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Abstract In this study, the optimum values of the
design parameters (position of struts, embedment
depth of the wall, thickness of the wall and the strut
stiffness) for braced excavation in clayey soil have
been determined by using the numerical tool, FLAC.
The design parameters are determined by studying
their effects on the factors such as strut force, wall
deflection, wall moment and displacement of the
ground surface adjacent to the braced excavation
which play significant role in the design of braced
excavation. The results of the present numerical model
are compared with the observed values obtained from
a case study on braced excavation in a clayey soil. A
close agreement between the result as obtained from
the present numerical study and that measured in the
field has been observed. On the basis of the parametric
studies done on two different clayey soil profiles, it is
found that the most effective design of excavation in a
clayey soil can be done when the embedment depth of
the wall, the thickness of the wall and the strut stiffness
are kept within the range of (80—100)% of the depth of
excavation (6-7)% of the depth of excavation and
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(5-25) x 10° kN/m/m, respectively. The top strut can
be kept at a height of (2-3) m below the ground level
without endangering the safety of the system.

Keywords Braced excavation - Cohesive soil -
FLAC - Wall deflection - Ground displacement

1 Introduction

The development of infrastructures such as under-
ground transport systems, basements, water pipelines
and other structures in an urban area involves deep
excavation in a congested area. However, due to space
constraint, these excavations are to be done vertically
beneath the ground surface. In order to support the
lateral sides of the excavation, the retaining walls are
to be constructed and supported at different levels by
using beams (struts). The wall deflects laterally and
the vertical movement of the adjacent ground surface
occurs with the progress of the excavation. The level
of damage to the nearby structures is related to the
settlement of the adjacent ground (Boscardin and
Cording 1989). The other important design factors are
bending moment developed in the wall and axial
forces that occur in the struts.

Many numerical and experimental studies have
been performed on the braced excavation in sandy as
well as clayey soils (Ng and Lings 1995; Vaziri 1996;
Ng et al. 1998; Nakai et al. 1999; Seok et al. 2001;
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Karlsrud and Andresen 2005; Zdravkovic et al. 2005;
Tefera et al. 2006; Costa et al. 2007; Chungsik and
Dongyeob 2008; Kung et al. 2009). By using finite
element method, parametric study of a braced cut in
clayey soil have been done by Bose and Som (1998)
and it was found that the performance of a braced cut
is affected by the width of the excavation, strut
prestressing force and the wall length. Kung (2009)
compared 26 numbers of case histories of excavation-
induced wall deflection using top-down (TDM) and
bottom-up construction methods (BUM) in Taipei
silty clay and found that the maximum lateral wall
deflection induced by TDM were 28% higher than that
induced by BUM. Wang et al. (2010) collected and
analyzed 300 case histories of wall displacements and
ground settlements due to deep excavations in
Shanghai soft soil and found that the ratio of the
maximum ground surface settlement and the maxi-
mum lateral displacement of a wall lie in between 0.4
and 2.0. Also, it was found that wall displacement
decreases with increasing system stiffness. Lim et al.
(2010) evaluated the performance of the most com-
monly used constitutive models (modified Cam clay
model, hardening soil model, hardening soil small
strain model, ¢ = 0 Mohr—Coulomb model and the
undrained soft clay model) of clay for the analysis of a
deep excavation under undrained condition. It was
found that for ¢ = 0, Mohr—Coulomb model with E,/
s, = 500 (E, and s,, are the undrained elastic modulus
and shear strength of the clay, respectively), can result
in good prediction for the wall deflection at the final
stage of an excavation, but none of the other models
can predict the ground settlement profiles properly.
The stability of a braced excavation and nearby
ground surface depends primarily on the properties of
struts (number of strut, stiffness of a strut and their
vertical and horizontal spacings) and properties of the
retaining wall (stiffness and embedment depth of a
wall). Thus, it is required to study the effect of the
above factors on a wall and ground movement and a
range of values of the parameters (i.e., the number of
struts, their positions and stiffness, the thickness of the
wall and its embedded depth) has to be proposed so
that optimum results can be found in terms of force in
the struts, moment developed in the wall, deflection of
the wall and the displacement of the adjacent ground
surface. Based on a numerical study, Chowdhury et al.
(2013) proposed the range of design parameters for a
braced excavation in cohesionless soils. However, the
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recommendation proposed by the Chowdhury et al.
(2013) may not be valid for the cohesive soils. Thus, in
the present study, a numerical model for the analysis
of a braced excavation in clay under undrained
condition has been used to propose the design
parameters for the braced excavation in clay. After
studying different combinations of strut arrangement,
wall thickness, D;/D, (D, is the embedment depth of
the wall and D, is the depth of excavation) and strut
stiffness, the optimum design parameters have been
found for a braced excavation in a clayey soil.

2 Numerical Modeling

One half of the problem geometry and the definitions
of the symbols used in the present study are shown in
Fig. 1. In Fig. 1, the design factors, namely, depth of
excavation at final stage, embedment depth of the
retaining wall at final stage and its thickness are
denoted by D,, D;, and t,,,;, respectively. The width of
the excavation is B and half width i.e. B/2 is shown in
Fig. 1. The symbols for the design parameters i.e.
maximum horizontal wall deflection, maximum bend-
ing moment developed in the wall and maximum
vertical ground surface displacement are u, M and v,
respectively.

The numerical modeling is done using the com-
puter program FLAC (Fast Lagrangian Analysis of
Continua), as a two-dimensional plane strain problem.
The numerical simulation is done for all the construc-
tion stages which are involved in the construction of a
braced excavation. The initial stage is the installation
of a diaphragm wall in the ground and static
equilibrium is achieved under K, condition i.e. at rest
condition of stress. The subsequent stages are mod-
eled by considering dewatering below the excavation
level, removal of soils and installation of support
members. The construction sequence involving low-
ering of ground water table within excavation zone
(by making the pore water pressure zero within the
zone to be excavated), excavation up to the desired
level (by removing the soil elements i.e. simulating
with null model within the zone to be excavated) and
installation of support member (by connecting one
node of the support member with centre line node and
the other node with the wall node) are simulated in
FLAC. As the problem deals with cohesive soil layers,
undrained condition is applicable to the soil layers.
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Fig. 2 Numerical model used in the parametric study
The undrained condition is simulated by considering The numerical model used in the parametric anal-
the values of Poisson’s ratio as 0.49 for the clay ysis is shown in Fig. 2. As the problem is symmetric,
layers. thus, only one half of the whole problem is modeled.
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Thus, one vertical boundary coincides with the line of
symmetry of the excavation and the other one is located
at a distance of 100 m from the edge of the wall. The
nodes provided along the vertical boundaries are
restrained against movement in the horizontal direc-
tion. However, the nodes provided along the bottom
boundary are restrained against movement both in the
vertical as well as in the horizontal direction. The water
table is considered at the ground level. The model
dimension is selected such that the boundaries are not
affecting the model results. The selected model
dimension is also satisfying the dimensions chosen
by previously researchers for similar type of numerical
modelling. The element size in the numerical model is
taken as 1 m x 1 m which is found to be optimum,
based on some trial runs with 0.5 m x 0.5 m and
2 m x 1 m element sizes.

A linearly elastic perfectly plastic Mohr—Coulomb
model is used to describe the soil behavior. The
coefficient of lateral earth pressure at rest is taken as
0.5 and the modulus of elasticity of the sand layer (if
present) (E') is calculated as (75 + 8 N) x 100 kN/
m? (Som and Das 2006), whereas, the undrained
Young’s modulus of the cohesive soil layers (E,) is
calculated as 500s,,, where, N and s,, are the SPT value
and the undrained shear strength value of the cohe-
sionless and the cohesive layers, respectively. The
bulk modulus (K) and the shear modulus (G) of the soil
are calculated as

E
K250y W

E
M) ?
where v is the Poisson’s ratio of the soil, which may be
equal to v, or V' as the case may be.

The properties of the interface element located
between the wall and the soil are the interface
cohesion, friction angle, dilation angle, normal stiff-
ness (K,,) and shear stiffness (K). The interface normal
and shear stiffness are calculated as per FLAC manual
(Itasca 2005) and given by

K+3G

K, =K, =10 (3)

Zmin

where K and G are the maximum values of the bulk
and the shear modulus among all the layers encoun-
tered within the depth of the wall and Az, is the
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smallest width of the adjoining zone along the normal
direction to the interface. Depending upon the depth of
the wall and the types of the soil layers encountered
within the depth of the wall, the values of the interface
normal and shear stiffness are calculated accordingly.
The interface cohesion and friction angle are taken as
(2/3) of the values for the corresponding layer for
which K,, and K are considered.

If the Young’s modulus and the Poisson’s ratio of
the wall material are given by E,.; and W,.;
respectively, then the Young’s modulus of the wall
is given as E, /(1 — ufm,,) to represent the plane
strain condition. In FLAC software, the analysis is
done under plane stress condition. However, braced
excavation is a plane-strain problem and thus,
Young’s modulus of the continuous retaining wall is
converted into plane strain condition by modifying
E,.ito E, /(1 — ugmu) as per FLAC manual (Itasca
2005). The wall and the support members are modeled
as beam elements. The two nodes on both ends of the
support member are coincident with the two nodes
located at the vertical boundary (along the center line
of the excavation) and at the wall node. The node
located at the centre line of the excavation is restraint
from movement along the horizontal direction, i.e. it
can only slide vertically along the centre line of the
excavation. The other node connected at the wall is pin
jointed i.e. it can rotate without any restraint.

3 Results and Discussions
3.1 Validation

To validate the developed numerical model, the results
of the model are compared with the observed (based
on field study) values as reported by Ou et al. (1998).
The problem geometry taken from Ou et al. (1998)
consists of support members (struts), diaphragm wall
(900 mm thick and 35 m overall depth) and final depth
of excavation of 19.7 m. The soil profile (with their
properties) and excavation levels in the construction
sequence considered for validation is shown in Fig. 3.
The construction sequence is as per Ou et al. (1998).
Figures 4 and 5 show the lateral deflection of the wall
and the ground surface displacement as obtained from
the field data (Ou et al. 1998) and from the present
study, respectively. It may be seen from Fig. 4 that the
profile of the lateral wall deflection as obtained from
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Fig. 3 Soil parameters used in the undrained analysis for validation

the present model lies close to the field observation
profiles from two different inclinometer readings
(I — 1 and I — 3). Also from Fig. 5, it may be found
that the ground surface displacement values predicted
by the present model matches closely with the
observed data (Ou et al. 1998). The maximum value

S S S S S

of the ground surface displacement as predicted by the
present model is about 15% smaller than the observed
values. This is may be due to the fact that in the
numerical modelling, the interface material properties
are chosen based on the guidelines provided by FLAC.
These properties may not be very accurately
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Fig. 4 Wall deflection
profiles for observed and
present study

Fig. 5 Ground surface
displacement profiles for
observed and present study

representing the actual interface behaviour. However,
determination of actual interface properties by exper-
iment is also very difficult. The use of Mohr—Coulomb
model, though much accepted in geotechnical engi-
neering has some limitations/approximations in mod-
elling the complicated soil-structure interaction
problems like the present one. Considering all these
limitations, the comparison between the field data and
numerical analysis is quite reasonable.

3.2 Parametric Study

After establishing the validation of the numerical
model, the parametric study is done for two different
soil profiles. The soil profile—1 (in which there is an
intermediate weak layer) is taken from Wang et al.
(2010) and presented in Table 1(a). The soil profile is
slightly modified. The medium clay layer at the top is
considered to be extended up to a depth of 6 m below
the ground level, neglecting the top fill layer. The
other soil profile (profile—2) where, the weak layer is
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present at the top and the strength of layers increases
with the depth below the ground level is presented in
Table 1(b). In soil profile—1, there is an intermediate
weak layer (6-16 and 16-26 m below GL), but in
profile—2, the strength of the layers increase with
depth below GL (by interchanging properties of 1st
and 3rd layer keeping their thickness same as that for
profile—1). Two soil profiles are chosen to analyse
whether any variation in the results is occurring or not.

The angle of internal friction for cohesive and
cohesionless soil layers are denoted by ¢,, (total stress
parameter under undrained condition) and ¢’ (effec-
tive stress parameter under drained condition), respec-
tively. Similarly, Young’s modulus and Poisson’s
ratio of clay and sand under drained and undrained
conditions are denoted by (E' and E,)) and (V' and v,,),
respectively. The width (B) and the depth (D,) of the
excavation are taken as 20 m each. The different strut
arrangements considered are presented in Table 2.
The position of the 1st, 2nd, 3rd and 4th level struts are
varied from (2-5), (6-8), (10-13) and (15-18) m,
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Table 1 Description of soil profiles—1, 2 and related soil parameters considered in parametric studies (after Wang et al. 2010)

Depth below Description of soil Approximate 5, (kN/m?)  Angle of e Young’s Poisson’s

ground level total unit internal friction modulus ratio

(m) weight (kN/m>) (¢, or ¢) (deg.) (E,or E') (v,orV)

(kKN/m®)

(a) Profile—1
0-6 Medium clay 19 53.5 0 1.0 26,750 0.49
6-16 Very soft silty clay 18 34 0 1.2 17,000 0.49
16-26 Very soft clay 17 325 0 1.4 16,250 0.49
26-33 Silty clay 18.5 95 0 1.2 47,500 0.49
33-39 Stiff clay 20 130 0 0.8 65,000 0.49
39-50 Fine to very fine sand 19.5 0 36 0.8 39,500* 0.30

(b) Profile—2
0-6 Very soft clay 17.0 32.5 0 1.4 16,250 0.49
6-16 Very soft silty clay 18.0 34.0 0 1.2 17,000 0.49
16-26 Medium clay 19.0 53.5 0 1.0 26,750 0.49
26-33 Silty clay 18.5 95.0 0 1.2 47,500 0.49
33-39 Stiff clay 20.0 130.0 0 0.8 65,000 0.49
39-50 Fine to very fine sand 19.5 0.0 36 0.8 39,500* 0.30

% Calculated from (75 + 8N) x 100 kN/m?, where, N (= 40) is the SPT value of the sand layer given in Wang et al. (2010)

Table 2 Different types of

System numbers
arrangement of struts used

Depth of excavation,

Depth of each strut below ground level (m)

in parametric study De (m) Ist strut 2nd strut 3rd strut 4th strut
System—1 20 2 6 11 16
System—2 2 6 10 15
System—3 2 7 12 17
System—4 3 7 11 16
System—>5 3 7 11 17
System—=6 3 8 13 18
System—7 4 7 12 17
System—8 5 8 12 17
System—9 5 8 13 18

respectively. For each of the strut arrangement, the
ratio of the embedment depth (D) to the excavation
depth i.e. D,/D, is varied from 0.4 to 1.4, but the
values of the other parameters are kept constant (wall
thickness, t,,,; = 0.8 m i.e. 4% of D,, strut stiffness,
kgprr = 5 X 10° kN/m/m). The position of the struts,
the embedment depth of the wall are varied to study
their influence on the major design factors like (1)
maximum strut force at each level, (2) maximum
bending moment in the wall, (3) maximum lateral
displacement of the wall and (4) maximum ground
surface displacement.

The variation of the wall deflection with D,/D, for
different strut systems is shown in Figs. 6 and 7 for the
soil profile—1 and 2, respectively. It may be found
from Fig. 6 that the variation (decrement) of the wall
deflection is 67.6% (for System—9) and around 5%
(for the Systems—1, 4 and 8) when D,/D, varies from
0.4 to 0.8 and from 0.8 to 1.0, respectively. It is also
seen that the above variation is only around 3% (for all
systems except Systems—1 and 5) when the ratio of
the embedment depth to the excavation depth varies
from 1.0 to 1.4. It can be found from Fig. 7 that for the
soil profile—2, the wall deflection decreases with the
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increase in D,/D,. For the soil profile—2, when D,/D,
varies from 0.4 to 0.8, 0.8 to 1.0 and 1.0 to 1.4, the
variation (decrement) of the wall deflection is around
16, 1 and 2% for the Systems—1 to 7. However, when
D./D, varies from 0.4 to 1.4, the variation of the wall
deflection is not significant for the Systems—38 to 9.
Moreover, it has been found that the lateral wall
deflection as obtained in the Systems 8 and 9 for soil
profile—2 are 23 and 26% higher than that obtained
for the System 3. It may be found from the above
discussion that for majority of the strut arrangements,
the variation of the wall deflection is minimum when
D,/D, varies from 0.8 to 1.0. It is also observed that for
the soil profile—?2 i.e. if a weak soil layer is present at
the top, the Systems—~8 and 9 cannot be selected.

It may be seen that as the depth of the topmost strut
increases below ground level, the lateral wall deflec-
tion remains almost constant or slightly decreases for
soil profile—1 which is not the case for cohesionless
soil as obtained from Chowdhury et al. (2013).
However, analysis with the other soil profile reveals
that there is significant difference between the deflec-
tion values among different strut arrangements for a
particular value of D,/D,. This may be due to the fact
that cohesive soil can stand freely without support up
to a certain depth below ground level. It is further
observed that as the depth of topmost strut below
ground level increases the ground surface displace-
ment also increases significantly for cohesionless soil
(Chowdhury et al. 2013), but it remains almost similar
or slightly decreases for the case of cohesive soil.
However, if a weak soil layer is present at top,
placement of top strut at greater depth is not
recommended.

Fig. 6 Variation of wall
deflection with D,/D, for
different strut arrangements
(soil profile—1)
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u (mm)

It may be seen from Table 3 that when D,/D, lies in
the range 0.8-1.0, the minimum and maximum values
of strut force at 1st, 2nd, 3rd and 4th levels for soil
profile—1 are 3.44 kN/m (System—1, 2) and
5.50 kN/m (for System 6); 9.91 kN/m (System—?2)
and 19.56 kN/m (System—9); 16.31 kN/m (System—
9) and 18.10 kN/m (System—=6); 3.02 kN/m (Sys-
tems—9) and 14.84 kN/m (System—2), respectively.
For the other soil profile, the minimum and maximum
values of strut force at 1st, 2nd, 3rd and 4th levels for
soil profile—1 are 2.76 kN/m (System—1, 2) and
4.37 kN/m (for System 6); 6.63 kN/m (System—?2)
and 11.10 kN/m (System—9); 10.31 kN/m (System—
2) and 15.37 kN/m (System—>5); 3.10 kN/m (Sys-
tems—9) and 13.15 kN/m (System—-2), respectively.
The minimum and maximum wall deflections as may
be seen from Fig. 6 are 164.2 and 194.6 mm for soil
profile—1 and Systems—§8 and 6, respectively. Sim-
ilarly, the minimum and maximum wall deflections as
can be found from Fig. 7 are 84.7 and 111.9 mm for
soil profile—2 and Systems—4 and 8, respectively.
From the above discussion, it is observed that on the
basis of analysis considering different strut arrange-
ments and two selected of soil profiles, the lateral wall
deflection for systems—8 and 9 are much higher as
compared to the values obtained for other strut
systems for soil profile—2. So, these strut arrange-
ments have not been selected for the parametric
studies. Apart from systems—8 and 9, any strut
arrangements can be chosen for parametric study.
However, System—3 is selected for the above purpose
as the forces (1st, 2nd, 3rd and 4th level strut forces are
4.24 and 3.42, 15.22 and 8.47, 17.58 and 13.17 and
7.45 and 6.75 kN/m, respectively, for profile—1 and

7004
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Fig. 7 Variation of wall 160 1
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2) in 1st and 4th level struts are on the lower side and
the other strut forces lie near the average value of the
maximum and minimum. Moreover, the values of wall
deflection in system—3 are slightly above the mean
value of the range.

The influence of wall thickness on the strut forces
has been presented in Table 4. It may be found from
Table 4 that within the recommended range of D,/D,
i.e. 0.8-1.0, there is no significant variation of the
values of the strut forces. The effects of wall thickness
(twa) on the bending moment (M), wall deflection
(u) and ground surface displacement (v) for System—
3 strut arrangement and D,/D, = 0.8, 1.0, 1.2 and 1.4
are shown in Figs. 8, 9 and 10, respectively for soil
profile 2. It can be found from Fig. 8 that the bending
moment developed in the wall increases with ¢,,,,/D.,.
It may be found from Fig. 9 that for all values of D,/D,
the wall deflection decreases with increase in t,,,;/D,.
Moreover, it may be observed from Fig. 10 that the
ground surface displacement decreases with ¢,,,,/D,
except for D,/D, = 0.8, where it decreases up to t,,.;/
D, = 0.06, beyond which it remains almost constant.
Thus, to get optimum value of the design factors and
giving equal preference to bending moment, wall
defection and ground surface displacement the range
of wall thickness can be taken as (6-7) % of
excavation depth under the recommended range of
D,/D, value (i.e. 0.8-1.0).

To study the influence of strut stiffness (k) on
the design factors, analysis has been done by varying
Ky from 1 x 10°t025 x 10° kN/m/m. The effect of
stiffness variation on strut force is shown in Table 5.
The effect of strut stiffness on bending moment is
shown in Fig. 11 for soil profile—1. It can be seen
from Table 5 that the strut forces increase with the

increase in strut stiffness. When k., varies from
1 x 10°t05x10° kN/m/m, forces in 1st, 2nd, 3rd and
4th level struts increase by 6.8 and 5.6% (profile—1
and 2), 12.4 and 17.5% (profile—1 and 2), 18.8 and
20.5% (profile—1 and 2) and 19.2 and 22.8%
(profile—1 and 2), respectively when D,/D, lies in
the range of 0.8—1.0. However, the variations are 4.5%
and 4.1 (profile—1 and 2), 3.9 and 5.4% (profile—1
and 2), 12.5 and 8.9% (profile—1 and 2) and 19.8 and
17.3% (profile—1 and 2) when k., varies from
5 x 10°t025 x 10° KN/m/m. Thus, from the study of
the variation of strut forces, it has been revealed that
when k,,,,, varies from 5 x 10° to 25 x 10° kN/m/m
there is very small variation in the strut forces as
compared to the case when kg, varies from 1 x 10°
to 5 x 10° kKN/m/m, except for the 4th strut level for
which the variation remains almost same. Thus, the
optimum range of strut stiffness may be taken as
5 x 10° to 25 x 10° kN/m/m when the strut force is
taken under consideration. From the Fig. 11 it is found
that there is decrement in the value of the design factor
when strut stiffness varies from 1 x 10° to
5 x 10° kN/m/m and it remains almost constant when
Ky varies from 5 x 10° to 25 x 10° kN/m/m. Thus,
it is found that for optimum values of the design
parameters, the stiffness of strut lies in the range
(5 x 10°-25 x 105) kN/m/m under the recommended
range of D,/D, value (i.e. 0.8-1.0).

On the basis of the present study, the optimum
design parameters for excavation in cohesive soil are
presented in Table 6 which is the main objective of the
present study. From the present study it is observed
that the chosen strut arrangements have significant
effect on one of the design factors i.e. wall deflection
when soil profile—2 is considered (i.e. if a weak layer
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Table 3 Variation of F with D,/D, for systems—1 to 9

System Strut Depth of Maximum strut force (F) x 10> (kN/m)
number level strut/D,
D,/D,
0.4 0.6 0.8 1.0 1.2 14
Type of soil profile
1 2 1 2 1 2 1 2 1 2 1 2
1 Ist 0.10 343 271 340 272 344 276 348 280 351 282 354 286
2nd 0.30 1572 834 14.03 836 1392 838 1387 841 1356 834 1356 8.33
3rd 0.55 27.66 13.17 19.59 11.63 17.22 1136 16.86 11.27 16.56 11.06 16.60 11.02
4th 0.80 20.66 12.05 1049 11.31 11.27 10.16 949 990 8.85 945 876 943
2 Ist 0.10 342 271 341 273 344 276 348 280 350 282 354 285
2nd 0.30 11.09 659 997 659 995 663 991 6.65 973 662 977 6.66
3rd 0.50 2552 11.59 20.32 1055 17.94 1037 17.80 10.31 17.66 10.18 17.70 10.14
4th 0.75 2645 1597 1429 1421 1484 13.15 12.82 12.82 12.10 1233 1196 12.38
3 Ist 0.10 422 333 416 335 418 338 424 342 426 345 430 349
2nd 0.35 17.53 852 15.67 847 1522 845 1517 847 1484 849 1485 8.50
3rd 0.60 2749 1538 19.53 13.77 17.58 13.17 1639 1295 1625 1253 16.25 1255
4th 0.85 1539 827 689 765 745 675 632 656 560 628 561 625
4 Ist 0.15 441 350 435 352 437 355 441 358 444 361 447 3.64
2nd 0.35 1375 7.15 12,00 7.15 1194 7.16 1196 720 11.74 7.16 11.78 7.19
3rd 0.55 28.93 13.61 2049 12.05 18.04 1194 17.56 11.84 1727 11.39 1738 11.43
4th 0.80 20.37 12.02 10.57 1129 11.18 992 947 9.62 871 935 866 941
5 Ist 0.15 441 351 436 351 438 354 441 359 443 361 447 3.65
2nd 0.35 13.64 7.14 12.02 7.15 1190 7.19 1204 7.18 11.74 7.16 11.81 7.17
3rd 0.55 3443 1798 2492 16.12 2242 1536 21.33 1537 2099 14.85 20.86 14.89
4th 0.85 1474 810 6.61 731 722 655 584 6.19 514 594 521 592
6 Ist 0.15 559 429 548 430 546 433 550 437 552 439 555 443
2nd 0.40 1942 932 17.64 9.11 16,79 09.11 16.74 9.07 1628 9.10 1635 9.10
3rd 0.65 28.74 17.12 19.06 15.68 18.10 14.60 16.38 1436 16.09 13.78 16.11 13.79
4th 0.90 9.76 452 355 360 356 327 311 322 229 308 223 312
7 Ist 0.20 427 344 421 346 424 348 425 350 426 351 430 355
2nd 0.35 20.14 1025 17.87 10.11 17.40 10.12 17.52 10.18 17.08 10.09 17.20 10.07
3rd 0.60 27.80 14.83 1945 1322 1741 1270 1645 12.53 1625 12.13 16.18 12.20
4th 0.85 1456 8.17 684 762 752 667 615 646 547 623 546 6.19
8 Ist 0.25 540 433 532 431 530 431 530 433 531 435 534 435
2nd 0.40 17.67 8.89 1553 881 1530 887 1528 887 15.00 886 15.07 8.89
3rd 0.60 2893 1536 20.21 13.64 1796 13.18 17.21 13.01 17.01 12.66 16.81 12.67
4th 0.85 1382 787 677 750 741 655 6.02 641 531 611 544 6.10
9 Ist 0.25 539 433 531 432 531 432 531 433 530 435 533 437
2nd 0.40 22.60 11.20 20.57 11.04 19.75 11.10 19.56 11.10 19.29 11.11 19.35 11.13
3rd 0.65 27.74 1651 18.85 15.13 17.67 14.17 1631 14.00 1594 1343 15.80 13.38
4th 0.90 924 441 334 357 361 320 302 310 216 3.01 225 3.06
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Table 4 Variation of F with t,,,,/D,

Dy/D, Strut level Maximum strut force F x 10° (kN/m)

twatt!De
0.04 0.05 0.06 0.07 0.08 0.09 0.10
Type of soil profile
1 2 1 2 1 2 1 2 1 2 1 2 1 2
0.8 1st 418 338 455 365 501 397 552 438 606 478 658 520 7.12 5.64
2nd 1522 845 1483 9.02 1475 9.80 14.65 1045 1488 11.15 1549 11.67 16.14 12.09
3rd 17.58 13.17 1798 1259 1839 1234 1842 1234 1827 1247 1797 12.79 18.87 13.19
4th 745 675 734 7.1 724 740 7.69 747 9.09 721 11.02 7.14 1258 745
1.0 1st 424 342 458 371 505 401 552 443 604 481 656 520 7.10 559
2nd 15.17 847 1495 899 14.66 9.84 1457 1038 1454 11.04 1472 11.66 15.09 12.19
3rd 1639 1295 16.07 1247 16.10 12.11 1633 12.24 16.82 12.16 16.88 12.19 1697 12.49
4th 632 656 695 659 772 6771 812 670 750 6.78 7.82 688 835 695
1.2 1st 426 345 460 374 505 405 553 446 601 482 650 519 698 558
2nd 14.84 849 1449 897 1428 9.70 14.09 1021 14.04 10.76 14.07 11.30 1422 11.72
3rd 16.25 1253 1590 12.03 1544 11.78 15.02 11.85 14.60 11.87 1426 1194 14.01 12.15
4th 5,60 628 530 6.11 527 597 555 583 564 579 584 568 589 556
1.4 1st 430 349 465 377 510 413 557 449 604 484 653 522 7.01 5.60
2nd 1485 850 1440 9.01 1429 9.64 14.04 1022 1393 10.77 1395 11.20 14.01 11.63
3rd 16.25 12.55 1591 12.04 1527 11.82 1485 11.85 1442 11.79 14.05 11.85 13.78 12.04
4th 561 625 549 6.15 535 597 552 586 546 580 533 571 526 561
Fig. 8 Variation of bending 4.2 1
moment with #,,,,/D, for soil
profile—2 364
g 3
Z
)
~ 244
S
) 1.8 4
1.2 T T T T |
0.02 0.04 0.06 0.08 0.10 0.12
fwall""‘De

is present at the top). Thus, among all the strut
arrangements considered in the present analysis,
system—1 to 7 may be selected, where the topmost
strut below ground level has been kept at a depth of
(2-4) m below ground level. However, it is recom-
mended to keep the Ist level strut within (2-3) m
below ground level because if it is kept at 4 m below

ground level then there will be very little space
available for construction between Ist and 2nd strut
levels as the 2nd strut level is chosen to keep at 7 m
below ground. The spacing between the other strut
levels is also chosen in such a way that sufficient space
for construction is available (3rd level strut 10-12 m
and 4th level of strut 16—-17 m below ground level). It
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Fig. 9 Variation of wall
deflection with t,,,,/D, for
soil profile—2

Fig. 10 Variation of
ground surface
displacement with t,,,,,/D,
for soil profile—2

is also noted that if a weak layer is present at top,
placement of 1st strut at greater depth is not recom-
mended. However, designer can select the position of
the struts based on the design requirement.

In the present study, the observed range of maxi-
mum excavation-induced wall deflection is 0.43-0.5%
of the excavation depth which is within the range
(0.22-0.67%) observed from the 26 case studies in
Taipei silty clay presented by Kung (2009). It is also
observed that the embedment depth of the wall used in
the case studies is in the range of 56-176% of the
excavation depth. However, most of the field cases
(around 70%) the range is around 70-105% of the
excavation depth. The recommended range of embed-
ment depth (80-100% of the excavation depth) based
on the present study is also similar to the range used in
the most of the field cases. The case study in
cohesionless soil presented by Hsiung (2009) also
shows that the embedment depth of excavation is 84%
of the excavation depth which is exactly within the
range (80-100%) presented by Chowdhury et al.
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(2013) for cohesionless soil. The thickness of the wall
used in the case studies is in the range of 4—6% of the
excavation depth, whereas the recommended wall
thickness for excavation based on present study is
6-7% of the excavation depth. Thus, the recom-
mended range is slightly in higher side as compared to
the range used in the case studied. From the numerical
study it is observed that as the thickness of the wall
increases the wall deflection and ground deformation
decrease whereas, the wall moment increases. The
recommended range of wall thickness is proposed
based on the equal preference given to the design
factors. However, designer can choose lower thickness
of the wall by giving preference to the wall moment.
Similarly, as the stiffness of the strut increases wall
moment, wall deflection and ground deformation
decrease and strut force increases. Thus, designer also
can choose a value of the strut stiffness based on the
preference given to particular design factors. In the
present study, the recommended range of strut stiff-
ness (5-25) x 10° kKN/m/m is chosen based on the
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Table 5 Variation of F with kg,

D,/D, Strut level Maximum strut force F x 10> (kN/m)
Kyorar % 10° KN/m/m
1 5 25
Type of soil profile
1 2 1 2 1 2
0.8 1st 3.93 3.20 4.18 3.38 4.37 3.52
2nd 13.54 7.19 15.22 8.45 15.68 8.91
3rd 14.95 10.93 17.58 13.17 19.78 14.35
4th 6.25 5.55 7.45 6.75 8.91 7.92
1.0 1st 3.97 3.24 4.24 3.42 4.40 3.56
2nd 13.51 7.23 15.17 8.47 15.77 8.93
3rd 13.80 10.79 16.39 12.95 17.74 14.10
4th 5.34 5.34 6.32 6.56 7.57 7.26
1.2 1st 4.00 3.26 4.26 345 4.42 3.58
2nd 13.13 7.16 14.84 8.49 15.35 8.86
3rd 13.76 10.44 16.25 12.53 17.33 13.50
4th 4.58 5.19 5.60 6.28 6.06 6.72
1.4 Ist 4.03 3.30 4.30 3.49 4.45 3.61
2nd 12.98 7.16 14.85 8.50 15.36 8.86
3rd 13.80 10.50 16.25 12.55 17.30 13.55
4th 4.69 5.14 5.61 6.25 6.05 6.69
Fig. 11 Variation of 5
bending moment with
stiffness of strut for soil 41
profile—1 S~
g
2 - Dy/D,=0.6
— 2 =
z —— D)/D,=0.8
=
C —— Dy/D,=1.0
—~ DyD,=12
0 T T T T T |
0 5 10 15 20 25 30

Table 6 Optimum values
of the design parameters for

braced excavation in

cohesive soil

kgt (< 105 KN/m/m)

Optimum design parameters Range
Depth of Ist strut below ground level (2-3) m
Depth of 2nd strut below ground level (6-7) m
Depth of 3rd strut below ground level (10-12) m
Depth of 4th strut below ground level (16-17) m
Thickness of wall (% of excavation depth) (6-7)
Embedment depth of wall (% of excavation depth) (80-100)

Stiffness of support member (strut)

(5-25) x 10° kN/m/m
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preference given to wall moment, wall deflection and
ground deformation. However, if preference is given
to strut force then lower value of strut stiffness can also
be chosen. In such cases, the present results can also
help to choose proper values of design parameters.

4 Conclusions

In the present study an attempt has been made to
estimate the optimum design parameters for a braced
excavation in a cohesive soil deposit. Among all the
system of struts which are studied, it can be concluded
that the optimum value of strut force, wall moment,
wall defection and ground surface displacement are
obtained when D,/D, is within the range 0.8—1.0. The
position of the 1st, 2nd, 3rd and 4th level struts is
recommended in the range of (2-3), (6-7), (10-12)
and (16—17)m below the ground level, respectively.
The study with the variation in the wall thickness and
the strut stiffness revealed that when the value of ¢,/
D, lies between 0.06 and 0.07, both the parameters like
wall deflection and ground displacement reaches
minimum value, beyond which they again increase.
The same situation occurs for the variation of strut
stiffness when it lies within the range of 5 x 10° and
25 x 10° kN/m/m.
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