, 110, 410, 410,
450, 380 and 590 kN for struts S1 to S7, respectively. Strut
S7 was farthest from the edge of the slab and experienced a
larger axial force than the other struts. The yield strength of
the steel used in the struts was 250 MPa, resulting in a
yield axial force of 3000 kN. Thus, minimum factors of
safety against structural failure of 6.7 and 5.1 were
obtained for this project, which were based on measured
and simulated values of the strut forces, respectively.

A comparison of the observed and computed data indi-
cated a maximum underestimation of 36% and overesti-
mation of 24% for struts 12 and 17, respectively. However,
the average error in the comparison was only 16%.
Therefore, the computed magnitudes of the strut forces
were generally in good agreement with the observed data.
The calculated force in strut S7 was approximately twice
the measured and calculated forces in strut S1 because the
spacing of S7 was twice the spacing of S1. This shows that
the computed strut forces provide reliable results. These
comparisons give us confidence in the values computed
using the 3D finite element analysis, which will be used
later in the discussion.

A strut is generally a compressive structural member
(Fig. 11a), but all the struts used in this study were
installed with inclinations due to the different levels of the

P <P

Py

()

Fig. 11 Orientation of strut with respect to the applied force direction
and the induced structural force for: a 0 = 0°, b 0°<0<90° and ¢
0 =90°
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two basement slabs. Thus, the excess bending moment
induced produces a combination of compressive and tensile
stresses in a cross section of the struts instead of pure
compression. The excess bending moment can be approx-
imately calculated as the product of the lateral force
transferred from the basement slabs, P, and the moment
arm, Lsin0; where L is the strut length and 0 is the incli-
nation angle, as shown in Fig. 11b. It can be seen that the
strut length and inclination angle have influences on the
normal force on the strut section; the greater the value of
Lsin0, the larger the excess bending moment. Considering
only the term 6, an increase in 0 changes the function of a
strut from a compressive to a flexural structural member
(Fig. 11c). The numerical results show that the excess
couple bending moments induced are 61, 43, 45, 62, 53, 54
and 60 kN-m for struts S1-S7, respectively. However, the
excess bending moments were compensated by the high
value of the factor of safety against structural failure of 5.1.

5.3 Sensitivity analysis of input soil parameters
on the maximum lateral movement

This section presents the results of a sensitivity analysis of
the soil parameters used in the model regarding the magni-
tude of the computed maximum lateral movement obtained
from wall I1 to investigate which parameters have the most
significant influence on the results. The parameters studied
are (1) ESF, (2) E™E, (3) E, (4) m, (5) vur, (6) ¢/, (7) ¢ and
(8) Ry. As mentioned previously, one parameter was varied
with respect to the case study in each analysis to determine
the influence of that specific parameter. The values of each
parameter had error variations from — 50% to 50% of the
input values in the case study, as tabulated in Table 3. The
computed maximum lateral movement was 60 mm based on
the parameters in Table 4. Figure 12 shows the influence of
these soil parameters; Eff;f has the most influence, providing
values of 111 and 44 mm or 185% overestimation and 73%
underestimation for percent errors of — 50 and 50, respec-
tively, because of the maximum lateral movement induced
by the unloading of the soil weight from the excavation.
Thus, Ef;f is a main parameter that quickly responds to
unloading soil behavior, whereas Eg%f, E(‘fd and ¢’ can be
considered insignificant and the rest of the parameters
slightly affect the maximum lateral movement. However, all
the values of E'*! used in this study are in the range of the test
results reported by Surarak et al. [39] for Bangkok clay.

5.4 Discussion of the effectiveness of DCM-TD
compared to that of other support systems

The relationship between Jy,,, and H, in this deep excava-
tion is shown in Fig. 13. The results indicate that the values
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Fig. 12 Sensitivity analysis of input soil parameters on the maximum
lateral movement

of dpy, were 0.73, 0.51, 0.23 and 0.33%H, for the walls
associated with I1, 12, I3 and I4, respectively. The mea-
sured results for all types of supporting systems obtained
for the metro excavations in Bangkok and Shanghai soft
clays are also shown for comparison because properties of
the foundation soils are similar. All types of supporting
systems were used, including DWs constructed using the
TD method (DW-TD) and using the BU method (DW-BU),
DCM walls constructed using the BU method (DCM-BU),
and SPWs constructed using the BU method. The results of
Wang et al. [42] indicated that the mean values of Jy,, for
DW-TD, DW-BU, DCM-BU and the SPWs were 0.27, 0.4,
0.91 and 1.5%H., respectively, whereas the database in the
Bangkok area shows that those for DW-TD, DW-BU,

DCM-BU and the SPWs were 0.25, 0.31, 1.37 and
160
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Fig. 13 Observed lateral movement versus excavation depth
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1.45%H.., respectively. Thus, the values of the ratio op,/H,
for each type of supporting system used in Bangkok and
Shanghai soft clays are similar, except that of DCM-BU,
which is different because the quality control of a DCM
construction might be different for each country. For the
DCM-TD method in this study, the larger values of dy,/H,
(based on I1 and I2) were between those of DCM-BU and
DW-BU, whereas the smaller values of d,,/H.. (based on I3
and I4) were between those of DW-BU and DW-TD. The
type of wall and construction technique used have a sig-
nificant influence on dy,,,, as expected. The values of Oy,
for the DCM-BU method were considerably larger than
those for any other type of wall, except the SPWs, because
the DCM walls were largely excavated in the manner of a
cantilever. The dy, trend was significantly smaller for
relatively stiff walls, including the DW-BU and DW-TD.
The mean value of dy,, for this study was 0.45%H., which
is approximately 2 and 3 (or 2.5 (average)) times smaller
than the observed values of &y, for the DCM-BU in
Shanghai and Bangkok soft clays, respectively. In addition,
the mean value of Jy,,, for DCM-TD was 0.8 and 0.5 times
larger than the average observed values of dy,, for DW-BU
and DW-TD, respectively. The observed effectiveness of
DCM-TD in comparison with that of DCM-BU was
assessed quantitatively in terms of the reduction ratio for
the lateral wall movement, which was defined as the ratio
of the difference in dy,,, between DCM-BU and DCM-TD
to the value of dy,, of DCM-BU. Thus, reduction ratios of
50 and 67% were obtained for DCM-BU in Shanghai and
Bangkok soft clays, respectively.

5.5 Distribution of lateral wall movements
around the excavation area

The lateral wall movements observed and computed
around the sides of the excavation area provided an
opportunity to study whether corner effects existed in such
a deep and long excavation. Figure 14 shows the rela-
tionship between Jy,,/H, and the distance ratio along the
west and east long sides and south and north short sides.
The distance ratio was measured from the south corner to
the north corner and from the west corner to the east cor-
ner. The maximum values of éy,,/H. were 0.8 and 0.6% for
the west and east sides of the excavation area, respectively,
which were located at the mid-span of each excavation
side. The minimum values of J,,/H. were 0.05 and 0.1%
for the west and east sides of the excavation area, respec-
tively, which were located at the corners of the mid-span of
each excavation side. The results observed for the 38-m-
deep multistrutted excavation in Shanghai soft clay repor-
ted by Lui et al. [26] were also plotted for comparison.
There was no significant difference in the values of dy,,/H,
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Fig. 14 Relationship between normalized maximum lateral wall
movement and distance

for the mid-span and the corner of the excavation area,
which were 0.05 to 0.1%H., respectively.

A three-dimensional distribution of the lateral wall
movements can also be observed in Fig. 14. The support
system, stiffness of the strutting system, and length-to-
depth and length-to-width ratios should be considered
when studying the corner effect of the excavation. The
length, width and depth represent the dimensions of the
longer side, shorter side and excavation depth of the
excavation works, which are 45.3, 28.0 and 7.9 m,
respectively, in this study. Studies on corner effects in
Singapore and Taiwan clays [8, 22, 25, 31] suggested that a
low length-to-depth ratio and smaller length-to-width ratio
give rise to more significant corner effects. Lui et al. [26]
showed that the length-to-depth ratio and length-to-width
ratio were 4.6 and 7.6, respectively, for a deep multistrutted
excavation, and no corner effect was found because of the
high length-to-width ratio and the sufficient stiffness of the
heavy strutting system. However, in this study, the length-
to-depth and length-to-width ratios were 5.7 and 1.6,
respectively. The low length-to-width ratio compared to
that for the excavation system presented by Lui et al. [26]
and the insufficient stiffness of the strut system may have
contributed to the corner effect in this project.

5.6 Maximum lateral movements versus factor
of safety against basal heave (FOS},,sc)

Mana and Clough [28] investigated the relationship
between Oy, and FOSy,. using a statistical collection
based on several excavations in clay areas around the world
(Boston, San Francisco, Chicago, California, Oslo, and
others). Some excavations using DW-TD and DW-BU in
Shanghai collected by Wang et al. [42], and some data-
bases of excavations using SPWs, DCM-BU and DW-TD
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in Bangkok are also cited here. Mana and Clough [28]
proposed the limit lines for this relationship. The values of
Onm/H. for the case in this study are plotted against FOSy .
in Fig. 15a. The method proposed by Terzaghi [40] was
adopted to calculate FOSy,,,.. Figure 15a shows that dy,,/H,
tended to decrease with the increasing FOSy,s.. The mea-
sured Op/H, in this study falls between the two limit lines,
with FOSy,s. values ranging from 1.4 to 1.5. The results
indicate that the limits provided by Mana and Clough [28]
can also be applicable to DCM-TD in this study. The
majority of the data points collected by Wang et al. [42] are
within the two limit lines (being nearer to the lower one).

5.7 Influence of system stiffness

Previous studies executed by many researchers, including
Rowe [35], Goldberg et al. [9], Clough et al. [7], Potts and
Day [34], and Addenbrooke [1], showed that the stiffness
of the supporting system is an important factor governing
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Fig. 15 Normalized maximum lateral wall movement versus: a factor
of safety against basal heave; b system stiffness

the performance of an excavation. The stiffness of the
supporting system relates to many factors, including the
bending stiffness of the retaining wall, the axial stiffnesses
of the struts, the locations of the struts, and the vertical
spacings between the struts. Figure 15b shows the rela-
tionship between Oyn/H. and the system stiffness El/yyh®,
as defined by Clough et al. [7], for the walls in this study.
The design curves, in terms of FOSy.., proposed by
Clough and O’Rourke [6] are also shown in the figure to
illustrate the trends. The stiffness of the wall EI was cal-
culated using a Young’s modulus value E = 20 MPa for
the DCM wall and the second moment of inertia of the wall
section, calculated using I = /12, where t is the wall
thickness, A is the average vertical strut spacing and 7y, is
the unit weight of water. Figure 15b shows the value of the
system stiffness for DW-TD and DW-BU from the work of
Wang et al. [42] for comparison. The system stiffness
values for this project were bounded by two curves,
FOSpase = 1.2 and FOSp,se = 1.5, with FOSp,ee = 1.35
being an approximate average curve. The DW-TD data
points obtained by Wang et al. [42] were between an
FOSy.s of 1.4 and an FOS, . of 3.0, with an average
FOSy,.e of 2.2. The data points for DW-TD were broadly
bounded by the curves FOSp,s = 1.1 and FOS, = 3.0.
The curve FOSy,s = 2.0 represents an approximate aver-
age of this data set. Figure 15b shows that there is a rela-
tively wide scatter of the values of Jy,,,/H. for a given
system stiffness. However, there is slight evidence of a
decreasing trend of dy,,/H. with increasing system stiff-
ness. This trend is consistent with the findings of Long [27]
for case histories in soft soils of significant thicknesses.
Moreover, DCM-TD (this study), DW-BU and DW-TD
provided the smallest, medium and largest average FOSyc
values, respectively, which correspond to the average val-
ues of Oy,/H. for various support systems, as shown in
Fig. 13.

5.8 Computed normal forces in the slabs

The distributions of the normal forces per unit length
perpendicular to the length of the wall induced in slabs B1-
A and B1-B due to the — 7.9-m excavation are presented in
Fig. 16. The maximum normal forces in slabs B1-A and
B1-B, 130 and 120 kN/m, were located near the centers of
the slabs lengthwise. The resultant normal forces in slabs
B1-A and B1-B, in units of kN, are summations of the
areas under the curves of normal force per unit length
versus distance, as shown in Fig. 16. The resultant normal
forces in slabs B1-A and B1-B were 4380 and 4370 kN,
respectively. Thus, the average resultant normal force was
4375 kN. The summation of the forces in struts S1 to S7
was 2710 kN. Therefore, the difference force was 1665 kN.
This force may have been borne by the corners of the walls
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Fig. 16 Distribution of computed normal forces in concrete slabs

in the excavation and the side friction between the slabs
and DCM walls. This means that the struts may have borne
62%, with the remaining 38% being borne by the corners
and side friction.

5.9 Computed bending moments in the DCM
wall

The maximum bending moment (M,,,,) induced in a DCM
wall must be known to prevent local failure due to
exceeding the moment capacity (Myicig) of the DCM wall
section. DCM columns typically have higher compressive
strengths than tensile and flexural strengths (a¢). o can be
assumed to be 0.15g,pemy [19] for the design in this study,
which corresponds to a g¢ value of 300 kPa. Therefore, a
DCM wall can fail when M, reaches My;ciq [5, 19]. The
My;c1q of a DCM wall in units of kN-m/m can be calculated
using the following relationship [15, 19]:

(15)

Myie1a = oft/LZ

Thus, according to Eq. 15, My;eiq for a DCM wall with a
thickness of 2.5 m was 310 kN-m/m. The computed
bending moment profiles of the DCM wall located in the
middle of each wall side around the excavation area are
presented in Fig. 17. The bending moments M/_; and M;_,
are the bending moments due to bending around the length
and the height of the wall, respectively. The shape is
similar to that of a single pile under a lateral load. Between
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Fig. 17 Computed bending moment profiles for DCM walls

the two long sides of the excavation area, the maximum
bending moments M,_; and M,_, were induced on the east
side, with magnitudes of 135 and 120 kN-m/m located at
depths of 6.1 and 7.1 m, respectively, below the ground
surface. In the same way, the wall located at the north side
of the excavation provided maximum M,_; and M,_, of 200
and 130 kN-m/m, respectively, at a depth of 7.1 m or 1.0
H.. Thus, a minimum factor of safety against bending
failure (FSpending) Of 1.55 was obtained for the DCM-TD of
this case study. Clearly, the short side provided a maximum
M, _, greater than that of the long side by approximately 1.5
times the corresponding length-to-width ratio or 1.6 in this
case study.

6 Numerical analysis results of DCM-TD
in comparison with those of DCM-BU
for the case study

To investigate the effectiveness of the DCM-TD method
for deep excavation work, the lateral movement and
bending moment profiles of a DCM wall without a per-
manent concrete slab bracing or a DCM wall using the BU
construction method (DCM-BU) were numerically inves-
tigated. The DCM-BU method was simulated by omitting
the concrete slabs and the temporary struts from the
excavation area. The lateral movement profile obtained via
3D finite element analysis, as shown in Fig. 9, was the so-
called case study for the analysis presented in the following
sections.

Figure 18a shows a comparison of the computed lateral
wall movements for the cases with and without concrete
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slabs for the walls associated with 11, 12, I3 and I4. The
DCM-BU method resulted in considerably larger lateral
movements. The shapes of the computed lateral movement
profiles for the walls associated with I3 and 14 in Fig. 18a
tended to move further toward the excavation, unlike those
in the case study. This result confirms that the existence of
a slab affected the type of lateral wall movement profiles
for the walls associated with I3 and I4, as noted in
Sect. 5.1. For the DCM-BU case, the values of dy,, at the
top of the wall were approximately 101, 88, 59 and 60 mm
for the walls associated with 11, 12, I3 and 14, respectively.
Note that the dy,,, value for walls associated with I1 and 12
for DCM-BU is larger than the maximum allowable lateral
movement of 65 mm for this project. The computed dy,,,/H,
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Fig. 18 Comparison of a computed lateral wall movement profiles
and b bending moment profiles for DCM-TD and DCM-BU

ratios for the DCM-BU method were close to the ranges of
the observed values for DCM walls in Bangkok and
Shanghai shown in Fig. 13. However, when the concrete
slabs were installed using the DCM-TD method, the ratio
could be reduced to approximately 38, 48, 39 and 39 mm.
Therefore, the reduction ratios were 38, 55, 67 and 65% for
the walls associated with I1, 12, I3 and 14, respectively. The
high reduction ratios reflect the high impact of the exis-
tence of a concrete slab bracing. Thus, the DCM-TD
method can reduce lateral movement, with an average
reduction ratio of 56% for this project.

The bending moment profiles of the DCM-TD and
DCM-BU methods for the northern side of the excavation
area are presented in Fig. 18b. The bending moment M, _,
of the DCM walls with and without the concrete slab was
significantly different in both magnitude and shape, espe-
cially at depths above the excavation depth. The location of
maximum moment M,_, changed from a depth of 8 m to a
depth of 3 m for DCM-TD and DCM-BU, respectively.
The magnitude of the maximum moment M, , changed
from 130 to 240 kN-m/m for DCM-TD and DCM-BU,
respectively. However, there was an insignificant change in
bending moment M;_;. The magnitude of the maximum
moment M;_; changed from 200 to 180 kN-m/m for DCM-
TD and DCM-BU, respectively. Note that the construction
method can change the magnitude of M,,,, from M,_; to
M, 5, namely M,_; is minimum for DCM-BU, whereas
M>_, is minimum for DCM-TD because of the existence of
a concrete slab. A minimum FSpenging of 1.29 was obtained
for DCM-BU, which is smaller than that for DCM-TD and
is lower than the FSyenging value of 1.50 required for this
project. Thus, DCM-BU with four rows of DCM walls is
unsuitable for this project based on the performance-based
design.

As mentioned above, both the lateral wall movement
and the bending moments (particularly M,_,) in a DCM
wall above the excavation level drastically decrease when
the concrete slab is introduced. This result reveals that the
lateral earth pressure applied to the wall has been sub-
stantially transferred to the concrete slabs. It also implies
the potential of implementing the DCM-TD method for
excavations at greater depths when the wall thickness is
kept constant.

7 Numerical investigation on applicability
and future potential of DCM-TD compared
to DCM-BU for greater excavation depths

This section presents the applicability of the DCM-TD
method to investigate its future potential for greater exca-
vation depths. Thus, the excavation depths used in addi-
tional analyses increase from 7.9 to 10.9 and 13.9 m, which
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correspond to three and four levels of slabs, respectively.
The thickness of the slabs and number of struts at each
level were assumed to be the same as in the case study, as
shown in Fig. 19. In addition, the design of a deep exca-
vation work in an urban area is limited to an insufficient
space close to a property line. Thus, the thickness of the
DCM wall is an important factor for designing using the
DCM-TD and DCM-BU methods. The wall thickness for
this project was limited to 2.5 m, or four rows of a DCM
wall, because of the insufficient space. M,,x in the DCM
wall is an important design parameter because it establishes
the wall thickness required to maintain a performance-
based design. Based on Eq. 1, My;.q depends on the wall
thickness, whereas oy is a property of the soil-cement
material. Assuming that all DCM walls in this study
comprise a homogeneous and isotropic material, the value
of My for various wall thicknesses can be determined
using Eq. 1 and, as shown in Fig. 20, using the same o¢
value of 300 kPa. These values are used for comparison
with the M.« value computed for the DCM wall based on
3D-FEM.

First, an appropriate wall thickness must be determined
based on the minimum FSpenging of 1.50 to prevent bending
failure of the wall. Then, dy,, must be calculated to verify
that the induced 6y, is smaller than 65 mm based on the
performance-based design. Figure 21a shows the effects of
the DCM wall thickness on the minimum FSpenging at
various excavation depths for DCM-BU and DCM-TD.

+0.00 +0.00
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Fig. 19 Cross-sectional view of DCM-TD for a H. = 10.9 m and
H.=139m
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The numerical results show that the FSpenging of the DCM
wall increases with increasing wall thickness because of
the increase in My;c1q for both DCM-TD and DCM-BU and
that the incremental rates for DCM-BU were higher than
those for DCM-TD. This result implies that DCM-TD has
an advantage in distributing induced bending moments and
lateral loads from a deep excavation. Figure 21b presents
only the corresponding dy, for a DCM wall providing a
minimum FSyenging Value greater than 1.50, and the value
of dpm, decreases with the increasing wall thickness because
of the increase in wall rigidity [42] for both DCM-TD and
DCM-BU. Because of the existence of concrete slabs, the
values of dy,, for the same wall thickness at different H, are
insignificantly different. The values of dy,, for the wall are
almost unchanged with increasing excavation depths,
unlike the DCM-BU method, because of the very high stiff
lateral support of the concrete slab. This system is more
suitable for deep excavations in urban environments, par-
ticularly under conditions of limited perimeter space and
adjacent existing structures. In addition, the DCM-TD
method for the field case study (H.= 7.9 m) requires
almost half the wall thickness of the DCM-BU method to
obtain the required Jp, value of 65 mm. In the same
manner, a wall thickness of 3.1 m is sufficient for DCM-
TD for H. values greater than 7.9 m, while wall thick-
nesses of 4.9 and 6.1 m are required for DCM-BD for H,
values of 10.9 and 13.9 m, respectively.

To evaluate the effectiveness of DCM-TD considering
the effect of the wall thickness and H., the reduction ratio
versus the wall thickness for various H, values is presented
in Fig. 21c. The reduction ratio values decrease with
increasing wall thickness for all H., which implies that
DCM-TD is appropriate for thin DCM walls. The reduction
ratios increase with increasing H, for the same wall
thickness, and the average values of the reduction ratios are
33, 44 and 57% for H, of 7.9, 10.9 and 13.9 m, respec-
tively, which reflects the fact that DCM-TD is more
effective for deeper excavations.
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Figure 22 shows the effect of wall thickness on the
average normal forces in the struts and the slabs for various
H,. for DCM-TD, which are defined as the total normal
forces in the struts divided by the total numbers of struts
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Fig. 22 Effect of DCM wall thickness and excavation depth on
average normal force in strut and slab

and the total normal forces in the slabs divided by the total
numbers of slabs, respectively. The figure shows that the
wall thickness has a substantial effect on the forces in struts
and slabs. As expected, the results show that the overall
tendency is the reduction in forces in struts and slabs with
increasing wall rigidity for various H.. In addition, the
forces in the struts and slabs increase with the increasing
H. for the same wall thickness, which confirms that a
concrete slab requires a greater lateral load to maintain
similar values of dy,, for different H,, as shown in Fig. 21b.
The differences between the forces in the slabs and struts or
the remaining forces borne by the corners and side friction
were approximately 38, 33 and 29% for H, of 7.9, 10.9 and
13.9 m, respectively.

8 Summary and conclusions

A case study of a DCM wall applied using a top-down
construction method (DCM-TD) for a deep excavation in
soft Bangkok clay has been reported. The lateral move-
ments of the wall system and the strut forces at the pro-
posed excavation depth were observed. A calibration of
laboratory test results using a hardening soil model was
performed to obtain the best parameters for simulating the
behavior of the foundation soils and DCM column. The
magnitude of the maximum lateral movement of the wall
(Onm) was compared with the results for various types of
supports used in previous studies. An analysis of the results
of the case study was then conducted to assist in under-
standing the wall behavior in terms of the lateral move-
ments and the forces in structural members using the three-
dimensional finite element analysis. Finally, a numerical
investigation of the applicability and future potential of
DCM-TD at greater depths in comparison with the DCM
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wall using the bottom-up construction method (DCM-BU)
was carried out. The following conclusions were drawn
based on the observed and simulated results:

1.

The DCM-TD in this study provided a measured
maximum &y, of 58 mm and a minimum FSy,,ging Of
1.55 by assuming that of = 0.15g,pcmy, which
meets the criteria for performance-based designs
for deep excavation works in the urban Bangkok
area, namely Op, and FSpenging values equal to
65 mm and 1.50, respectively. Based on a design
with the mentioned criteria, no damage to the ground
near the excavation area was observed for the DCM-
TD used for this study.

The upper bound of the observed dy,, 0.73%H., for
a DCM-TD was within the average values of the
observed 0y, for DW-BU and DCM-BU obtained in
previous studies. The mean value of Jy, for this
study, 0.45%H., reflects that the observed effective-
ness of DCM-TD was superior to that of DCM-BU
by as much as three times but close to that of DW-
BU, with a difference of as much as 0.8 times.

The Opm/H. value measured in this study falls
between the two limit lines presented by Mana and
Clough [28], with an average FOS,,.. value of 1.45,
whereas the average FOS,,. value obtained from the
relationship between Jy,,/H,, and the system stiffness
is 1.35, implying that this wall system provides a
high potential resistance against basal heave. The
DCM with the TD method (this study), DW-BU and
DW-TD provided the smallest, medium and largest
average FOSy,.. values, respectively.

Based on the strut forces observed in this study, a
minimum factor of safety against structural failure of
6.7 was obtained, which was confirmed by a
performance-based design. The excess bending
moments were induced in the strut due to the effect
of installation with an inclination, which produced
maximum excess bending moments of 62 kN-m.
However, the excess bending moments were com-
pensated by a high value of the factor of safety
against structural failure.

Sixty-two percent of the total normal forces perpen-
dicular to the length of the slabs were shared by the
struts, and the remaining 38% of the forces were
shared by the corners and side friction.

The computed maximum bending moment induced
in the DCM-TD wall is the bending moment due to
bending around the length of the wall. The short side
provided a maximum M,_; greater than the long side
by approximately 1.5 times corresponding to the
length-to-width ratio or 1.6 in this case study.

@ Springer

7. The numerical results of the case study show that the
concrete slab used in the TD construction had a large
effect on the lateral wall movements and bending
moment in the DCM walls. With the concrete slab,
the lateral movements were reduced, with an
approximate average reduction ratio of 62% based
on four locations of dy,,, around the excavation area.
The existence of the slab also changed the magnitude
of My.x from M, to M, , and reduced the
magnitude of M, , by as much as 1.85 times.

8. For the specific case study of the DCM-TD wall in
soft Bangkok clay, a series of parametric studies of
excavation at depths greater than that of the case
study indicate that DCM-TD provides insignificant
changes in Jy,, as the system stiffness is large
enough such that any further increase in H, in the
range of this study will not increase the value of oy,
further. The induced lateral forces and bending
moments are thus mainly absorbed by the slabs and
struts, which is confirmed by higher loads in the
concrete slabs and struts for larger values of H..

9. The DCM-TD method for the field case study
(H. = 7.9 m) requires almost half the wall thickness
of the DCM-BU method to obtain the required Opp,
value of 65 mm. In the same manner, a wall
thickness of 3.1 m is sufficient for DCM-TD for
H, values greater than 7.9 m, while wall thicknesses
of 4.9 and 6.1 m are required for DCM-BD for H,
values of 10.9 and 13.9 m, respectively.

10. An evaluation of the effectiveness of DCM-TD
compared to that of DCM-BU without the creep time
effect showed that the reduction ratios for lateral
wall movement are 33, 44 and 56% for H, of 7.9,
10.9 and 13.9 m, respectively, based on the com-
puted maximum Jy,,,. This reveals the future poten-
tial of implementing DCM-TD for deep excavation
works in urban environments.
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Appendix: Creep effect on lateral wall
movements

Figure 23 shows the creep effect on the lateral movements
of the walls associated with I1 and 12 for excavation stages
7 and 9 and stages 4 and 6, respectively. As shown, the
creep effect is insignificant for this project.
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