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An axisymmetric BNEF method was proposed to analyze circular excavations. The governing equations of
embedded cylindrical diaphragm walls were derived from thin-shell theory. A hyperbolic model was pro-
posed to account for soil-structure interactions. Then, a FEM program was coded and verified using a case
study. Overall, the method caught the main trend in the measured results and provided a reasonable esti-

mation for engineering practice. Furthermore, the development of earth pressure and the hoop stress in
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the walls (ring beams) can be obtained using conventional parameters, extending the ability of the classic
BEF method to aid the design of circular excavations.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Circular excavation is preferred in soft ground conditions. Due
to the so-called hoop effect, this type of excavation is advantageous
to achieve less wall deflection, smaller internal force, and higher
stability of retaining structures, usually diaphragm walls. Field
measurements indicated remarkably less wall deflection when
adopting circular excavation [1,2]. However, it is crucial to reason-
ably model circular excavation to ensure an economical design.

The key to circular excavation modelling is taking the hoop
effect into account. The 3D and 2D axisymmetric methods are cap-
able of considering this effect, and the latter is most common in
engineering practice. Cabarkapa designed a 56.6 m diameter,
28 m deep circular TBM launch and reception shaft with a 2D
axisymmetric finite element model, and the measured wall dis-
placements were compared to the calculated values [3]. Mcnamara
developed an 8.2 m diameter, 40 m deep shaft with an axisymmet-
ric analysis [4]. Schwamb reported a comprehensive numerical
analysis performed using the commercially available software
Flac2D [5]. The influence factors, such as the anisotropy of the dia-
phragm walls, panel installation effects, and advanced soil models,
were studied. In addition to the 2D axisymmetric method, circular
excavation can also be simplified as a beam-on-elastic-foundation
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(BEF) model, which is more practical and user friendly [6]. Tan
reported a deep circular excavation design using this method,
and the calculated result agreed well with the measured result
[7]. However, in the design, the sizes of waler beams were deter-
mined based on local experience, which could not be accounted
for in the model. Therefore, it is necessary to enhance the ability
of the BEF method to aid engineering design.

Furthermore, the BEF method has great potential to be incorpo-
rated into reliability analysis, which is important for assessing the
risk level of a project [8-10]. In this paper, an axisymmetric beam
on a nonlinear elastic foundation (BNEF) method was proposed
based on thin-shell theory, taking into account the nonlinear char-
acteristics of soil-structure interactions and overburden stress
release due to soil pit. Exhaustive calculation results, including
the hoop stress in the walls and ring beams, can be obtained for
design purposes.

2. The axisymmetric BNEF method
2.1. Governing equations of an embedded thin shell

Fig. 1 shows a typical circular excavation retaining system for
the anchorage of a suspension bridge, which includes several wall
panels and ring beams installed after each layer of soil pit. For gen-
eral scenarios, the following basic assumptions were introduced to
simplify the model,
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Fig. 1. A typical retaining structure for the circular excavation of a suspension
bridge anchorage.

- Assume axisymmetrical retaining structures, surrounding soil
stratum, construction sequences, and external forces in a circu-
lar excavation;

- Both sides of the diaphragm wall panels are connected to non-
linear soil springs, with an initial stress of the at-rest earth
pressure;

- Diaphragm wall panels are anisotropic due to the joints
between the initial panels and sequential panels.

Under these assumptions, a cylindrical retaining structure can
be idealized as an embedded thin shell as the ratio of the wall
thickness to radius is less than 1/20 for most deep circular
excavations.

The internal forces of an embedded thin shell under external
force g are shown in Fig. 2, where T denotes shear forces, N denotes
axial forces, M denotes moments, and the subscripts, r, ¢, and z are

Tor

T

/

Ny

Soil
springs

al

Fig. 2. Internal forces in an embedded cylindrical shell.

the radial, circumferential, and vertical directions in the cylindrical
coordinate system, respectively. The adopted sign convention is
that stress/strain are positive in compression. For an embedded
cylindrical thin shell, )’;—z in the Timoshenko equations [11] can be
neglected. Then, with soil springs introduced, we obtain:

1-v & 1 i 0
(822 T a(pz)ul + < vi3 6;0¢) Uy — (g)ur =0
1+v o 1-v 9% —
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where u;, u,, and u, are the displacements along the radial, circum-
ferential, and vertical directions in a cylindrical coordinate system,
respectively; v is the Poisson’s ratio; R is the radius of a circular
excavation; h is the wall thickness; and k(u,) is the stiffness of the
soil springs.

Due to the axisymmetric assumptions, u,=0,2% =0, and
q, = 0. Further, by neglecting the self weight of the retaining struc-
tures, the first equation of (1) yields:

& k() Jur + 15 q, = 0

ou, v
oz RY 0 @)

Substituting Eq. (2) into the third equation of (1) and taking into
account the anisotropy of the panels, we obtain:

Exh
DIV*u, + == o Ur k(u)u, = q, (3)

where D is the flexural rigidity of a shell, and D = ;£;
tical elastic modulus of the diaphragm walls; Ej, is the circumferen-
tial elastic modulus; and [ is the moment of inertia.

Eq. (3) is the governing differential equation of an embedded
anisotropic cylindrical diaphragm wall, in which 'if—z"ur brings in
the hoop effect and panel anisotropy. The equation also indicates
that for circular excavations, the vertical elastic modulus should
be multiplied by L, which is 1.042 when v = 0.2.

According to thin-shell theory, the hoop stress, oy, in a dia-
phragm wall panel can be computed using:

Eh 1’]5

0,1fiurffur (4)

where 7 is the stiffness reduction coefficient.
2.2. Anisotropy of diaphragm walls

Two types of panels are commonly used in the construction of
cylindrical diaphragm walls: initial panels with widths ranging
from 6.1 m to 7.5 m and subsequent panels with widths of approx-
imately 2.8 m. The weaker joints between wall panels lead to ani-
sotropy in the diaphragm wall [12]. However, no agreement has
previously been reached on the extent of the stiffness reduction.
The stiffness reduction coefficient is recommended in the range
of 0.4-0.7 based on consulting experience from France, and this
range is adopted in Chinese code (JT] D63-2007) [13] without fur-
ther details. A set of experiments was designed and implemented
to study the coefficient.

A group of 150 mm cubic specimens (Group A) containing joints
were compressed, and their measured stiffnesses were compared
to those of intact specimens (Group B). The joint width was set
to 3 mm according to diaphragm wall construction experience in
Japan [13]. The loading method in BS 1881-116 [14] was adopted.
Fig. 3 shows the stress-strain relationship of the joints obtained
from the measured data, in which T1, T2, and T3 denote three par-
allel testing results of Group A compared to the average stiffness of
intact specimens in Group B. The results can be fitted by a broken
line, and the mathematic formula is:
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Fig. 3. The stress-strain relationship of the joints.
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where ¢ and ¢ are the stress and strain of the joints; k; and k, are
the slopes of the 1st and 2nd Sections (19.39 MPa and 61.06 MPa
in this tests), respectively; & and ¢, are the characteristic strains
separating the three sections (0.38 and 0.79 in this test); and o,
is the yield stress, 32 MPa.

The compression, §;, of a ring can be computed by:

g
Sh = thrn (6)

where §, is the compression; ¢y, is the hoop stress; and E is the
equivalent Young’s modulus of the walls.

Assume that the hoop stress in a wall is o}, the concrete elastic
modulus is E, the stiffness of the joint is Ej, the average width of
the wall is w, and the number of joints along the wall is n; then,
the compression of a ring containing joints is:

_ Oy Op Op

op . On On
oy = E—C(Zrn - nw) +Enw ~E 2rm+ E nw (7)

Combining Eqs. (6) and (7) yields:

1

=Wk (8)
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The hydrofraises of 2.8 m in width is commonly applied in engi-
neering practice, so the width of the subsequent panels is 2.8 m.
Initial panels are commonly trenched with 3 cuttings, which leads
to a width of 6.1-7.5 m. Hence, the average width of the panels, [,
ranges from 4.45m to 5.15m. For different I, the relationship
between the stiffness reduction coefficient, #, and the hoop stress,
o, can be computed using Eq. (8), as illustrated in Fig. 4. The coef-
ficients remain constant until the hoop stress reaches 7.3 MPa,
with a value ranging from 0.485 to 0.514, and increase nonlinearly
thereafter. Fig. 4 also indicates that the shorter the average panel
width is, the lower the stiffness reduction coefficient.

Without introducing the stiffness reduction coefficient, the
BNEF method underestimates the deflection of the diaphragm wall
panels. Therefore, when there is a lack of experience in a specific
deep circular excavation, we recommend implementing the test
presented in this paper to obtain the stiffness reduction coefficient.
The concrete used in the tests is expected to be sampled at the site,
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Fig. 4. The stiffness reduction coefficient vs. the hoop stress.

while the width of joints is determined based on panel-
construction experience.

2.3. The soil-structure interaction model

2.3.1. Model description

There is a specific requirement for deep circular excavations to
take soil-structure interaction effects into consideration as earth
pressures hardly reach the limit value due to small wall displace-
ments. Thus, both sides of a diaphragm wall should be connected
to soil springs, as shown in Fig. 5(a).

Many experimental studies have indicated that earth pressure
on a structure increases with displacement in a hyperbolic form
[15-18]. Duncan et al. proposed a hyperbolic model for passive
earth pressure as follows:

o u
Tl
ki T " py

p 9

where u is the radial displacement of a diaphragm wall; k; is the ini-
tial stiffness of a spring; p is the earth pressure; and / is a coefficient
accounting for the limit displacements.

Eq. (9) can be extended to a general form, as illustrated in Fig. 5
(b). Before excavation, with the influence of the wall installation
neglected, the earth pressure is equal to earth pressure at rest.
Then, radial wall displacements develop during excavation, com-
pressing or stretching the soil springs and leading to pressure
increases or decreases until their limit states are reached. Accord-
ing to the adopted sign convention, all four hyperbolic curves can
be unified into a single equation, as follows:

u
P=Do—1 (10)

ki & Pu—Po

where p,, is the at-rest earth pressure; and p, is the active or passive
earth pressure.

The earth pressure p = p, when u reaches its limit value u, and
can be substituted into Eq. (10) to obtain A using:

Py —Po

A=14+
kiuy,

(11)

The comparison of a regular and revised hyperbola is shown in
Fig. 6. For circular excavation, wall deflections are usually less than
50 mm. Therefore, let the passive limit displacement be 40 mm,
the active limit displacement be 1/10 of the passive, and the active,
at-rest and passive earth pressures be 10 kPa, 20 kPa and 50 kPa,
respectively. As shown in Fig. 6, the introduction of the coefficient
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Fig. 6. Illustration of the soil-structure interaction model.

J.increases the earth pressure to its limit value at a limit displace-
ment, which more accurately describes the load-displacement
characteristics of soil springs.

For a specified excavation in engineering practice, parameters
such as the initial stiffness, and the active, passive and at-rest earth
pressure must be evaluated for the proposed model.

2.3.2. Determination of parameters

The initial stiffness, k;, of a hyperbolic model can be estimated
based on the initial tangent subgrade reaction coefficient. The most
general form of the lateral subgrade reaction modulus is [19]:

ks = o+ pz" (12)

where o is a constant for vertical members; $ is the coefficient for
depth variation; z is the depth of interest below ground; n is an
exponent to give ks the best fit if load test or other data are
available.

Assume that o is zero; we can approximate ks by using [19]:

ks = pz = (CyN,)z (13)

where C is a constant to account for the displacement at which an
ultimate earth pressure occurs; Ng is the bearing capacity factor
with respect to surcharge; and ) is the unit weight of soil.

Typical values of coefficient g are recommended in Table 1 [13].
For an assumed displacement of 0.0254 m, when the ultimate
bearing pressure q,; is developed, C = 55=; = 40. Eq. (12) was pro-
posed by Reese and has been adopted widely in engineering prac-
tice [20-22].

Ng can be evaluated using [23-25]:

Ng = e™"% tan? (45 + g) (14)

The subgrade reaction coefficient can also be evaluated based
on the soil properties. Vesic proposed that the subgrade reaction
coefficient could be computed using the stress-strain modulus E;
[26]; then, the initial subgrade reaction coefficient k; is:

E;

“=Bi-w

(15)
where E; is the elastic modulus of soil; and B is the width of the dia-
phragm walls.

The soil elastic modulus E; can be determined based on the
shear wave velocity [27]:

E =2pVZ(1+vy) (16)

where p is the mass density of soil; and V; is the shear wave veloc-
ity of the soil.

Table 1
Range of the coefficient g for depth variation.
No. Soil B (kN/m*)
1 Clayey soil (I > 0.75) 3000-5000
2 Clayey soil (0.75 > I, > 0.25) 5000-10,000
3 Clayey soil (0.25 > I, > 0) 10,000-20,000
4 Clayey soil (I, < 0), coarse-grained soil, 20,000-30,000

dense silty soil
Sandy soil, gravel
Dense gravel, dense coarse-grained sandy soil

w

30,000-80,000
80,000-120,000

[<2]
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In addition to theoretical methods, many researchers have
developed in situ technologies to assess the initial tangent coeffi-
cient. Gabr determined the initial tangent coefficient of subgrade
reaction k; using a dilatometer test [28]:

6.5(po — 1)

h:mUMMHmst

(17)
where p, is the at-rest earth pressure; and &, is the horizontal
pressure.

After each excavation step, a layer of soil is removed, which
releases the overburden stress. According to Eq. (13), the subgrade
reaction coefficient decreases due to the stress release. For an exca-
vation from depth Zexgi 1 tO Zexca; in @ uniform soil stratum, the
removed spring stiffness can be expressed by:

k:' = ﬁ(l - Zexca,i—l) Zexcai-1 < Z < Zexcaii } (18)

k:‘ = ﬁ(zexca,i - Zexca,i—l) Z > Zexcaii

The coefficients of at-rest earth pressure, Ko, for sand and clay
can be calculated, respectively, as follows:

Sand [29]:

Ko=1-sin¢ (19)
Clay [30]:

Ko =0.19 - 0.233], (20)

The active and passive earth pressures can be obtained using
Rankine’s or Coulomb’s earth pressure theory. Many researchers
have studied the active earth pressure of circular excavation and
claimed it is smaller than the plane strain pressures [31-33]. How-
ever, field test results and comparison with computed values are
rare in the literature. Thus, the plane strain earth pressure theory
is promising in engineering practice.

2.4. Ring beam behavior

Ring beams or waler beams are frequently used in circular exca-
vations to provide more construction space. Both types of walls
support a cylindrical diaphragm wall with their hoop effect. Thus,
the ring beams can be simplified as distributed springs along a wall
with stiffness:

(1)

while the waler beams can be simplified as a spring connected to a
wall with stiffness:

_ E.A,

k, = Rﬁ (22)
3. The finite element format

Eq. (3) can be rewritten in matrix form:
(ko] + [ke] + [kzc] + [kin] + [kex]){u} = {Apo} (23)

where [k,] is the beam element stiffness matrix [34]; [k.] is the
equivalent spring stiffness of the hoop effect; [k,] is the stiffness
matrix of ring beams; [k;,] is the soil spring stiffness matrix of the
excavating side; [ke,] is the soil spring stiffness matrix of the exter-
nal side; and [Ap,] is the difference in at-rest earth pressure at rest
of two sides of the wall.

As shown by Eq. (23), the stiffness matrices of all the springs
can be combined such that the spring stiffness is distributed lin-
early along a single element, as shown in Fig. 7. Thus, the linearly

Assumed linearly
distributed subgrade
! / reaction coefficient

N BN ik
L

Wall Element i

L k(z)=kq+

e

Soil Springs * Real distribution

Fig. 7. The spring distribution.

distributed spring stiffness and external loads are general within
this problem:

{k(z) =k +55lz

24
p(z) =p, +747z ey

The matrix of the soil stiffness and loads can be derived using
the Galerkin method:

10k; +3k, 1 15k +7k, ll 9k, +9k, 1 _ 7ky+6k; 12
35 420 140 420
L 5k1+3ky l3 6ky+7k2 12 _ kitky 13
k(Z)NIN] dz _ 840 420 280
o 3k t10ky | _ Thi 415k 2
35 420
3k +5k; 3
840
(25)
7p1+3py
N, 20 !
L N 3p1+2p; 2
2 60
p(2) dz = (26)
2o 7
N4 2p1+3p; 2
60

An iterative algorithm is required to solve the problem because
the spring stiffness varies with the wall displacement in the non-
linear spring model. The difference in the wall displacement
between each two iteration steps is adopted as the convergence
criterion. Assume the displacement before the ith excavation is
u;_1 (the displacement increase is Au;; = 0), such the u;_; is used
to compute the soil stiffness matrix and external load matrix at
the beginning. Then, the displacement is iterated until

Au; — Aui_q < 10°° m. This process is coded in a Fortran program
CExcal.0, and the flowchart is shown in Fig. 8.

4. A case study
4.1. Geometry and soil profile

The southern anchorage of the Yangluo suspension bridge was
studied to verify the proposed axisymmetric BNEF method. The
panel division and the profile of the anchorage are shown in
Fig. 9 [35]. The cylindrical diaphragm wall has a 70 m outer diam-
eter and 1.5 m thickness, and it is supported with ring beams with
a thickness of 1.5-2.5m. The excavation was divided into 14
phases, with 3 m of soil excavated in each phase, except for the last
phase, in which 2.5 m was excavated. The soil parameters of the
strata are shown in Table 2, where g is evaluated using Eq. (13)
with C = 80.

4.2. Wall displacement

According to Eq. (21), the equivalent spring stiffness of the ring
beams is K, = 36.97 MPa. The relevant stiffness reduction coeffi-
cient is 0.487, according to Eq. (8). The calculated and measured
wall displacements are plotted in Fig. 10. Similar to the measured



160 W. He et al./ Computers and Geotechnics 90 (2017) 155-163

< Start iteration )

Input geometry, stiffness, loads,
initial displacement value uy=0

v
‘ Compute load Ap;at the i step excavation }47
v

Give initial displacement value
Au=0 at the |" iteration

Compute stiffness matrix of springs on both
sides due to displacement up+Auj

v

‘ Compute displacement result Auj ¢ ‘ No

(AU,'j+1-AU,‘j)<1 0'6m

Yes

Excavate to the end

Yes
v

< End iteration )

Fig. 8. The flowchart of the BNEF program.

values, the calculated wall displacement increases with depth until
reaching its maximum and then decreases to zero. The maximum
calculated and measured wall displacements were 22.6 mm and
20.9 mm, which appeared at 37.8 m and 32.6 m bgl, respectively.
Overall, the axymmetric BNEF method represent the main trend
of wall deflection and provides a reasonable estimation for engi-
neering purposes. However, some measured wall deflections in
the first 2 stages were negative due to construction tolerance,
and the retaining structure was somewhat non-circular in the plan
view. This effect cannot be considered in axisymmetrical analysis
in nature. Guo [36] presented a 34.5% increase in panel radial dis-
placement with 5% construction tolerance based on a series of
finite element analyses, and this result requires further study in
engineering practice.

4.3. Internal force and stress

The vertical moment is required to determine how many rein-
forcing bars should be installed in diaphragm wall panels. Fig. 11

Axi Central Line

compares the calculated and measured vertical moments. Due to
a lack of information, only the maximum vertical moment along
the structure is given. The calculated moment is larger than the
maximum measured moment, which indicates a reasonably con-
servative analysis. However, the directions of the moments in the
upper middle section are opposite. Additionally, the location of
the maximum vertical moment shifts downward during excava-
tion, and the increase in the maximum vertical moment is moder-
ate, which may be due to the support of the ring beams. The
vertical moment reaches its maximum value in two opposite direc-
tions, above and below the excavated level. In combination with
the self weight of the diaphragm walls, the vertical stresses can
be obtained to verify a design.

The hoop stress can be evaluated using Eq. (4) with the calcu-
lated wall deflections, as shown in Fig. 12. The calculated maxi-
mum hoop stress of the final phase is 9.75 MPa, compared to the
measured value of 10.13 MPa. The trends of the calculated and
measured hoop stresses were similar. Hence, Eq. (4) is a simple
and practical way to evaluate hoop stress in a circular excavation
in engineering practice.

4.4. Earth pressure

The earth pressure on both sides of the diaphragm wall were
studied in Figs. 13-15. The finite element program can calculate
the whole development process of the earth pressure. Fig. 13
shows the calculated and measured earth pressures and the theo-
retical estimation outside the excavation. Wall deflection devel-
oped toward the excavation such that the earth pressure
decreased outside the excavation until reaching the active limit
state. The measured earth pressure outside the excavation shows
a slight decrease in value; thus, in the calculation, the ultimate dis-
placement was set at 30 mm. Both the measured and calculated
earth pressures fell between the vertical stress (Ko = 1) and active
earth pressure. Due to the lower limit displacement, the earth
pressure decreased faster than the passive pressure, especially in
the middle section, where the maximum deflection occurs. It
should be noted that the load cells were installed before casting
the concrete; thus, the initial measured pressure included that
induced by concrete, which is why the measured earth pressure
in the lower section was significantly larger than the calculated
value.

In contrast, inside the excavation, the earth pressure increases
due to wall defection towards the soil in front of the wall panels
until it reaches the passive limit state. The ultimate displacement
of the passive earth pressure is larger than that of the active pres-
sure, and in this calculation, 80 mm was adopted based on the rec-
ommendations of many researchers [15]. Without measured data

21.5m
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Fig. 9. The panel division and profile of the anchorage.
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Table 2
Soil properties.

No. Soil 7 (kN/m?) c (kPa) ¢ (°) Thickness (m) B (KN/m*)
Clay1 Clayey loam 185 12 10 15 3660
Clay2 Clayey soil 18.2 10 8 6 3000
Clay3 Clayey loam 183 6 18 7.5 7680
Sand1 Fine-grained sand 19.2 5 32 26.5 36,000
Sand2 Gravelly sand 20 6 40 9 103,000
Rock1 Strongly weathered rock 20 20 55 5 1,430,000
Rock2 Weakly weathered rock 20 40 60 15 5,100,000

Radial Displacement / mm Hoop stress / MPa
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Fig. 10. Calculated and measured wall displacements. Fig. 12. Hoop stress in the diaphragm wall panels.
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Fig. 11. The vertical moment of diaphragm wall panels.

from the project, only the calculated and theoretical estimations
are shown in Fig. 14. The earth pressure on most upper part of
the wall is less than the vertical soil pressure (Ko = 1), except for
the lowest two layers of weathered rock. Due to excavation, the
soil springs in front of the wall were partly removed on a phase-
by-phase basis. This not only removed support from the excavated
soils but also reduced the overburden stress acting on the soils
underneath, which lowered their characteristic earth pressures.
Thus, although wall displacement increased, the earth pressure
did not increase monotonously. As shown in Fig. 15, the earth pres-
sure inside the excavation at 45 m bgl increased in the first 11
phases, then decreased thereafter. We observe the same feature
of pressure development at 30 m bgl, but it is less obvious. How-
ever, at the bottom of the wall, the earth pressure showed a tiny

Fig. 13. The earth pressure development exterior to the excavation.

change due to the small displacement. By contrast, the earth pres-
sure versus wall displacement relationships outside the excavation
mostly showed hyperbolic curves in Fig. 15.

4.5. Ring beams stress

The pressure acting on the ring beams and the hoop stress were
studied in Figs. 16 and 17. The radial distributed pressure is shown
in Fig. 16, which indicated that the ring beams were compressed
after installation, and the pressure increased along with the exca-
vation. The maximum pressures occurred at 33 m and 36 m bgl,
almost the same locations as the maximum displacement.

The hoop stress of ring beams can also be computed using Eq.
(4) by substituting the radius and the Young’s modulus of the ring
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beams. In Fig. 17, the hoop stress in each ring beam is plotted ver-
sus the excavation depth and is compared to the measured value.
The measured hoop stresses in the ring beams are significantly
higher than the calculated values, which may be due to neglecting
the self weight in the calculation. Both the measured and the cal-
culated hoop stresses are significantly less than the strength of
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Fig. 17. Hoop stress in ring beams vs. excavated depth.

reinforced concrete; however, it is important to note this gap in
structural design. In all ring beams, the hoop stress increased the
most in the fist excavation step after installation, and the variation
was less in the following steps. Thus, the lowest ring beam can be
casted with slabs, and its design may be excessive. In addition,
there is a peak hoop stress in each beam, after which the hoop
stress decreases slightly due to the opposite displacement of the
diaphragm wall. Moreover, the hoop stress remained at a low level
(below 10 MPa) in the ring beams, but its construction is usually
time consuming. Therefore, ring beams can be further optimized.

5. Conclusions

This paper has described an axisymmetric BNEF method
derived from thin-shell theory to analyze circular excavations,
which can provide exhaustive results for design purposes. The
soil-structure interaction characteristic was introduced with non-
linear springs connected to both sides of the wall. The parameters
of the spring model can be evaluated using conventional methods.
Ring beams were simplified as distributed springs, and the con-
struction sequential effect was taken into account. A nonlinear
finite element solution was proposed to solve the problem, and it
was verified using a real case study. The comparison indicated that
the method can catch the main trend in the measured data and
provide a reasonable estimation in engineering practice.

Moreover, the earth pressure development on both sides of the
wall, the vertical bending moment, and the hoop stress in the ring
beams were studied. The characteristics, such as the overburden
stress release due to excavation, ultimate displacement, and the
limit values of the earth pressures, can be considered in the pro-
gram. The study also showed that the hoop stress in the ring beams
remains low; thus, it could be potentially optimized in future
design. The axisymmetric BNEF method is a robust and user-
friendly method that could be an important alternative for the
design of circular excavations.
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