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Abstract

The basal heave stability of the excavation and support system is a major concern to geotechnical design engineers,
particularly in soft clay deposits. Conventional methods for estimating the basal heave stability of braced excavations
generally do not consider the anisotropy of the soft clay, which may lead to the incorrect assessment of excavation stability.
This study presents the results of extensive finite element analysis to investigate the influence of clay anisotropy on basal
heave stability. The parameters that were considered include the ratio of the plane strain passive shear strength to the plane

strain active shear strength sg /sﬁ, the ratio of the unloading/reloading shear modulus to the plane strain active shear
strength G,,/s%, the plane strain active shear strength s?, soil unit weight y, wall system stiffness In(S), excavation width B,
excavation depth H,., and the wall penetration depth D. A simple logarithmic regression model was developed for
preliminary assessment of the basal heave factor of safety for braced excavations in anisotropic clay. Validations from case
histories indicate that the proposed model can provide reasonable predictions of the basal heave stability in soft clay.

Keywords Anisotropy - Basal heave - Braced excavation - Case validations - Estimation model

1 Introduction

It has generally been recognized that the behavior of many
clays is anisotropic. This behavior has been explicitly
accounted for in many geotechnical analyses including
slope stability [5, 27], and embankment stability [4, 38].
However, not as much attention has been devoted to
assessing the effects of clay anisotropy on the response of
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braced excavation. Most conventional methods for esti-
mating the basal heave stability of braced excavations use
the limit equilibrium approach and generally assume that
the strength of the soil is isotropic. Examples of such
methods include Terzaghi [28], Bjerrum and Eide [2], Goh
[9], Hsieh et al. [14], Goh et al. [10], Tang and Kung [26],
Wu et al. [32], Luo et al. [22], Chowdhury [3], Wu et al.
[34], Goh [11], Goh et al. [12], Wu et al. [33], Zhang et al.
[39], Lyn et al. [23] and Zhang et al. [40]. According to
Shen [24], Huang and Liu [15], Ying et al. [35], Li and
Zhang [21], soft clays in coastal cities of China, such as
Shanghai, Hangzhou, and Tianjin, are generally inherently
anisotropic in both strength and stiffness, which implies
that the strength and stiffness have different magnitudes
depending on the orientation of the major principal stress
() when the soil is sheared, as shown schematically in
Fig. 1.

The anisotropic behavior of soft clay has been investi-
gated by many researchers. Hanson and Clough [13]
investigated the influence of anisotropy of soft to medium
clays on basal heave potential, wall and soil movements,
and earth pressures using the finite element method and
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Fig. 1 Anisotropic undrained shear strength according to the orien-
tation of principal stresses (after [8])

concluded that anisotropy resulted in a decrease of the
basal heave factor of safety, increase of ground and wall
movements and alteration of the earth pressure distribution
acting on the wall. Subsequently, they proposed that the
effect of anisotropy can be approximately included in
isotopic analyses by using an estimate of the shear strength
which is lower than the conventional compressive strength.
Wheeler et al. [31] developed an anisotropic elastoplastic
model for Otaniemi clay from Finland and found it out-
performs the Modified Cam Clay model. Kong et al. [18]
adopted the Casagrande anisotropy strength theory and
limit equilibrium method and derived a formulation for the
basal heave stability for deep excavations in anisotropic
soft clays. Teng et al. [29] conducted a series of tests on
tube samples in anisotropic Taipei soft clay and concluded
that the anisotropy ratio for the shear modulus ranged
between 1.15 and 1.44. They also proposed that the ani-
sotropy ratio for Young’s modulus ranged between 1.38
and 1.54 at a strain of 0.00001. D’Ignazio et al. [4] con-
ducted a finite element analysis by adopting the NGI-ADP
Soft (anisotropic total stress constitutive model) [7] to
back-analyze a full-scale test with data collected from the
experiment and laboratory test. Ismae et al. [16] proposed
and validated a new constitutive model called ‘Transubi
model” for Opalinus clay that possesses anisotropy in
strength and stiffness and shows non-linear behavior in the
pre-and post-yield regions. Zhang et al. [41, 42] carried out
extensive finite-element analyses to examine the responses
of braced excavation in anisotropic clay using the total
stress-based anisotropic model NGI-ADP [8]. However,
the effects of the anisotropic characteristics of clay on the
basal heave of braced excavations were not systematically
investigated. To be specific, currently, no empirical or
semi-empirical model has been proposed that relates the
factor of safety against basal heave for braced excavations
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in anisotropic clay to the various parameters such as the
strength and stiffness anisotropy ratios, etc.

The focus of this paper is on the assessment of basal
heave instability for deep excavations in anisotropic clay.
The total stress-based anisotropic model NGI-ADP [8] was
employed to model the behavior of the soft clay. Extensive
finite element (FE) analyses were carried out to assess the
basal heave factor of safety for braced excavations. The
effects of several soil and wall parameters on basal heave
factor of safety were systematically investigated, including
the ratio of the plane strain passive shear strength to the
plane strain active shear strength st /s2, the ratio of the
unloading/reloading shear modulus to the plane strain
active shear strength G, /s%, the plane strain active shear
strength s{l*, soil unit weight y, wall system stiffness In(S),
excavation width B, excavation depth H., and the wall
penetration depth D. Based on the extensive numerical
analyses, a simplified estimation model is proposed for
preliminary assessment of the basal heave factor of safety
for braced excavations in anisotropic clay.

2 Soil model

The NGI-ADP model [8] is an anisotropic shear strength
model for clay in which the undrained shear strength s,
profiles for active (A), direct simple shear (DSS), and
passive (P) loading (stress paths) are given as input data.
The model interpolates anisotropic undrained shear
strength between suC, 5P SS and s F along the failure sur-
face according to the orientation of principal stresses as
defined in Fig. 1.

The main soil parameters of the NGI-ADP model are
Gyr/s2 (ratio of the unloading/reloading shear modulus to
the plane strain active shear strength), 7S (shear strain at
failure under triaxial compression), yF (shear strain at
failure under triaxial extension), and y?ss (shear strain at
failure under direct simple shear). The soil strength
includes s2 . (reference plane strain active shear strength),

sCTX /A (ratio of the triaxial compressive shear strength to
the plane strain active shear strength), y.¢ (reference
depth), syinc (increase in the shear strength with increasing
depth), s¥/s® (ratio of the plane strain passive shear
strength to the plane strain active shear strength), to/s2
(initial mobilization),sPSS /s& (ratio of the direct simple
shear strength to the plane strain active shear strength) and
Poisson’s ratio v,. sﬁref represents the shear strength
obtained in (plane strain) undrained active stress paths for
the reference depth y,.;. Additional details are referred to in

Brinkgreve et al. [1].
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3 Finite element modeling
3.1 Case study

This section introduces an excavation case of metro station
in Hangzhou city, China. The stratigraphy of Hangzhou
city contains soft clay that shows stress anisotropic
behavior. The width and length of the excavation are
approximately 20 m and 291 m as shown in Fig. 2, and the
final excavation depth is 17.0 m. The buildings near the
excavation area are high-rise buildings (height = 60-120
m) and podium building (height = 18 ~ 24 m) supported
by pile foundation. In this section, the plane strain finite
element analysis for the excavation was carried out by
software PLAXIS2D [1], and the finite element results are
validated by the instrument monitoring data.

The excavation system consisted of 34.8 m long dia-
phragm walls and five levels of struts, installed at — 2 m,
6.1m, 99m, 114 m, and 12.9 m, respectively. The
groundwater table is at a depth of — 2.5 m. The soil was
modeled by 15-noded triangular elements, the undrained
total stress of the soft soil was adopted in the analysis. The
diaphragm wall was assumed to be linearly elastic and
modeled by S5-noded beam elements, the struts were
modeled by 3-noded bar elements, and the interface
between the wall and the soil were assumed as rigid (R;,.
wr = 1.0). The side boundaries were fixed on the horizontal
displacement, and the bottom boundary was constrained
both horizontally and vertically. The right vertical bound-
ary has been extended far enough from the excavation area
to eliminate the boundary effects. A typical finite element
mesh is shown in Fig. 3.

—50m :

60 m

ettt ettt et ettt e ooy

Fig. 3 The geometry and typical mesh of the FE model

According to Larsson [19], and Larsson et al. [20], the
empirical equations of s2/d’, s5/q!, sP/¢! are as
follows:

A
. _ 0.330CR"® (1)
O-V
e (0.125 +0.205 ﬂ) OCR"* 2)
o 1.17
S (0.055 +0275 ﬂ) OCR* (3)
o 1.17

In this study, the sP55 /52, s /s2 can be obtained by:

Fig. 2 Plan view of the excavation area (scale 1:1000)
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sDSS(0.125 + 0.205 %)

“u 1.17

A 0.33 “)
st (00554 0.275¢%) )
sh 0.33

The soil parameters of the site are listed in Table 1.

As shown in Fig. 4, the FE calculated maximum wall
deflection is consistent with the measured inclinometer
data, as well as the location of the deflection point. The
shape of the curve is a bit different in that the top half for
the measured deviates from the regular pattern possibly due
to the influences from the adjacent buildings. The NGI-
ADP model has been analyzed and adopted in FEM by
many researchers. Fu et al. [6] found that the expression
adopted by the NGI-ADP model is demonstrated to be
capable of describing the stress—strain response of different
clays under undrained conditions. Yz and Kha [37]
demonstrated that the NGI-ADP model is capable of
describing the stress—strain responses measured over a
wide range of natural clays. Skau et al. [25] used NGI-ADP
model for modeling the soil of a three-dimensional FE
model with a foundation, and the accuracy of the FEA was
assessed by comparing computed normalized failure
envelopes. The FE model that employed NGI-ADP soil
constitutive model in this study is reliable and can be used
for further parametric sensitivity analysis.

3.2 Simplified model for parametric study

This section describes the simplified soil profile that was
used for the total stress plane strain parametric study to
analyze the braced excavation performance in anisotropic
clay. The FE model comprises of supporting structures
including retaining wall and four levels of struts, and 40 m
deep soft clay layer overlying a 20 m stiff clay layer.
Figure 5 shows the schematic cross-section of the exca-
vation system. The struts were located at depths of 1 m,
3 m, 5 m, and 7 m below the original ground surface. The
NGI-ADP constitutive model was used for the soft clay

Table 1 Soil properties of the excavation in Hangzhou city

Lateral wall deflection(mm)
-40 20 0 20 40

-25
-30
35—
—6—FEM calculated
—E&—Measured
40

Fig. 4 Comparison between FEM calculated and measured wall
deflection

H,=10(
Soft clay
(NGI-ADP)

K,=1.0

y=15, 16,18 kN/m?

s, =40, 50, 60 kPa
s,7/s,2=0.4,0.5,0.6, 0.8, 1.0
G, /s, A =300, 600, 900

ur’ Yu

y=16 kKN/m?
C,=100 kPa
Elc, =300
K,=1.0

40m D(m)

Stiff clay

20m (MC)

Fig. 5 The cross-sectional profile of the simplified FE model

Soil type  Depth (m) 7 (kN/m®) E(KPa) (=) Ko(=) Gu/sd (=) she (Pa) sty KPa)  s0/sh (o) sP5S/sh (o)
Fill - 15 19.0 8000 0.6 0.6 300 20 0 1 1

Clay — 55 19.8 7470 0.767  0.45 300 2.72 2.487* 0.45 0.59

Silt clay 1 — 10.5 19.2 6020 0.851  0.55 300 16.35 2.61z 0.41 0.56

Silt clay 2 — 17.5 19.0 5420 0.898 0.5 600 43.75 3.64z 0.41 0.56

Silt clay3 — 26.5 18.8 4980 0923 0.6 900 107.46 2.64z 0.41 0.56

Silt clay4 — 36.0 19.2 12,460 0.822 04 900 177.33 3.17z 0.36 0.52

*z is the depth of the soil below the ground surface
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[30] while the Mohr—Coulomb (Undrained C) model was
used for modeling the stiff clay. The excavation width B,
the wall system stiffness In(S), the final excavation depth
H., and the penetration depth of the wall below the for-
mation level D are shown schematically in Fig. 5. The strut
stiffness per meter EA is 6.1 x 10° kN/m. For simplicity,
the elastic modulus of the wall E,,; is assumed to be
constant and equal to 2.8 x 107 kPa, and the rigidity
(stiffness) of the wall is studied by varying the wall width
b. The ranges of three critical soil parameters considered in
this study including s? (kPa), G /s>(—), and s /s2(—) are
also shown in Fig. 5. The range of s¥ /s considered in this
study is 0.4, 0.5, 0.6, 0.8, and 1.0, with sF/s% =1.0
denoting that the clay is isotropic, and a smaller value of
sP/s® indicating a higher degree of strength anisotropy of
the clay.

From symmetry, only half of the cross-section is con-
sidered as shown in Fig. 5. The right vertical boundary
extends 60 m from the excavation edge to minimize the
effects of the boundary restraints. The nodes along the left
and right boundaries were constrained horizontally and the
bottom boundary was constrained both vertically and hor-
izontally. The soil was modeled using 15-noded triangular
elements, the structural elements of the wall were assumed
to be linearly elastic and modeled by 5-noded beam ele-
ments, and the struts were represented by 3-noded bar
elements.

The parametric study was carried out with an emphasis
on the basal heave factor of safety for braced excavation in
anisotropic clay, using the NGI-ADP model for the soft
clay layer. The stability of the excavation was then deter-
mined using the shear strength reduction technique as
detailed in Brinkgreve et al. [1]. The properties of the soft
and stiff clay are listed in Table 2. This study based on the
recommendations of Brinkgreve et al. [1]. the s$T% /s and
70/ s{? ratios are set to their default values of 0.99 and 0.7,
respectively. The structural properties of the support sys-
tem are shown in Table 3. A total of 2523 different finite
element analyses were carried out in this study.

Table 2 Soil model properties

3.3 Batch finite element modeling

The parametric finite element study was very challenging
because of the number of different parameters that were
varied. To enhance the efficiency and accuracy of the input
data process and evaluating the output data, an efficient
procedure for automating the FEM is developed in this
study, as shown in Fig. 6. The pre-processing and post-
processing of the FEM are realized through the macro
function in EXCEL and the codes in Python, respectively,
and the calculation is carried out through a batch file
command. The specific procedures are shown in Fig. 6.

1. Establish a sample model in PLAXIS2D, which is a
simplified two-dimensional finite element model.

2. Generate commands to change soil parameters in
EXCEL.

3. Input the generated command into PLAXIS, run and
generate finite element models with different soil
parameters.

4. Create and run a BATCH file to start the PLAXIS
calculation program.

5. Open the pre-generated finite element models one by
one, mesh each model, run calculations, and save them
independently, until all models are calculated.

6. Use Pycharm to connect to PLAXIS’ Python compiler
and use pre-written code (attached in appendix) to
output the results of the calculated model, including the
maximum lateral displacement of the retaining wall,
the safety factor of the basal heave, and the axial force
of each strut.

7. Sort out and analyze the data that has been exported to
EXCEL.

4 Results and analyses

Some typical soil displacement contours for the anisotropic
and isotropic cases are shown in Fig. 7. For isotropic cases,
the maximum soil displacement occurs at the center of

formation level. The influence of the st /s on the soil

Soft clay (NGI-ADP) ~ Parameter  s$TX /A (=) y€(%) PSS (%) 7 (%) vu (=) PSS /sA(—)
Value 0.99 0.75 1.735 35 0.495 (1 + sE/sty2
Parameter 7/s* (=)  Riner (=)  s* (kPa) 7 (kNM?)  Gye/s™ (—) sP /s (=)
Value 0.7 1 40, 50, 60 15, 16, 18 300, 600, 900 0.4, 0.5, 0.6, 0.8, 1.0
Stiff clay (MC) Parameter 7y (kKN/m>) ¢, (kPa) Ko=1—sin¢ (=) ¢u(®) Elc, (=) vy (=)  Rinter (&)
Value 16 100 1 0 300 0.495 1
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Table 3 Parameters of the excavation supporting system and
geometry

Parameter and units Ranges

Horizontal strut spacing Lypacing (M) 4

Average vertical strut spacing h,ys 2

(m)

Strut stiffness per meter EA (kN/m) 6.1 x 10°

Elastic modulus of wall Ey,; (kPa) 2.8 x 107

System stiffness ratio In(S)* (-) 3.90, 4.76, 5.43, 8.06, 8.92,
10.13

Excavation width B (m) 20, 30

Final excavation depth H. (m) 10,16

Wall penetration depth D (m) 3,5,10

*In which S = (EI)WuI]/ywhqu4, where (El)y. is the wall stiffness, ),
is the unit weight of water and h,,, is the average vertical strut
spacing

displacement is significant, with the maximum soil dis-
placement for 5P /s = 0.5 approximately 175% larger than
the maximum soil displacement for s¥ /5% = 1.0.

Figure 8 shows the comparison of the basal heave factor
of safety FS for some typical anisotropic and isotropic

cases. It indicates that a larger s* /s2 ratio results in a lower
FS for the anisotropic soil. It also shows that the wall
system stiffness In(S) has considerable influence on the FS
only when the magnitude of In(S) is small, i.e., flexible
wall; while for the stiff walls, the In(S) shows a marginal
influence on the FS. In addition, In(S) shows a larger effect
on the FS when the soil is anisotropic compared with the
isotropic case.

Figure 9 shows the influence of s/ and s¥ /s on the FS.
The FS increases almost linearly as s¥ /s2 increases, which
indicates that the soil anisotropy has a significant influence
on the stability of the basal heave. As expected, the FS
increases as the suA increase, the active undrained shear
strength has a positive effect on the basal heave stability.
The plot also indicates that the relationship between the FS
and s2 is also nearly linear as inferred by the approximately
equal intervals between the lines.

Figures 10 and 11 show the influence of the D/H, and
Gu/ suA on the FS, respectively. The D/H, and G,/ sf? both
show marginal influence on the FS. Considering that the
thickness of the soft clay is greater than the wall penetra-
tion depth, and the fact that the wall was not inserted into

(1)Establishing

(2 )Generaﬁng commands
sample model for inputing and calculating
| )

|

TNE

(4) Batch file

A

N

e e (6) Python code

(3)Plaxis commands runner

(5) Running parameters
and simulations

(7) Exporting results

Fig. 6 Flow chart for batch FE modeling of braced excavations in anisotropic clay
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Fig. 7 Comparison of typical soil displacement contours for anisotropic and isotropic cases (B/H, = 2, D/H, = 0.5, y = 16 kN/m®, s4 = 40 kPa,

Gy /sh = 600, In(S) = 8.92)

2.4
2.2
2 e’e :
1.8
wn
R 0/9-9’9—9—0
1.4
. 51, /54/=0.5
’ —o-sb/sf=1.0
1
2 4 6 8 10 12

In(S)

Fig. 8 Comparison of FS for anisotropic and isotropic cases (B/

H.=2,D/H, =05, 7 =15 KN/m%, s = 50 kPa, G, /s* = 600.)

2.8
26| _o-s{i=40
24| —e-s4=50
22| —@=si=60
2
1.8
1.6
1.4
1.2

FS

1
02 04 06 038 1 1.2

su/st

Fig. 9 Influence of s% and s° /s on the FS (B/H, = 2, D/H. = 0.5,

7 = 16 kKN/m’, In(S) = 8.92, Gy /s2 = 600)

the hard stratum, D/H. produces little influence on the
basal heave, especially when D/H, is between 0.5 and 1.0.

Figure 12 which shows the effect of the soil unit weight
7 on the FS. Soil unit weight is proven to be important
factor for the basal heave, and most of the empirical
equations of FS include y. The empirical equations pro-
posed by Goh et al.[12] indicates that there are inverse
proportional relationship between the FS and the 7, and it
can be observed in Fig. 12 that the FS decreases almost
linearly with the increase of 7.

1.8 = = &) —o-sh/st=0.4
1.6 S —o-si,/54=0.5

%) ./0—~0 —e-5t/57=0.6
~ 14
I —a—sh /s2=0.8

-5 /s{=1.0

1
0 02 04 06 08 1 12
D/H,

e

Fig. 10 Influence of D and sﬁ/sﬁ on the FS (B/H, =2,y = 16 kN/m3,
In(S) = 8.06, suA =50 kPa, Gy, /suA = 600)

@ Springer



5796

Acta Geotechnica (2022) 17:5789-5800

2
P /oA
- _e_Su/Su70.4
1.8 + P /A
—o-5y,/54,=0.5
16| = T = | —e-sk/si=06
o ——o P oA
% 14 p by —&—-s,,/5{=0.8
o | Bsk/si=1.0
1.2

1
200 400 600 800 1000
Gy /58=1.0

Fig. 11 Influence of Gur/sﬁ‘ and sﬁ /sﬁ on the FS (B/H. =2, D/
H. =05,y = 18 kN/m’, In(S) = 8.06, s* = 50 kPa)

3

23 sl /si=0.4
2.6 sf/sii=0.5
2.4 sP /s#=0.6
22 _._sﬁ /s8=0.8

FS

2 B\S\gg/sﬁlzl_o
1.8 r
1.6 A\A\A
1.4
1.2

1

14 15 16 17 18 19 20
y (kN/m?)

Fig. 12 Influence of y and sﬁ/suA on the FS (B/H. =2, D/H. = 0.5,
In(S) = 8.06, suA = 50 kPa, Gur/suA = 900)

5 Estimation models of FS

Based on the numerical results of a total of 2523 hypo-
thetical cases, the logarithmic regression (LR) model is
used to develop a simple predictive model to determine the
FS against basal heave for braced excavations in aniso-
tropic clay, with coefficient of determination of
R? = 0.8751, The logarithmic regression FS equation is as
follows:

FS_LR — 0~506(D/He)0‘0601 (B/He)0'2157 ln(S)O‘O374

(SA)049289V(70.8652) (Gur/suA) (—0.0197) (SE/S$)0.3596

u

The comparison of the factor of safety computed by the
finite element analysis FS ggy and FS (g is shown in
Fig. 13.

The parameter sensitivity is also evaluated and the
results are shown in Fig. 14. The sensitivity index (SI) was
used to assess the relative importance of each variable. The
SI is calculated by changing one variable at a time
over £ 10% from the mean and determining the percent
change in the FS. This simple indicator provides a good
indication of parameter and model variability. The results
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Fig. 13 Comparison of FS gy and FS 1 g

0 10 20 30 40 50 60 70 80 90 100
Relative sensitivity index (%)

Fig. 14 Parameter sensitivity

indicate that the influence of the parameters sl‘?, 7, sE / s{?,
and B/H, on the FS are more significant compared with the
parameters D/H,, In(S), and Gy /s%.

6 Model validation

This section presents the validation of the proposed LR
model based on 10 Hangzhou case histories from Ying
et al. [36] and 3 Taiwan cases from Hsieh et al. [14]. For
Hangzhou case, the depths of the excavations were in a
range of 9.5-14.9 m and wall depths ranges from 19.5 to
35 m. The ratios of embedded depths to excavation depths
varied from 0.91 to 1.46. The undrained shear strength
obtained from field vane shear tests varies from 25 to
40 kPa, the average total unit weight of the clays is about
17 kN/m>. The support walls comprised of contiguous piles
with diameters and spacing that ranged from 0.8 to 1.0 m
and from 1.0 to1.40 m, respectively. The parameters of the
case histories adopted in this study are listed in Table 4.
The basal heave factor of safety FS g, is obtained by the
simplified method S2 proposed by Hsieh et al. [14]. In the
S2 method, the undrained shear strength (sy)av, is derived
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Table 4 The documented case of excavations in soft clay

No. D/H.(-) BMH.(—) In@S)(-) s»(kPa) 7 KNmM’) Gu/sh(—) sP/s’(—) FSix FS.s»  References

1 0.91 13.82 7.43 25 17 600 0.4 1.04 0.85 Ying et al. [36]
2 1.43 4.05 6.03 25 17 600 0.4 0.81 0.71

3 1.04 4.85 5.59 35 17 600 0.4 1.13 1.20

4 1.10 6.25 542 35 17 600 0.4 1.20 1.29

5 121 4.64 6.15 35 17 600 0.4 1.14 1.20

6 1.34 10.53 5.67 25 17 600 0.4 0.99 0.86

7 1.19 3.13 5.67 25 17 600 0.4 0.76 0.89

8 1.35 8.05 592 30 17 600 0.4 111 0.63

9 1.16 12.40 5.84 25 17 600 0.4 1.02 0.65

10 146 439 6.43 35 17 600 0.4 1.14 0.81

1 078 1.93 6.89 40 18 600 0.61 1.15 1.00 Hsich et al. [14]
12 066 132 75 35 18 600 0.56 0.90 0.88

13 083 132 75 35 18 600 0.56 0.92 0.99

from the average value of the CKOU-AC and CKOU-AE
test results:

St S _ Sty
(Su>avg = ) = T

And the FS_g, are calculated by the slip circle method:

M, X [F7s,(X'd0)
S g=—"=—>—+3—"

- Md WXT
where s, is the undrained shear strength of clay; X' is the
radius of the failure arc; W is the total weight of the soil
and surcharge above the excavation surface within an X’
wide area outside the retaining construction; 6 is the angle
between the failure surface and the vertical direction, and p
is the angle of failure arc in the excavation zone.

Figure 15 and Table 4 present the comparison between
FS s, and FS |k for 10 Hangzhou and 3 Taiwan cases, the

2.0
1.6 .
25% error line referrefice line
o 1.2 o =]
o oy'h
[z o
0.8 o
0.4
0.0
0.0 0.4 0.8 1.2 1.6 2.0
FS LR

Fig. 15 Comparison of FS s, and FS | for case histories

Pearson correlation coefficient of the FS_S2 and FS_LR is
0.43, indicate a good agreement between the two methods.

7 Summary and conclusions

In this paper, extensive FE analysis has been carried out to
analyze the effects of the st /s2, G, /s2, s, the soil unit
weight y the excavation width B, excavation depth H,,
system stiffness In(S), and wall penetration D on the base
stability of braced excavations with consideration of ani-
sotropy of the soil undrained shear strength. The influence
of the parameters s%, y, s*/s®, and B/H, are found to be
more significant on the FS, compared with the parameters
D/H,, In(S), and Gur/sf. A simple logarithmic regression
(LR) model was developed for preliminary assessment of
the basal heave factor of safety for braced excavations in
anisotropic clay. The proposed estimation model was val-
idated by 13 well-documented case histories from Hang-
zhou and Taiwan.

Appendix: Python code for FEM batch
calculation

@ Springer
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Code for pre— and post—processing of the FEM in Python
from openpyxl.reader.excel import load workbook
from openpyxl import Workbook

import os, time, imp

import numpy as np

#Connect with PLAXISOutput

localhostport output = 10001

plaxis path = r E:\Program Files\Plaxis\PLAXIS 2D

from plxscripting. easy import
localhostport output=10001
s o, g o=new _server (" localhost’, localhostport output, password="LLY2+G 4TsT@Z4s?’ )

path=r"H:\he=16 b 0.2
modellist=[]
for i in os. listdir (path) :
if os.path. splitext (i) [1]==".p2dx”:
modellist. append (os. path. splitext (i) [0])

wb = Workbook ()
ws = wh.active
ws. append ([’ Simulation #, ’'Max. lateral wall deflection (10°-3 m)’
“y[1]7, strut force 1(kN«m/m)’,’ y[2]", strut force 2 (kN#m/m)’, y[3]
“strut force 3 (kN#m/m)’,’ y[4]",” strut force 4 (kN#m/m)’,’FS, 1)

)

ws. append ([ 7])
wb. save (str(path) + /" +  total.xlsx )

for i in range(0, len(modellist)):
File name=str (path)+ \\’ +str(modellist[i])+ . p2dx
s_o. open (os. path. abspath (File name))

FS = g o.echo(g o.Phases[13]. Reached. SumMsf)

PlateUx = g o.getresults(g o.Phases[12], g o.ResultTypes.Plate.Ux,  node’)
strutY = g o. getresults(g o.Phases[12], g o.ResultTypes. FixedEndAnchor. Y,
"node’)
strutN = g o. getresults(g o.Phases[12],
g o.ResultTypes. FixedEndAnchor. AnchorForceMin2D, *node’)

strutY = list(strutY)
strutN = list(strutN)

maxUx=min (PlateUx)
Uxmax=round (maxUx*1000, 3)

wb = load workbook (str(path) +  / +  total.xlsx )

sheetnames = wb. get sheet names ()

ws = wb. get sheet by name (sheetnames[0])

ws. append ([modellist[i], Uxmax, strutY[0], strutN[0], strutY[1], strutN[1],
strutY[2], strutN[2], strutY[3], strutN[3],FS,])

wb. save (str (path) + /" + *total.xlsx’)

s o.close()
time. sleep (0. 5)

print (str(path)+ / +modellist[i]+” is DONE”)
s o.close ()
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