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Abstract. A special double-row support structure used for braced excavation was modeled numerically using finite
element method. The performance of the braced excavation depends on the interaction between the two walls of the
support structure. Comprehensive parametric studies were carried out to investigate the influence factors on the
performance. It was ascertained that the support structure behavior was largely influenced by overlapping length of
two support walls, embedment ratio of inner support wall and spacing between two support walls. Appropriate
parameters should be chosen to limit wall deflection and to maintain the stability of the support structure.
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1. Introduction

Braced excavation has been extensively used in urban

areas, and the demands for support structure are

increasing due to the space limitations and environ-

mental concerns. When the planned excavation depth

is increased temporarily after the completion of the

support wall construction, the deflection and stability

of the support wall may not satisfy the demands, so

reinforcement measures should be taken to ensure the

safety of the excavation. An inner support wall inside

the original support wall was usually adopted (see

Fig. 1) to satisfy the requirements of excavation

stability and control of ground movements. Similar

support structure is also used when a great elevation

difference exist at the bottom of the excavation.
Unlike the traditional double-row piles which are

connected at the top of the piles using connecting

beams (Zheng et al. 2004), the two walls of the special

double- row support structure are separated. Because

the outer wall has been constructed, the design of the

inner structure has a significant influence on the

deflection and stability of the support structure. In

view of the facts that the design of the double-row

support structure is complicated due to the interaction

between the outer and the inner walls, therefore, there

is a need to model the excavation using a two-

dimensional finite element method to provide an

insight to study and understand the behavior of the

special structure and the interaction between the two

walls.

Prediction of support wall deformation of a
foundation excavation has been studied using plane

strain finite element analysis by Palmer and his group

(Palmer, Kenney 1972) and many other researchers

(Potts, Fourie 1984; Powrie, Li 1991; Ou, Lai 1994;

Bose, Som 1998; Yoo, Lee 2008). The results show that

good correlation can be achieved between the finite

element predictions and field observations. This paper

describes the application of a finite element model for
predicting the behavior of a special double-row sup-

port structure. A nonlinear, two-dimensional plane

strain finite element analysis was developed to study

the deformation performance of the double-row sup-

port structure and the results were compared with the

field observations. Then parametric studies were

carried out to investigate some influence factors on

the deformation behavior. Based on the research
findings, design recommendations were proposed for

the use of the double-row support structures.

2. Site descriptions and excavation sequence

The excavation site is located at the intersection of

Yanan Road and Pinghai Road in Hangzhou city.
Fig. 2 shows the excavation site along with the

surrounding conditions. Considering the complication
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of the adjacent environment, higher requirement has

been put forward to the performance of the support

structure. A reinforced concrete diaphragm wall

extending down to �20 m below the ground surface

was designed as the permanent lateral earth pressure

support for the original plan. However, after the

completion of the diaphragm wall construction, the

design excavation depth was changed from 10 m to

14 m. Therefore, the original support structure should

be reinforced to satisfy the requirements of deforma-

tion and stability. Thus an inner support structure was

installed to reduce the deflection of the toe and

increase the stability of the excavation.

The profile of subsurface stratigraphy interpreted

from a series of borings conducted at the site is shown

in Fig. 3. The fill layer comprises a heterogeneous

mixture of clay, sand and construction debris with

thickness ranging from 0.9 to 6 m. Underlying the fill

is a layer of slightly dense silt whose thickness varies

from 5 to 10 m. Beneath the silt is the layer of clay. It

consists of a layer of lightly overconsolidated clay,

which has an overconsolidation ratio ranging from 1

to 2, and the overlying soft silt clay.
The construction sequence of the excavation is

shown in Fig. 3. Two stages were included in the

excavation process: (1) Stage 1: I. The diaphragm wall

was installed prior to excavation. And the soil was

initially excavated to a depth, 3 m, without lateral

support; II. The first level of support was installed and

excavation proceeded to a depth 7 m and then a

second level of support was installed; (2) Stage 2: I.

After the excavation reached a depth 10 m, the inner

wall was installed and was propped at the excavation

surface; II. The excavation proceeded to a depth 14 m

in the area supported by the inner wall.

3. Finite element analyses

A nonlinear, two-dimensional plane strain finite ele-

ment analysis was developed to study the deformation

performance of support structure using the Plaxis

software. Assuming the excavation was symmetric,

only a half of the excavation was needed to be modeled

and considered. Fig. 1 shows the analysis model, in
which the vertical boundaries were supported with

rollers and the base were supported with hinges.

Analysis was performed following the actual excava-

tion procedure. It is assumed that support structure

construction had no significant effect on the in situ

stresses of soil. The ground water table was considered

at the level of excavation surface inside the excavation

pit. And seepage was considered in simulation.

3.1. Soil model

Selection of an adequate soil model that is capable of

adequately describing the stress-strain-strength char-

acteristic of the soils is important for the problem of

excavation. Some studies have concluded that the

capability of a soil model to describe the property of

the soils at small-strain levels plays a crucial role in the
finite element analysis (Kung et al. 2009; Tang, Kung

2010). In this analysis, the soil was material assumed

to behave as an elastic-plastic described by Hard-

ening-Soil model with small-strain stiffness.

The hardening-soil model is an advanced model

which is formulated in the framework of hardening

multi-surface plasticity. In this model the total strains

are calculated using a stress-dependent stiffness,
different for both virgin loading and reloading. The

plastic strains are calculated by introducing a multi-

surface yield criterion. Hardening is assumed to be

Fig. 2. Site location and surrounding conditions
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Fig. 1. Schematic of double-row support structure and

model of FEM
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isotropic depending on both the plastic shear and

volumetric strain. Shear hardening is used to model

irreversible strains due to primary deviatoric loading.
Compression hardening is used to model irreversible

plastic strains due to primary compression in oed-

ometer loading and isotropic loading.

The formulation of the Hardening-Soil model is

the hyperbolic relationship between the vertical strain

o1, and the deviatoric stress, q, in primary triaxial

loading, as shown in Fig. 4.

The ultimate deviatoric stress, qf, is derived from
the Mohr-Coulomb failure criterion as Eq. (1), which

involved the strength parameters cohesion c and

internal friction angle 8:

qf ¼
2 sin u

1 � sin u
c cot u � r

0

3

� �
: (1)

The parameter E50 is the confining stress depen-

dent stiffness modulus for primary loading. E50 is used

instead of the initial modulus Ei for small strain and

defined as:

E50 ¼ Eref
50

c cot u � r
0

3

c cot u þ pref

� �m

; (2)

where Eref
50 is a reference stiffness modulus correspond-

ing to the reference stress pref and is derived from a

triaxial stress-strain curve for a mobilization of 50% of

the maximum shear strength.
The actual stiffness depended on the minor

principal stress, r0
3, which is the effective confining

pressure in a triaxial test. The amount of stress

dependency is given by the power m.

The parameter Eur can be defined as:

Eur ¼ Eref
ur

c cot u � r
0

3

c cot u þ pref

� �m

; (3)

where Eref
ur is the reference Young’s modulus for

unloading and reloading, corresponding to the refer-

ence pressure pref.

Atkinson and Sallfors (1991) proposed that shear

modulus varied with shear strain where higher degrees

emerged at small strains. For the problem of excava-

tion, the low-level strains that relevant level for
practical problem would lead to higher stiffness than

that from conventional laboratory. Consequently, the

stiffness of soil in an excavation problem would be

higher than the value normally used. The Hardening-

Soil model with small-strain stiffness accounts for the

increased stiffness of soils at small strains. This

behavior is described using an additional strain-

history and two additional material parameters, i.e.
G0 and g0.7. G0 is the small-strain shear modulus and

g0.7 is the strain level at which the shear modulus

decreases 70% of the small-strain shear modulus.

Gref
0 defines the shear modulus at very small

strains e.g. oB10�6 at a reference minor principal

stress of r0
3 ¼ pref : In this model, the stress depen-

dency of the shear modulus G0 is taken into account

with the power law:

G0 ¼ Gref
0

c cos u � r
0

1 sin u

c cos u þ pref sin u

� �m

: (4)

3.2. Parameters of model

Table 1 shows the parameters of model for each layer
used in the finite element analysis. According to a

series of numerical experiments conducted by Calvello

and Finno (2004), the failure parameter 8 and the

stiffness parameters Eref
50 were the main parameters

that affect the observations and should be optimized

by inverse analysis. In this study, the strength para-

meters were directly obtained from laboratory tests

and only the stiffness parameter Eref
50 were obtained

from back analysis. Other stiffness parameters were

determined by the derived Eref
50 and experience. The

properties of support wall and bracing struts are

shown in Tables 2 and 3, respectively.

qa

qf

Ei

E

ε

50

Eur

1

1

1

Fig. 4. Hyperbolic stress-strain relation in primary loading

for a standard drained triaxial test

Table 1. Soil properties used for finite element analysis

Parameter gunsat/gsat c 8 c kx/ky Eref
50 Eref

ur G
ref
0 pref g0.7 m Rinter

Unit kN/m3 kN/m2 degree degree m/day kN/m2 kN/m2 kN/m2 kN/m2

Fill 17.5/20 12 15 0 0.026 2e4 6e4 6e4 100 2e�4 0.8 0.9

Silt 18.5/20 21 16 0 0.015 3.2e4 9.6e4 9.6e4 100 2e�4 0.8 1

Silt clay 18/20 10 8 0 4e�4 1.6e4 4.8e4 4.8e4 100 2e�4 0.65 1

Clay 18/20 10 30 0 1e�4 2.8e4 8.4e4 9e4 100 2e�4 1 1
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Table 3. Bracing struts properties used for finite element

analysis

Parameter Axial stiffness Horizontal spacing

Value 2e5 kN 2 m

Fig. 5. Comparison of measured and calculated outer wall

deflections for different excavation depths

Fig. 6. Comparison of measured and calculated inner wall

deflections

45° + Φ/2

active zone

passive zone

passive zone

L

h3

Fig. 7. Interaction between the walls

Fig. 8. Support wall horizontal deflection at final excavation

level for different overlapping lengths: (a) outer wall; (b)

inner wall; (c) maximum deflection

Table 2. Support wall properties used for finite element analysis

Parameter Axial stiffness Flexural rigidity Equivalent thickness Poisson’s ratio

Value 1.2e7 kN/m 1.0e6 kNm2/m 1 m 0.15
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3.3. Results of numerical simulation

Figs 5 and 6 show the comparison of the plane strain

finite element analysis results and the field measure-

ments for inclinometers. The results show close

agreement between the finite element analysis results

and the field observations. The maximum deflection of

the outer wall is 40 mm, which is 0.3%H (where H is

the excavation depth). The maximum deflection of the

inner wall is 30 mm, which is 0.2%H. While the

maximum horizontal deflection reached to 70 mm for

the situation without the existence of inner wall. Large

deformation is observed at the bottom of the support

structure due to the low embedment depth. This will

reduce substantially the base stability of the excava-

tion. It indicates that the existence of inner support

wall decreases the deflection of outer wall and

increases the stability of the excavation.

4. Parametric studies

The behavior of the special support structure is

determined by the interaction between the two walls.

As is shown in Fig. 7, the earth pressure against the

inner wall is significantly affected by the passive earth

pressure in passive zone of the outer wall. The angle

between the wall and the sliding surface is 458�8/2
following Rankin theory. Then the influence distance

of the two walls can be written as:

L ¼ h3 tanð45� þ u=2Þ: (5)

If the spacing between the two walls d1 is greater
than the influence distance L, it can be assumed that

the interaction is negligible.

Apart from the spacing between the two walls,

other geometries of the support structure, such as

overlapping length of the two support walls, embed-

ment ratio of inner support structure, also have

significant role to play on the performances as well

optimization requirement for excavation stability.
Hence, parametric studies were carried out to inves-

tigate these influence factors. In these parametric

studies, the soil was considered to be homogenous

and properties used for finite element analysis can be

found in Table 1 (Clay). The length of the outer wall

Fig. 9. Outer wall horizontal deflection at final excavation level for different embedment ratio of the inner support structure:

(a) ratio of 0.5; (b) ratio of 0.6; (c) ratio of 0.7 (d) maximum deflection of outer wall for different embedding ratios of the inner

support structure
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and the total depth of excavation were kept to be

constant.
In this section, the influence of overlapping

length (h3 in Fig. 1) on the support structures was

studied. Analyses were done with the same excavation

scheme as shown in Fig. 1 with h3 of 8 m, 9 m, 10 m,

11 m, 12 m and the total length of the inner wall

remains constant, i.e. 15 m. The results of analyses

carried out for the final stage of excavation are

presented in terms of wall deflection in Fig. 8.

It can be found from the results that as the

overlapping length of the two wall increases, the

magnitude of the outer wall deflection get reduced

which are opposite to the behavior of inner wall. It has

also been found from a plot of maximum deflection of

the two walls, for the final cut level, against over-

lapping length ratio h3/L1 that the maximum deflec-

tion of inner wall increases linearly with the increase in

overlapping length, while it reduced exponentially for

outer wall. Therefore, the increase of overlapping

length is effective to reduce the deflection of the outer

wall, thus reducing ground movement outside the

excavation; but it also lead to more deflection

deformation of the inner wall, which decreases the

stability of the inner wall.
A comprehensive study on the influence of

different excavation depths for two stages h1 and h2

on the performance of the braced excavation was

carried out. Excavation with constant total excavation

depth (14 m) and various two stages excavation depth

h1 (8 to 11.5 m) and h2 (6 to 2.5 m) were analyzed.

Analyses were further done by varying the embedment

depth of the inner support wall (h4 in Fig. 1) to

investigate its effect on wall deflection. For instance, if

the first stage excavation depth h1 was 9 m, then the

second stage excavation depth h2 was 5 m and the

embedment depth of inner wall with an embedment

ratio (which is defined as h4/L2) of 0.5 was 5 m. The

results of the analyses for the final cut level are

summarized in Figs. 9 and 10, respectively. The results

from Fig. 9 show that horizontal deflection of the

outer wall increases with the increase in first stage

excavation depth h1, and the maximum deflection of

the wall increases exponentially with h1. It also can be

investigated from Fig. 9 that the outer wall deflection

decreases with increasing embedment ratio of the

Fig. 10. Inner wall horizontal deflection at final excavation level for different embedment ratios of the inner support structure:

(a) ratio of 0.5; (b) ratio of 0.6; (c) ratio of 0.7; (d) deflection ratio of inner wall for different embedding ratios of the inner

support structure
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inner wall while no significant change is evident for

the upper 5 m of the outer wall.

Fig. 10 shows the inner wall horizontal deflection

at final excavation level for different embedment ratios
of the inner support wall. The deflection ratio d in

Fig. 10 was defined as the deflection difference

between the toe of the wall and the top of the wall

normalized by the length of the inner wall, which can

be written as:

d ¼
Dtoe � Dtop

L2

; (6)

where: Dtoe is the deflection of wall toe; Dtop is the

deflection of wall top; L2 is the length of inner wall.

Fig. 10 presents that the more the wall extends

below the bottom of cut, the more is the fixity of the

wall at the base. The deflection ratio, d, increases with

increasing first stage excavation depth h1, and de-

creases with increasing embedment depth. It is also
found that the deflection of inner wall toe is much

larger than the top when the second stage excavation

depth h2 is large and the embedment ratio is small.

Therefore, to ensure stability, inner wall should be

embedded to adequate depth below the final excava-

tion level.

Analyses were further done by varying spacing
between the two walls, d1, to investigate its effect on

the wall deflection. The spacing, d1, was varied from

1 m to 17 m. The results of the analyses for the final

cut level are summarized in Fig. 11. It is observed

from Fig. 11 that both of the two walls deflection

decrease with the increasing spacing between them. It

illustrates that increasing spacing reduces the interac-

tion between the two walls, suggesting that choosing
an appropriate spacing between the two walls for

practical application can satisfy the requirement of

deformation and stability.

The earth pressure in passive zone of the outer

wall acted as the earth pressure in active zone for the

inner wall. So an interaction coefficient 8 was

introduced to reflect the interaction between the two

walls. It is assumed that the interaction coefficient
equals to 1 and 0 when the distances between the two

walls are 1 m and 17 m, respectively. For a distance of

i, the interaction coefficient can be defined as:

u ¼ Di � D17

D1 � D17

; (7)

where Di is the maximum deflection of the inner wall

for the spacing of i which can be obtained from

Fig. 11; D1 and D17 are the maximum deflection of the

inner wall for the distance of 1 m and 17 m,
respectively.

Best fit plot of interaction coefficient is shown in

Fig. 12. It is observed that the interaction coefficient

decreases linearly with increasing spacing between the

two walls.

5. Conclusions

A special double-row support structure was modeled
numerically using finite element method. And com-

prehensive parametric studies were carried out to

investigate the influence factors on the performance.

Fig. 11. Wall horizontal deflection at final excavation level

for different distances between the two walls: (a) outer wall

and (b) inner wall

Fig. 12. Linear fit of interaction coefficient between the

outer wall and the inner wall
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The following conclusions are drawn based on this

study:

1. The maximum deflection of the outer wall is

0.3%H, while the maximum deflection of the
inner wall is 0.2%H. The existence of inner

support wall decreases the deflection of outer

wall and increase the stability of the excavation.

2. The maximum deflection of inner wall increases

linearly with the increase in overlapping length,

while it reduced exponentially for outer wall.

It’s effective to reduce the deflection of the

outer wall but unfavorable to maintain the
stability of the inner wall for a large overlapping

length.

3. With the increasing embedment ratio of the

inner wall, the deflections of both two walls

decrease. And different excavation depths for

two stages influence the performance of the

support structure greatly. To maintain the

stability of the inner wall, excavation depth for
the first stage and the embedment ratio should

not be too small.

4. Interaction coefficient was introduced to inves-

tigate the interaction between the two walls.

The interaction coefficient decreases linearly

with increasing spacing between the two walls.
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