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Abstract

Predicting the inner displacements of deep vertical shafts during the excavation process has been a difficult task considering the geo-
logical, structural, and constructional influences. In fact, the two-dimensional (2D) analytical solution based on the retaining wall model
remains insufficient for understanding the actual behavior during an excavation. This is because the deformation of vertical shafts
becomes complicated due to the unexpected arching effect brought about by the three-dimensional (3D) flexible displacements occurring
in the excavation process. Previous analytical solutions only considered the limit equilibrium. Therefore, the present study deals with a
3D soil-structure simulation by considering the displacements of a cylindrical shaft and the mechanical behavior of the surrounding soil
as well as the geometry of the cylindrical structure. Moreover, this mechanical behaviors of the surrounding soil and shaft are controlled
by the shaft stiffness; hence, the relationships among the shaft stiffness, mechanical behavior of the surrounding soil (in terms of earth
pressure coefficient), and shaft displacement were investigated. A cylindrical model, 120 m in depth and 20 m in diameter, was positioned
at the center of a sand domain, and each excavation step was performed at an interval depth of 20 m. A 3D finite difference method
analysis was applied using the modified Cam-Clay (MCC) model to represent the soil behavior. As a result, the present study provides
a new normalized lateral earth pressure theory for excavated shafts by considering the 3D arching effect obtained from parametric studies
using various levels of shaft stiffness. From a comparison with the analytical solutions of previous studies (Terzaghi, 1943a; Prater, 1977;
Cheng & Hu, 2005), it is found that the previous studies underestimated the earth pressure acting on the cylindrical shaft because they did
not consider the accurate arching effect.

Keywords: Deep cylindrical shaft; Excavation analysis; Soil mixing wall method; Arching effect; Finite different method; Three-dimensional analysis

1 Introduction

In recent years, cylindrical shaft construction has
become popular for several reasons: the ventilation system,
the emergency exits, and the temporary structure it pro-
vides during the tunneling construction, in accordance with
the advantageous structural geometry. In addition, a deep
shaft structure is preferred to a shallow shaft structure in
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order to avoid any existing underground structures, which
could cause ground movement and change the stress state
in the sub-soil (Ng et al., 2018).

The utilization of a cylindrical vertical shaft is always
accompanied by a complex phenomenon, namely, the arch-
ing effect (Liu, 2014). The arching effect occurs when stress
is transferred due to the uniform deformation caused by
relative movement (Terzaghi, 1943a). The famous model
used to investigate the arching effect is the trapdoor model;
it is represented by either a numerical model or a physical
model (Nakai et al., 1997; Lai et al., 2018; Rui et al., 2018).
Depending on the uniform load and the deformation of the
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cylindrical shaft during an excavation, the arching effect ~ 9¢ & — & _ 7 (1)
=f,

might play a key role in the mechanical behavior of
the soil.

Numerical approaches, physical models, and in situ tests
have mainly been used to clarify the mechanical behavior
of the soil surrounding a cylindrical shaft during the exca-
vation process. Some researchers have observed the cylin-
drical shaft behavior during construction and noted that
cylindrical shaft deformation is basically different from
the conventional deformation of retaining walls
(Muramatsu & Abe, 1996; Tan & Wang, 2013; Aye et al.,
2014; Tan et al., 2018). Moreover, Kim et al. (2013)
observed the earth pressure distribution in full-scale tests,
which showed a decline in earth pressure due to the
increase in depth. Hence, the mechanical behavior of the
surrounding soil along a cylindrical shaft is also likely to
be different from that of the retaining wall structure. Kim
et al. (2013) used physical modeling to try to clarify the
earth pressure distribution along a cylindrical shaft by cre-
ating artificial displacements, for which the earth pressure
distribution seemed to be different from that of the theoret-
ical solution. Numerical modeling is also one of the
approaches for clarifying the mechanical behaviors of the
surrounding soil and the cylindrical shaft after an excava-
tion. Prior to the current study, most of the numerical sim-
ulations of cylindrical shaft problems were done by 2D
axisymmetric simulations (Cheng et al., 2007; Cho et al.,
2015; Meftah et al., 2018). According to the prominence
of the three-dimensional effect on the cylindrical shaft sim-
ulation, Chehadeh et al. (2019) used a 3D finite element
analysis to show the distribution of earth pressure on a
cylindrical shaft.

It is well known that the phenomenon of the soil behav-
ior surrounding cylindrical shafts is associated with the
arching effect, in which lateral earth pressure will experi-
ence compression and extension in tangential and radial
directions, respectively. Several analytical solutions have
been proposed to estimate the earth pressure acting on a
cylindrical shaft. Most of the analytical solutions were
based on the limit equilibrium or slip-line method (Tobar
& Meguid, 2010). Prater (1977) suggested a solution based
on the limit equilibrium method, in which the earth pres-
sure tends to decrease at deeper locations. Likewise,
Terzaghi (1943b) used the equilibrium of a slipping soil
wedge to estimate the earth pressure with the axisymmetric
method (Terzaghi, 1943b; Prater, 1977). Conversely,
Berezantev (1958) and Cheng and Hu (2005) proposed
solutions based on applying the slip-line method in the
axisymmetric method (Berezantev, 1958; Cheng & Hu,
2005). Nevertheless, neither the limit equilibrium nor the
slip-line method could rigorously assess the earth pressure
while considering the real displacements.Furthermore, the
stress—strain for the cylindrical coordinate relationship,
shown in Eq. (1), is ignored in the slip-line method. In addi-
tion, the failure surface must be assumed in the limit equi-
librium method (Prater, 1977; Liu & Wang, 2008; Cheng
et al., 2016; Xiong et al., 2019).
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where & and &, are the strain rates in the tangential and
radial directions, respectively, r is the radial length from
axis of symmetry in cylindrical coordinate and f, is radial
component of body force, which is 0 for static equilibrium.

In general, the earth pressure acting on a vertical struc-
ture can develop and change due to the wall displacement
(movement). An excavation is one of the key factors in
the generation of displacement. In the same manner, there
is a phenomenon of earth pressure acting on the cylindrical
shaft due to the excavation. Moreover, different excavation
sequences influence the development of earth pressure
along the cylindrical shaft in different ways. The earth pres-
sure coefficient may be uncertain depending on the different
types of soil behavior found at each depth.

The underground structures could be constructed by
several methods depending on their characteristics. A deep
shaft or retaining wall is generally constructed by the soil
mixing wall (SMW) method or the cement deep mixing
(CDM) method, as shown in Fig. 1, firstly developed by
the Seiko Kogyo Company (Bruce, 2000; David & Yang,
2003). According to the SMW construction method, the
original ground is blended with a cementitious material
to increase the strength (Bruce, 2013a). The strength of
deep mixed soil, therefore, depends on the type of binder,
the soil properties, the mixing conditions, and even the cur-
ing conditions (Bruce, 2013b). Imamura et al. (2000) con-
ducted centrifuge experiments to investigate the earth
pressure acting on a cylindrical shaft with different uniform
displacements to show that the development of earth pres-
sure significantly depends on the displacement (Imamura
et al., 2000). It was found that the different amounts of
deformation due to the variation in shaft stiffness will cause
a difference in the mechanical behavior of the soil.

According to the cylindrical shaft construction by using
the SMW method, the surrounding soil and shaft lining
would undergo arching effect and uncertain earth pressure,
respectively. Therefore, it is difficult to estimate the hori-
zontal earth pressure acting on the shaft in the design phase
due to the unknown generation of the arching effect. Addi-
tionally, the arching effect is likely to be generated by the
wall deformation itself. However, the wall deformation of
a vertical shaft is controlled by the structural characteris-
tics of the vertical shaft construction method. And, the
effects of the various wall deformation modes on the arch-
ing effect remain unclear. This necessitates a fundamental
verification of the mechanism that generates the arching
effect along with the various patterns of shaft deformation.

Hence, the objective of this paper is to clarify the mech-
anism that generates the development of the arching effect
surrounding deep cylindrical shafts induced by various
amounts of inner wall deformation. In addition, the con-
struction sequence, wall installation procedure, and exca-
vation process are included in order to follow a real
construction based on the SMW method. The arching

il
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Fig. 1. Construction processes of the SMW and CDM methods.

effect surrounding a cylindrical shaft is firstly elucidated,
and then the earth pressure distribution along the cylindri-
cal shaft is clarified.

2 Numerical modelling
2.1 Model description

The finite difference method was utilized in the
FLAC3D formulation to simulate a cylindrical vertical
shaft during the excavation process (Itasca Consulting
Group, 2017). The simulation employed the typical con-
struction process and dimensions. Using twenty-one sam-
ples for the shaft construction, Muramatsu and Abe
(1996) summarized the dimensions of a deep vertical shaft
as well as the excavation depth that were typically
employed in Japanese shaft construction in those days.
According to their report, deep cylindrical shafts were gen-
erally about 120 m in length and 80 m in excavation depth.
In addition, cylindrical shafts were generally constructed to
have a diameter of 20 m.

The cylindrical shaft dimensions for this study were
determined after giving careful consideration to the diame-
ter, length, excavation depth, and thickness, as shown in
Fig. 2. The values correspond to those used in a real con-
struction. The excavation process inside the cylindrical
shaft was divided into four steps with excavation steps of
20 m each. In addition, the stress relaxation and mesh
removal method as shown in Fig. 3, which is a tunneling

modeling method, was utilized in this analysis (Dias &
Kastner, 2013; Sun & Dias, 2019).

The main issue to determine the size of the domain is
stress distortion, which is the most prominent error com-
monly occurring in the simulation. The stress distortion
appearing in a simulation is generally influenced by the
small size of the domain. Therefore, a proper domain size
should be used in order to prevent erroneous results. A
simplified solution for the stress surrounding the borehole
should be selected to represent the worst-case scenario of
stress distortion on the horizontal plane. Several solutions
for the borehole problem have been suggested in a function
of borehole radius, Ry. In addition, the stress changes in
both radial and tangential directions depend on the dis-
tance in radial direction, » (Fjar et al., 2008). The simplest
solution, based on the equilibrium equation for the cylin-
drical coordinates, was selected as seen in Egs. (2) to (5).
The influence of the borehole on the stress of the surround-
ing soil is shown in Fig. 4, where the stress variations in
both radial and tangential directions are lower than 5%
at 5.0 Rw, namely,

o = 09 + Aoy, (2)
R\ 2

A= (o) () 3)

o9 = 0o + Ady, (4)
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Fig. 3. Excavation process in numerical simulation.

Rw 2 shows increments in vertical stress, Ag,, in the subsoil,
Acy = (o — py) (T) ’ (%) Where the value of 2% is less than 0.5% at the normalized
depth, %, equal to 18.
where o, is the radial stress, g is the tangential stress, gy, is
the horizontal stress, Rw is the borehole radius, r is the dis- 1
tance from the center of the borehole, and p,, is the water ~ Agz =¢qq 1 — TS e (6)
pressure inside the borehole. [(5) + 1]

The Boussinesq solution was applied to estimate the ) ) ) )
variation in vertical stress influenced by a uniformly loaded ~ Where g is the load per unit area, ¢, is the vertical stress, R
circular area, as shown in Eq. (6) (Das, 2013a). Figure 5  1is the load radius, and z is the depth.



A Self-archived copy in
Kyoto University Research Information Repository
https://repository.kulib.kyoto-u.ac.jp

- 5K 5

RBAEFHERY LS b %I
KYOTO UNIVERSITY !

KURENAI

Kyoto University Research Information Repository

948 T. Tangjarusritaratorn et al. | Underground Space 7 (2022) 944-965

T T T T T

Aoy: tangential direction —e—

i
)

Ao radial direction —E—

i i i i i

2.0Rw

3.0Rw 4.0Rw 5.0Rw

Fig. 4. Stress distribution around borehole in linear elastic formation.

To simulate the procedure, the first step is to assign ini-
tial stress all over the domain by considering its density,
gravity, and at-rest earth pressure coefficient, K, which is
basically a function of internal friction angle as following
Fig. 6. However, the constitutive model of soil material is
modified Cam-Clay (MCC) model, therefore, the initial
stress might not be the exact stress because MCC model
does not really consider and require internal friction angle.
Hence, the self-weight analysis will complete the stress ini-
tialization of ground entire domain. Next, the process of
shaft installation, the constitutive model, namely, the elas-
tic model, and the parameters for the shaft were used for
the shaft structure instead of the MCC model. Afterward,
the execution of the self-weight analysis was conducted
again. Finally, the excavation sequence was carried out to
show the shaft deformation, lateral earth pressure, earth
pressure coefficient, etc.

Ao,/q
00.0 1.0 | |
2 o :< 2R >:
[/ . .
4 // q: Load per unit area
/
6 [ :
& 8 !
E I
10 Ao,
: 7
|
14 |
|
16 N
z
18

Fig. 5. Influence of uniformly loaded circular area on vertical stress.

2.2 Constitutive model and input parameters

According to the aim of this research, the excavation
inside a deep cylindrical shaft is in our interest. When con-
ducting a cylindrical shaft analysis with the deep excava-
tion process, the constitutive model must satisfy the
depth effect (pressure dependency). The MCC model, an
elasto-plastic model, is one of the famous constitutive mod-
els that can represent the significant mechanical behavior,
for instance, the hardening/softening behavior. In addition,
the MCC model has been widely used in several applica-
tions including excavations behind retaining walls
(Hashash et al., 2003; Salman et al., 2011; Hsieh et al.,
2012; Jiang et al., 2013; Nunez et al., 2013; Goh & Mair,
2014; Tang et al., 2018). The pressure dependency has
already been considered in the MCC model with the tan-
gential bulk modulus, K =22, for elastic volumetric

= ik
changes (Wood, 1990; Itasca Consulting Group, 2017), as
shown in Eq. (7):

vp . .
Ap = ? AEP’ (7)

where p is the mean effective pressure, v is the specific vol-
ume, Ae; is the change in elastic volumetric strain, and « is
the swelling index.

Salman et al. (2011) and Jiang et al. (2013) used an elas-
tic model to represent the retaining wall in their numerical
simulations (Salman et al., 2011; Jiang et al., 2013). Like-
wise, Zhang and Chen (2019) used an elastic model in his
dynamic simulation of a cylindrical shaft. In the present
study, therefore, the isotropic elastic model was employed
to represent the mechanical behavior of the cylindrical
shaft (Zhang & Chen, 2019). The variation in the shaft
modulus (stiffness) was included in this analysis in accor-
dance with the soil mixing wall construction method. Fur-
thermore, the elastic modulus of the soil mixing wall varied
in the range of 10® to 10" Pa (Fan et al., 2018). The aim of
this analysis was to consider the homogeneous material
(soil) undergoing the arching effect. In addition, the con-
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Fig. 6. Numerical simulation procedure.

Table 1
Cylindrical shaft parameters.

Isotropic elastic model

Density (g/cm’) 2.20

Poisson’s ratio,v 0.33

Young’s modulus, £ (Pa) 108-10"
Table 2
Soil parameters.
MCC model
Maximum elastic bulk modulus, K. (GPa) 5.0
Density (g/cm?) 1.6
Swelling index,x 0.0045
Normal consolidation line slope,4 0.07
Poisson’s ratio,v 0.33
Frictional constant,M 1.36
OCR (over-consolidation ratio) 2.0
Specific pressure at reference point, P (KPa) 98.0
Specific volume at reference point, V; 2.1

crete parameters of one of the well-known soils, Toyoura
sand, have been employed in many research works
(Nakai et al., 2011; Aglipay, 2015), and therefore, have also
been applied in this analysis. Tables 1 and 2 show the mate-
rial parameters of the structure (cylindrical shaft) and the
ground, respectively. Moreover, the calculation of the tri-
axial simulations under monotonic loading was conducted
to show the mechanical behavior of the soil represented by
the MCC model, as shown in Fig. 7.

3 Parametric studies on excavation analysis

The horizontal arching effect may play a key role in the
decrease in earth pressure acting on a cylindrical shaft
during the excavation depending on the uniform radial
displacement. Furthermore, the development of earth

pressure behind the shaft wall can be influenced by the ver-
tical arching effect due to the frictional wall (Handy, 1985;
Paik & Salgado; 2003). The separation between wall and
soil mass induces a downward movement of soil mass,
therefore, the half arch could be defined between wall
and failure line. Therefore, the arching effect brought about
by the earth pressure acting on a cylindrical shaft consists
of two types, vertical arching and horizontal arching, as
seen in Fig. 8. Therefore, in this current study, the friction
interface between surrounding soil and shaft wall is still not
considered, since, the vertical arching effect might occur
which could cause a disturbance on horizontal arching
effect illustration.

The arching effect is generated in the surrounding soil
after the excavation has been completed and has caused
the deformation of the cylindrical shaft; the inner-
displacement of the cylindrical shaft is induced by the uni-
form movement of the surrounding soil. According to this
mechanism, the wall displacement not only influences the
soil movement, but the generation of stress in the soil as
well. Therefore, a preliminary analysis should be done to
reveal the tendencies of the earth pressure and the wall dis-
placement along the cylindrical shaft that may occur dur-
ing the excavation with the application of various levels
of stiffness in the shaft.

Nevertheless, an analysis of the deep cylindrical shaft,
with the interface along the shaft wall and the soil, was car-
ried out in advance to clarify the influence of the friction
along the interface between the shaft and the soil. Figure 9
shows the normalized lateral earth pressure results, the
ratio of lateral earth pressure to unit weight of soil, y,
and to shaft radius, R, at the final excavation, an excava-
tion of 80 m. In addition, this analysis was simulated with
the shaft, with a Young’s modulus of the wall of 10 GPa.
According to the zero thickness of the interface, the high
value of 10 GPa was assigned as the value for both normal
stiffness k,, and shear stiffness k of the interface. The results
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Fig. 7. Results of triaxial simulation under monotonic loading using MCC model.

Half arch Hooped circular show that the influence obtained by giving consideration to
_________ 4 T T the interface friction causes a slight change in the lateral
earth pressure. Therefore, no consideration will be given

|
i
:_ . to the frictional interface in this current research work.

3.1 Fundamental behavior of cylindrical vertical shaft during
the excavation process

In order to investigate the mechanisms of cylindrical
shaft and surrounding soil during excavation process, three
main preliminary results must be clarified before moving
on a further investigation. The simulation of a cylindrical
Vertical arching Horizontal arching shaft during the excavation process was carried out initially

(r-z plane) (r~ plane) with three different levels of stiffness of the shaft wall. The
final depth of the excavation was 80 m from the ground
surface; in addition, the excavation process was divided

Fig. 8. Arching effect along cylindrical shaft.

. Interface (wall-soil)
N————" .
Not consider
] Friction, ¢z 10°
a Friction, ¢z 40° 0 @\E\
P p— 10 \s\&
20 RN
20 | —4 -
1 = 30 \1
- 40 £ 40 N
E o)
B :
j*]
/1 /8 2 60
< B 80 P
€ E \ < 70 \"
( =g Soil_| 100 X
£ / 80002 04 06 08 10 12 14
Shaft —& Y PI(/R)
: | g 1200 T 2 3 21 5 Normalized earth pressure
2  PIOR)
E—— Normalized earth pressure

Fig. 9. Lateral earth pressure from friction wall analysis.
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into four main steps (20 m, 40 m, 60 m, and 80 m), shown
in Figs. 10-13, respectively. The fundamental results are
composed of the wall displacement, the lateral earth pres-
sure acting on the cylindrical shaft, and the lateral earth
pressure coefficient.

Wall displacement (inner displacement): The wall dis-
placement has been shown in terms of the real displace-

2.

T. Tangjarusritaratorn et al. | Underground Space 7 (2022) 944-965 951
0.1 GPa 1.0GPa 10.0 GPa
- —— Kgh - — — Kyph Earth pressure
Displacement, o Earth pressure, P (kPa) coefficient
\2 mm) 5 o 320 oo K Ko
)i

ment, d, and the normalized displacement, &/R, which is
a ratio of the inner displacement to the initial shaft radius,
R. In most instances, the wall displacement gradually
increases from the top to 10 m to 20 m above the excava-
tion surface where the maximum displacement is located.
After the final excavation, the wall displacement of the soft
(flexible) cylindrical shaft, with a Young’s modulus of the
wall of 0.1 GPa or 100 MPa, is about 20 mm. Conversely,
the wall displacement of the rigid cylindrical shaft, with a
Young’s modulus of the wall of 10 GPa, is less than
5 mm, as shown in Fig. 13.

Lateral earth pressure: The decrease in earth pressure
above the excavation surface corresponds to the wall defor-

0.1 GPa 1.0GPa  10.0 GPa
-——= Kgyh  --—.-— Kyyh Earth pressure
Displacement, & Earth pressure, P (kPa) coefficient
B ™ o 0 30 s 90 Kk
< 3 !
20 [om g = N
e 2R | <
E 40 @ i
£ 60 il
g BEi
80 5 |
L AN A
100 \};\g N i
3 \ |
120 I\ -
25 .00 2 K. K 6 00 0.5
SR (10%) PIOR)

Fig. 10. Inner displacement and lateral earth pressure at 1> step of
excavation (20 m).
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Fig. 11. Inner displacement and lateral earth pressure at 2" step of
excavation (40 m).
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Fig. 12. Inner displacement and lateral earth pressure at 3" step of
excavation (60 m).
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Fig 13. Inner displacement and lateral earth pressure at 4" step of
excavation (80 m).

mation. Nevertheless, the earth pressure acting on the
cylindrical shaft goes completely against the active earth
pressure theory, which leads to an unfamiliar earth pres-
sure pattern, especially in the case of the final excavation,
as shown in Fig. 13. For example, the lateral earth pressure
acting on a cylindrical shaft having a Young’s modulus of
the wall of 1 GPa is quite similar to the active earth pres-
sure, as seen in Figs. 7 to 9. However, the results after
the final excavation show that the earth pressure at a deep
position has fallen below the active earth pressure line, as
presented in Fig. 13.

Earth pressure coefficient: The earth pressure coefficient,
K= Z—‘V‘, was defined by Lambe and Whitman (1969) as the
ratio between the lateral earth pressure, g, and the vertical
pressure, o,. Moreover, the difference between the earth
pressure coefficient from the simulation and that from
Rankine’s earth pressure theory is discussed (Lambe &
Whitman, 1969). The earth pressure coefficient above the
excavation surface along the rigid cylindrical shaft (10
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GPa) is relatively constant. Conversely, the others (0.1 GPa
and 1 GPa) show a different tendency that the earth pres-
sure coefficient above the excavation surface decreases in
the depth direction.

These results show the unfamiliar mechanical behavior
of the lateral earth pressure and the lateral displacement
pattern. In addition, there are several obscure points which
can be summarized as follows:

(1) There is a coherent relationship among the lateral
earth pressure, the shaft deformation, and the shaft stiff-
ness. Therefore, not only do the soil properties influence
the lateral earth pressure, but they influence the shaft stiff-
ness as well. As shown in the fundamental behavior results,
the maximum displacement is generally located at a typical
depth of 5 to 10 m above the excavation surface.

(2) In addition, the excavation process induces differ-
ences in the mechanical behavior of the earth pressure
and the shaft deformation.

(3) The lateral earth pressure does not follow the active
earth pressure theory, which is generally used for continu-
ous retaining walls. Therefore, a general theory for the
retaining wall design (a 2D solution) could not be applied
to the cylindrical shaft design. According to the cylindrical
structure and the unfamiliar lateral earth pressure (different
from the 2D design), the arching effect may occur due to
the inner displacement of the shaft wall. Therefore, the
arching effect surrounding a circular shaft must be
investigated.

(4) Looking at the results, the lateral earth pressure coef-
ficient seems to be uncertain. Additionally, the earth pres-
sure coefficient above the excavation surface has a tendency
to decrease at deeper locations.

(5) According to the deep excavation, the effect of the
depth might influence the development of different levels
of earth pressure. The forced displacement method was
applied in round shaft model tests, and the earth pressure
at deeper locations seemed to be constant (Herten &
Pulsfort, 1999; Tobar & Meguid, 2009; Tobar & Meguid,
2011). Moreover, the centrifuge tests of Iglesia et al.
(2014) showed that the arching effect, occurring during
the trapdoor experiments, brought about the transfer of
pressure in the tangential direction, due to the displace-
ment, and caused a decrease in earth pressure in the radial
direction (Iglesia et al., 2014). In addition, the decrease in
earth pressure from the arching effect was seen to decrease
with incremental displacement as well. Therefore, the effect
of depth on the trapdoor arching issue could imply hori-
zontal arching along the cylindrical shaft.

3.2 Maximum displacement and minimum earth pressure
coefficient of cylindrical shaft after excavation

According to cylindrical shaft structure, there are four
main factors: (1) Lateral earth pressure, (2) Inner displace-
ment, (3) Internal friction angle of soil, and (4) Shaft stiff-
ness, influencing on the mechanical behavior of structure.
The induction of changes in lateral earth pressure was

examined by determining the influencing parameters. It is
well known that the lateral earth pressure acting on the
underground structure mainly depends on the internal fric-
tion angle, ¢, of the soil and the allowance displacement or
the inner displacement of the shaft, 6 (Yu, 2011). Further-
more, the inner displacement of the shaft is related to the
structural stiffness, which was shown in the previous anal-
ysis (Fundamental behavior of cylindrical vertical shaft
during the excavation process). The maximum displace-
ment (inner displacement) is generally taken into consider-
ation in the design criteria and, in addition, there is a
complicated relationship among the cylindrical shaft defor-
mation (maximum displacement), the soil properties (inter-
nal friction angle), and the structural stiffness. Therefore, a
3D contour plot, composed of 256 analysis cases where
Young’s modulus of shaft and internal friction angle of soil
varied as in Table 3, will be used to show the development
of the maximum displacement and the average earth pres-
sure coefficient above the excavation surface, as presented
in Fig. 14.

According to the MCC model, the internal friction angle
could not be directly assigned. The frictional constant, M,
is the confining and deviatoric stress dependency or the
ratio of the deviatoric stress to the mean effective stress,
q/pr, at the critical state line, which will be represented
instead of the internal friction angle (Schofield & Wroth,
1968; Ttasca Consulting Group, 2017). The estimation of
the frictional constant can be calculated as in Eq. (8) and
Eq. (9) based on triaxial compression and triaxial extension
tests, respectively (Wood, 1990; Itasca Consulting Group,
2017). The arching phenomenon basically undergoes both
compression and extension. Moreover, the frictional con-
stant representing arching cannot be calculated. According
to the triaxial tests, either compression or extension is
related to the change in only the major principal stress,
a1, or the minor principal stress, oy;;. Hence, the frictional
constant can be solved with the assumption that intermedi-

Table 3
Parametric study of shaft Young’s modulus and internal friction angle of
soil.

Young’s modulus of shaft (Pa) Internal friction angle of soil (°)

1.0 x 10® 30
10"°x(1.0 x 10%) 31
1073%(1.0 x 10%) 32
10*°x(1.0 x 10%) 33
10%3%(1.0 x 10%) 34
1.0 x 10° 35
10"5%(1.0 x 10%) 36
107°x(1.0 x 10%) 37
10¥°%(1.0 x 10%) 38
107°%(1.0 x 10%) 39
1.0 x 10'° 40
10"3%(1.0 x 10'%) 41
107°x(1.0 x 10'%) 42
10*°x(1.0 x 10'%) 43
10%3%(1.0 x 10'°) 44
1.0 x 10" 45
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ate principal stress o remains the same with the minor or
major principal stress. Conversely, if the arching effect,
including both compression and extension, is considered
in the failure analysis, the frictional constant cannot be
analytically solved due to the additional unknown, namely,
the major or minor principal stress. Therefore, the average
value of the frictional constant, % will be assigned as
the MCC model parameter in accordance with the mechan-
ical behavior of the arching effect, which includes compres-
sion and extension in the tangential and radial directions,
respectively. In addition, Fig. 15 shows a comparison of
the frictional constants calculated by compression and
extension triaxial tests and the difference become larger
as the friction angle increases. Moreover, the initial stress
at the beginning, before carrying out the self-weight analy-
sis, must be changed due to the variation in the frictional
constant or the internal friction angle, using the Jaky
(1944) empirical relationship, as given in Eq. (10) (Das,
2013b; Michalowski, 2005).

6sin ¢’
M, =+——F—
¢ 3—sing'’ (8)
65sin ¢’
t_3+sind),a (9)
Ko=1-sin¢’, (10)

where M. and M, are frictional constants obtained by triax-
ial compression and triaxial extension, respectively, ¢’ is an
effective internal friction angle of soil, and K, is at-rest
earth pressure coefficient.

The highest maximum displacement after the final
(4™ step) excavation is about 25 mm or 2.5 x 107> in nor-
malized displacement, which can be observed in the case of
the lowest shaft stiffness and the lowest internal friction
angle of the soil. The reduction in the shaft stiffness or
the internal friction angle of the soil will increase the max-

Frictional constant
—6— Compression, M,
—— Extension, M,

A Average (M+M,)/2
2.0

N

Z
é//;;;ﬂ

Frictional constant, M
=)

o
in

Y
s

0.0
0 10 20 30 40

Friction angle, ¢ (°)

Fig. 15. Relationship between friction angle and frictional constant.

imum inner displacement corresponding to the results.
Similarly, the average earth pressure coefficient above the
excavation surface decreases, while the shaft stiffness
decreases or the friction angle increases. Furthermore, it
is very obvious that the generation of earth pressure sur-
rounding the cylindrical shaft could not be estimated using
a conventional theory considering the 2D problem.

4 Results and discussion on ground arching effect on the
cylindrical shaft

The results of the parametric study in the previous anal-
ysis are shown along with several sets of parameters, which
could provide some tentative characteristics of the cylindri-
cal shaft during excavation. Further analysis, employing
the cylindrical shaft and soil parameters given in Tables 1
and 2, respectively, will enable the clarification of the
mechanical behavior of the surrounding soil.

4.1 Generation of arching zone surrounding circular vertical

shaft

The arching effect might be a cause of the generation of
lateral earth pressure during wall deformation due to the
excavation of the inside shaft in consonance with the cylin-
der structure and unfamiliar earth pressure, as in the previ-
ous results, especially in the case of a flexible (soft)
cylindrical shaft. Therefore, an investigation of the arching
effect on the surrounding shaft is necessary to comprehend
the mechanical behavior of the surrounding soil.

Lee et al. (2006) clarified the arching effect due to a tun-
neling  excavation  using  the arching ratio,
AR = j‘f—;’g x 100%, where Ag, is the change in vertical stress

and oy is the total vertical stress. The transferring load
alongside a spring line is therefore parallel to the vertical
direction (Lee et al., 2006). Pardo and Saez (2014) per-
formed a numerical modeling of the trapdoor to show
the direction of load transfer, which is defined as the major
principal stress direction (Pardo & Saez, 2014). Barton and
Bakhtar (1983) monitored the tangential stress in a cylin-
drical shaft lining, where the wall displacement and the tan-
gential stress simultaneously increased. Similarly, the load
transferring along the deformed cylindrical shaft occurred
in a tangential direction, which caused a reduction in radial
stress (Barton & Bakhtar, 1983).

According to the characteristics of the arching effect, the
tangential stress will increase, while the radial stress will
decrease, as shown in Fig. 16(a). Hence, the tangential
stress ratio, 249 can confirm the existence of an arching

’ Ou(initial)
zone surrounding the cylindrical shaft after the excavation
process. The simulation of a flexible (soft) cylindrical shaft
was chosen to show the arching effect along the cylindrical
shaft after the excavation process. Furthermore, the results
in Fig. 16(b) show the obvious development of an arching
zone, following the excavation steps, and the tangential
stress ratio also decreases in the radial direction.
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Fig. 16. Tangential stress ratio contour (100 MPa).

Figure 17 shows a comparison of the arching zone sur-
rounding the cylindrical shaft after the final excavation step
using the three different levels of shaft stiffness. According

1.00
L

Ott(current)

Ott(initial)

TTeMm geqs

W
=
o
—
=
=R

(a) 100MPa (b) 1GPa

(c) 10GPa

Fig. 17. Contour of tangential stress ratio at final step of excavation
(80 m).

to the results, the arching zone is obvious in the case of the
flexible shaft (100 MPa), but it is relatively ambiguous in
the case of the rigid shaft (10 GPa). In addition, the stress
history in both radial and tangential directions confirmed
the mechanism of the arching effect, as shown in Fig. 18.
The stress history results show that the radial stress falls
below the initial stress, while the tangential stress rises
above the initial stress. According to the stress history,
the radial stress immediately dropped due to the excava-
tion. Then, the soil was allowed to displace in the radial
direction in accordance with the reduction in radial stress.
The tangential stress will eventually increase due to the
inclination of the tangential strain from the soil deforma-
tion toward the shaft.

4.2 Strain ratio (&yadiar | Eiangeniar) 0f surrounding soil after
excavation

The earth pressure coefficient of the surrounding soil is
uncertain, as shown in Figs. 10 to 13, even though the
mechanical soil behavior, such as the arching effect, sur-
rounding the cylindrical shaft can be defined. In addition,
the strain will change in both radial and tangential direc-
tions, depending on both the arching effect and the stress
generation. Therefore, the strain ratio of the radial strain
and the tangential strain, &adial/étangential» €an be used to
clarify particular characteristics of the arching soil sur-
rounding the cylindrical shaft. The strain ratio of the sur-
rounding soil will generally be a negative number in
accordance with the opposite direction of strain generation
in the arching effect, as shown in Fig. 19.

The strain ratio contours are given in Figs. 20 to 22 for
the three levels of shaft stiffness, respectively. According to
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Fig. 18. Stress history of soil along circular shaft.

the results, the strain ratio of the surrounding soil near the
cylindrical shaft is very close to —1. This means that the
radial strain and tangential strain are developing equally,
but in different directions (compressive strain in the tangen-
tial direction and tensile strain in the radial direction).

Furthermore, the strain ratio of the soil column along
the cylindrical shaft shows that the strain ratio is explicitly
decreasing with depth, which corresponds to the decrease
in the earth pressure coefficient, as shown in Fig. 23, espe-
cially in the cases of Young’s moduli of the shaft of
100 MPa and 1 GPa. Therefore, the strain ratio implies a
reduction in radial stress, which can be proven by using a
unit-element analysis.

4.3 Elucidation of earth pressure generation using unit
element analysis

It is necessary to observe the characteristics of the
mechanical behavior of the surrounding soil in order to
elucidate the arching effect along the cylindrical shaft.

Depending on the soil undergoing the arching effect, the
mechanical behavior of the soil is still obscure under cer-
tain conditions, as mentioned previously: (1) influence of
the strain ratio, &rudial/€angentiat, and (2) depth effect. In
addition, a definition of the strain ratio has been given in
Fig. 24. The strain in both radial and tangential directions
was applied in a unit-element analysis to imitate the arch-
ing effect. In addition, the boundary conditions were fixed
in the vertical direction, y-direction, and free in both tan-
gential and radial directions. Therefore, this section will
show that the generation of stress in the soil, based on a
unit-element analysis, depends on these two conditions to
elucidate the uncertainty of the earth pressure coefficient.
Figures 24 and 25 show the influences of the initial earth
pressure on the stress generation in a low strain analysis for
arching soil with OCR1 and OCR2, respectively. The max-
imum strain generation in this analysis is determined to
correspond to the maximum displacement in the funda-
mental results by using the displacement strain relation-
ship, d = R — R* = Regy, as shown in Fig. 19. Depending

il
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Initial stage After deformation

Fig. 19. Definition of strain ratio (&rudial/€tangential)-

on the deep cylindrical shaft construction, the different
depths may be a main issue. Therefore, a comparison of
the decrease in stress with several initial confining stress
values will be shown to examine the stress reduction. The
reduction in radial stress was greater in the case of higher
initial confining stress than that in the case of lower confin-
ing stress, in accordance with the stress ratio results given
in Figs. 24(b) and 25(b).

In addition, the stress generation influenced by the dif-
ferent strain ratios was examined to confirm the sur-
rounding soil behavior in the previous analysis.
Figures 26 and 27 show the generation of stress in the soil
when applying different strain ratios, &radial /€tangential- The
lower strain ratio can better reduce the radial stress than
the others. For example, the reduction in radial stress in

the case of a strain ratio of —0.6 is higher than that in
the case of a strain ratio of —0.4, as shown in Figs. 26
(b) and 27(b). Therefore, these results correspond to the
those of an uncertain earth pressure coefficient with
increasing depth.

5 Comparison of numerical analysis with analytical solution

The earth pressure along the cylindrical shaft can be
roughly estimated by an analytical solution commonly
based on a specific assumption. Most of the analytical solu-
tion approaches have been based on slip-line and limit
equilibrium methods without any consideration given to
the wall deformation, such as those by Berezantzev
(1958) and Prater (1977), respectively (Berezantev, 1958;
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Fig. 20. Strain ratio of surrounding soil (100 MPa).

Prater, 1977; Tobar & Meguid, 2010). The aim of these
analytical solutions was to estimate the earth pressure act-
ing on a cylindrical shaft after the excavation. Conse-
quently, a comparison of the numerical analysis and the
analytical solutions, as shown in Fig. 28, might be neces-
sary. The various values of shaft stiffness, used for the com-

parison with the analytical solutions, are given in the
Table 4.
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(b) Strain ratio of the soil column near shaft wall

Fig. 21. Strain ratio of surrounding soil (1 GPa).

Figure 28 shows that the earth pressure acting on a
flexible (soft) vertical shaft is similar to the analytical
solution of Cheng and Hu (2005), especially in the case
where the Young’s modulus is equal to 10¥° x 10° Pa.
Mostly, the earth pressure from the simulation results is
relatively greater than that from the other analytical
solutions. Recently, Cheng and Hu’s solution has been
the most prominent. The earth pressure at an excavation
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Fig. 22. Strain ratio of surrounding soil (10 GPa).

site was taken for a comparison with that of Cheng and Hu
(2005), as shown in Fig. 29. Cheng and Hu suggested an
equation to estimate the earth pressure surrounding the
cylindrical shaft; it is accompanied by the value presumed
for the tangential pressure coefficient, A as follows in Eq.
(11). The value for the A was assumed to fall in the range
of K, to 1.0 in agreement with Cheng and Hu’s suggestion.

cohesion, ¢ is the external surcharge, y is the soil
unit weight, 4 is the excavation depth, K, is the active
earth pressure coefficient, ¢ is the internal friction
angle, r,=1+24\K,, n=itan’(45+%) -1, and
e =L tan’(45 +9) +1.

However, the comparison as above could show only the
similarity of earth pressure between analytical solution and
numerical calculation, which is difficult to define suitable
value of 4 in the analytical solution to compare with each
case of numerical simulation. Therefore, the analysis of
correlation coefficient between analytical solution and
numerical simulation data is performed here. Each numer-
ical simulation result from Fig. 29, which was done under
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(b) Stress ratio history

Fig. 24. Influence of confining pressure with OCRI1 in unit-element
analysis.

40°0of internal friction angle, are compared with the 101
results of Cheng & Hu (2005) with different A, in which
the A value is in the range [0,1] and gradually increased
by 0.01 from 0 to 1. Subsequently, the maximum value of
correlation coefficient from each case of numerical simula-
tion is chosen and shown together with A value as shown in
Fig. 30. The correlation coefficient, ry, is calculated by
using the dataset from numerical simulation and analytical
solution, which are represented by x; and y,, respectively, as
shown in Eq. (12).

D > R [
V=) S =)

(12)

Tangential strain, &,

(b) Stress ratio history

Fig. 25. Influence of confining pressure with OCR2 in unit-element
analysis.

Eventually, the correlation analysis result has addi-
tionally shown great correlation between the analytical
solution and numerical simulation, especially in the case
of Young’s modulus of shaft greater than 1.0 GPa, as
shown in Fig. 31. In addition, the result also shows
the reduction of A value, which is most correlated with
numerical simulation, while the shaft displacement
becomes larger.

6 Conclusion

Cylindrical shafts generally experience the arching effect
due to the excavation sequences. The post-excavation earth
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Fig. 26. Influence of strain ratio with OCR1 in unit-element analysis.

pressure on the cylindrical shaft, observed in this study,
displayed an unusual tendency when compared to that
observed with the theoretical solution obtained with Rank-
ine’s theory or the conventional earth pressure on a retain-
ing wall structure. Furthermore, the translation mode (wall
displacement) of a retaining wall (2D structure) is generally
a rigid translation, whereas the displacement of a cylindri-
cal shaft is the result of wall deformation. This is because
the geometry of the cylindrical shaft brings about the
occurrence of confining pressure, which prevents the cylin-
drical shaft from moving in any direction on the horizontal
plane. Therefore, a two-dimensional analysis of the lateral
earth pressure is not applicable for the earth pressure act-
ing on a cylindrical shaft due to the additional direction
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Fig. 27. Influence of strain ratio with OCR2 in unit- element analysis.

of stress development, namely, compressive stress in a tan-
gential direction.

The changes in the shaft deformation, lateral earth pres-
sure, and shaft stiffness develop together, and thus, could
not be separately considered. According to a three-
dimensional plot of the maximum displacement, the shaft
deformation will be better deformed when the shaft stiff-
ness or the internal friction angle of the soil becomes lower.
Another aspect that deserves attention is the earth pressure
coefficient that develops together with the wall displace-
ment, as shown in the 3-dimensional plot.

According to the partial excavation, the wall above the
excavation surface is allowed to displace, causing a great
reduction in earth pressure. Conversely, the earth pressure
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Numerical analysis results (80 m excavation)
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Fig. 28. Comparison of numerical analysis and analytical solutions.

near the excavation base rebounds back to the initial earth
pressure due to the decreasing relative displacement.

The earth pressure coefficient above the excavation sur-
face was seen to decrease with an increase in depth,
although the mechanical behavior of the surrounding soil
can be defined by the arching effect. The depth effect and
the strain ratio, €radial /Etangential, Play important roles in
the reduction in earth pressure, which correspond to the
earth pressure coefficient becoming lower when the depth
becomes deeper. According to the unit-element analysis,

Table 4
Use of shaft stiffness in simulation.

Range of stiffness Young’s modulus, E (Pa)

0.1GPa < E < 1.0GPa 1.0 x 108
10"5%(1.0 x 10%)
02/5><( 1.0 x 10%)
10*5%(1.0 x 10%)
1075%(1.0 x 10%)

1.0GPa < E < 10.0GPa 1.0 x 10°

10"5%(1.0 x 10%)
107°%(1.0 x 10°)
10*°%(1.0 x 10°)
10%5%(1.0 x 10°)
1.0 x 10"

103%(1.0 x 10'°)
107°%(1.0 x 10'%)
10*3%(1.0 x 10'%)
107%(1.0 x 10'%)
1.0 x 10!

10.0GPa < E < 100.0GPa

the reduction in earth pressure at deeper positions and with
higher confining pressure is basically lower than the reduc-
tion in earth pressure at shallower positions, which is
mainly caused by the pressure dependency in the MCC
model. On the other hand, the strain ratio decreases, while
the depth increases, and the lower strain ratio normally
shows a greater reduction in lateral earth pressure in corre-
spondence with the unit-element analysis. However, a
declination of the earth pressure coefficient with depth is
observed. Hence, it might be concluded that the effect from
the strain ratio reduction, which comes from the radial dis-
placement, has a greater influence on the earth pressure
coefficient than the effect from the pressure dependency
at deeper positions.

A comparison among the various analytical solution
and simulation results showed that the estimated lateral
pressure from the analytical solution seems to be close to
that of the flexible shaft simulation analysis or even more
underestimated. Moreover, the analytical solution cannot
assess the amount of lateral displacement either, as it is
unable to consider the strain—stress relationship,

% - @ =f,, due to the difficulty of including this addi-
tional consideration. Therefore, it leads to being incapable
of earth pressure estimation with various levels of shaft
stiffness.

In comparing the analytical solution from Cheng and
Hu (2005) with the numerical simulation results, a similar-
ity was found between the earth pressure acting on a flexi-
ble (soft) cylindrical shaft and the analytical solution
results, with a high number for the tangential earth pres-
sure coefficient, A, which is in agreement with the numerical
simulation results, for which the tangential stress ratio of
the surrounding soil in the case of flexible (soft) cylindrical
shaft tends to be high. Nevertheless, the earth pressure ten-
dency from the numerical simulation did not correspond
perfectly with that of the analytical solution, especially
when the focusing location became deeper.
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Fig. 29. Comparison of numerical analysis with Cheng and Hu (2005).

The earth pressure along the cylindrical shaft changes
due to the excavation, which is associated with the arching

g @ B %
§ :E S é £ . % effect. The horizontal arching effect is very obviously
£z 2 ) = f ) § Z% g observed along cylindrical shaft surface. The arching effect
E 8 2 ; %;;E ;-) E gg in the v§rtical'direction, which is still obscure, might be
5 Zg 2 5 bﬂ:; 28 5050) another 1ncent1ye of lateral earth pressure Qevelopment.
z = o © ° The comparison between analytical solution and numer-
- @1.00 ) ical simulation based on correlation rate coefficient shows
3 @0.99 ™) ) the interesting point which could be future work for analyt-
1e ER @098 ® ical solution. According to the comparison, the simulation
2 ® % Sl : L result from the case of lower shaft stiffness, where large dis-
§ é ® &E 60'01 ‘ ® placement generally occurs, has a great correlation with the
% - ® A ©0.00 PS analytical solution with higher value of 1. Conversely, the
E § o« e e ® earth pressure from the case of small displacement of shaft
=] . . . wall is similar with the result of analytical solution with
é é ® . . . lower value of .
a9 ® 1 L (] This research work mainly discussed a parametric study
e e @ — @ ® on a numerical model simulation and the relation between
v QL the numerical simulation and the analytical solution
- : Aoy MaX(rsy) method. However, physical model tests are still necessary
® @ ® so that both the analytical method and the numerical
® @ model can be further validated. In particular, for deep

cylindrical shaft problems, the depth effect plays a key role

in the estimation. Therefore, simplified physical model tests

Fig. 30. Procedure for correlation analysis of data between numerical on a deep cylindrical shaft might be very necessary for
simulation and analytical solution. future research work.

Amaxrxy) © The 4 from case that has greatest correlation, max(ryy).
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Fig. 31. Correlation between simulation result and analytical solution from Cheng and Hu (2005).
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