Deterministic and reliability assessment of basal heave stability for
braced excavations with jet grout base slab
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Abstract: For braced excavations in deep deposits of soft clays, it is common to construct a
jet grout slab (JGP) beneath the excavation in order to restrain the wall deformation, reduce
the forces acting on the struts and to increase the basal heave factor of safety. In this paper,
finite element analyses were carried out to assess the basal heave factor of safety for
excavations in soft clays supported by JGP. The finite element analyses indicate that the
interface friction between the jet grout slab and the wall is a key component contributing to
the resistance of the excavation system to basal heave failure. Comparison of the factor of
safety from the finite element analyses with limit equilibrium predictions based on the slip
circle method and the modified Terzaghi method were then performed. Since the
conventional factor of safety approach does not explicitly reflect the uncertainties of the soil
and JGP properties, and the excavation geometry on the excavation system performance, a
series of reliability analyses were also carried out to assess the basal heave factor of safety for
excavations supported by JGP. The provided spreadsheet template can be used to estimate the

probability of basal heave failure for deep excavations supported by jet grout slabs.
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1. Introduction

Deep excavations in soft clays often result in excessive wall and ground movements which
may cause damage to adjacent buildings and utilities. These movements can still be
significant even with the use of stiff retaining walls systems such as diaphragm walls and
secant bored piles and multiple levels of struts. One possible solution to minimize movements
is to use concrete cross walls or buttress walls (Ou et al. 2006). Another possible solution is
to use a ground improvement technique known as jet grouting prior to excavation (Wen 2005;
Ou 2006). The jet grouting process produces a series of short overlapping grout columns to
produce a “continuous” base slab (commonly termed as jet grout pile or JGP) below the final
excavation level that spans across the entire excavation (Gaba 1990; Hsieh et al. 2003; Ho
and Hu 2006). Typically, the JGP thickness ranges from 2 m to 4 m. In one particular large
excavation (approximately 90 m wide and 240 m long) in Singapore, a 9 m thick JGP slab
was used (Wong and Poh 2000). Generally, the JGP is designed to prevent basal heave
instability (Shirlaw 2003), restrain the wall deformations and provide lateral support to
reduce the forces acting on the struts. For example, the study by Hsieh et al. (2003) indicated

reduction in the wall deformation by as much as 40% with the installation of a jet grout slab.

The focus of this paper is on the assessment of basal heave instability for deep excavations in
clay with JGP. Comparative deterministic calculations of the basal heave factor of safety
have been performed using limit equilibrium methods and nonlinear finite element analyses.
Since the conventional factor of safety approach does not explicitly reflect the uncertainties
of the soil and JGP properties, and the excavation geometry on the excavation system
performance, it is demonstrated in this paper that a reliability based approach in a spreadsheet
environment can be used to assess the probability of basal heave failure. Example

applications of the use of probabilistic approaches in the design of braced excavations include



Goh and Kulhawy (2005), Park et al. (2007), Wu et al. (2010) and Luo et al. (2012).

2. Limit Equilibrium Method

The Terzaghi (1943), Bjerrum and Eide (1956) and Eide et al. (1972) methods which are
based on bearing capacity theory are commonly used to assess basal heave stability for
conventional excavations in clays. Another method that is commonly adopted in Japan and
Taiwan is the slip circle method which involves taking moments about the lowest strut level
(JSA 1988; Hsieh et al. 2008; Luo et al. 2012). The slip circle method has also been applied
for excavations with a JGP at the base by incorporating the undrained shear strength of the
JGP. In the slip circle method, the basal heave factor of safety FSqj, is assessed by taking

moments about the lowest strut level (Fig. 1)
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where M; = resisting moment; My = driving moment; R = radius of the failure slip circle; W =
weight of the soil mass behind the wall and above the excavation level; q = surcharge
pressure; H = excavation depth; D = wall penetration depth; B = excavation width; ¢, = clay
undrained shear strength; c,; = JGP undrained shear strength; 6 and 3 = angles shown in Fig.
1.

Fig. 1. Slip circle method for basal heave stability of jet grout pile

For comparison, another limit equilibrium method called the modified Terzaghi method
(Wong and Goh 2002; Goh et al. 2008) is used to assess the basal heave factor of safety for

excavations involving a JGP layer. In this method, the effects of the JGP is considered by



assuming that failure occurs beneath the base of the JGP and is partially resisted by the
interior JGP-wall adhesion f; = a,cyy (Eide et al. 1972), as illustrated in Fig. 2, in which ay is

the JGP-wall adhesion factor. The factor of safety FS,,t can be expressed as:
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where B, = (B/N2). The value of 5.7 in the first term of the numerator of Eq. (2) corresponds
to the bearing capacity factor N, for a rough footing. As illustrated in Fig 2, cy, is the
undrained shear strength of the clay from the ground surface to the final depth of excavation
H, cyq is the undrained shear strength of the clay from depth H to the tip of the wall, and ¢,y is

the undrained shear strength of the clay below the final excavation level.

Fig. 2. Modified Terzaghi method for basal heave stability of jet grout pile

3. Finite Element Analyses

In this study, extensive plane strain finite element analyses were carried out to assess the
basal heave factor of safety for excavations with JGP. The parametric study was performed
using the finite element software Plaxis (Brinkgreve et al. 2011). A typical very refined mesh
comprising 3,226 elements and 26,409 nodes is shown in Fig. 3. Because of symmetry, only
half the cross-section was considered. The soil was modeled by 15-noded triangular elements.
The wall structural elements were assumed to be linear elastic and were modeled by 5-noded
beam elements. The interface elements that model the slippage between the soil and the wall
consist of 10-noded joint elements. The shear response of the interface element is controlled

by an elastic—perfectly plastic Coulomb shear strength criterion. The struts (not shown in Fig.



3) were modeled by linear elastic 3-noded bar elements. The nodes along the side boundaries
of the mesh were constrained from displacing horizontally while the nodes along the bottom
boundary were constrained from moving horizontally and vertically. The right vertical
boundary extends far from the excavation (~5B) to minimize the effects of the boundary

restraints.

The Hardening Soil (HS) constitutive relationship was used to model the undrained behavior
of the clay and the JGP. The HS model is an elastic-plastic soil model based on the classical
plasticity theory (Schanz et al. 1999; Brinkgreve et al. 2011) for simulating the behavior of
soils. The model involves frictional hardening characteristics to model plastic shear strain in
deviatoric loading, and cap hardening to model plastic volumetric strain in primary
compression. Failure is defined by the Mohr Coulomb failure criterion. The main input
parameters are Eso™, a reference secant modulus corresponding to the reference confining
pressure prer, @ power m for stress-dependent stiffness formulation, friction angle ¢, cohesion
c, failure ratio Ry, E," the reference stiffness modulus for unloading and reloading
corresponding to prf, and v, the unloading and reloading Poisson’s ratio. This model has
been used successfully for analyses of deep excavations by a number of researchers in
Singapore (Teo and Wong 2012) and elsewhere (Finno et al. 2007; Bryson and Zapata-
Medina 2012; Surarak et al. 2012). For this study, only cases with a homogeneous clay layer
with constant undrained shear strength c, were considered. The soil is assumed to be
subjected to undrained shearing during excavation. Only clays with isotropic ¢, are
considered. The depth to the hard stratum is assumed to be large. The properties of the JGP
(see Table 1) are based on common design values used in Singapore (Ho and Hu 2006). In

addition, it is assumed that the wall has enough capacity not to fail under the action of deep-

seated soil movements.



A total of 55 different cases were analyzed. The range of geometrical properties of the
excavation that were analyzed, and the assumed structural, JGP and soil properties are shown

in Table 1.

Fig. 3. Typical finite element mesh (struts not shown)

Table 1. Summary of JGP, soil, structural and geometrical properties.

The construction sequence comprised the following steps: (1) the wall and JGP are installed
(“wished into place”) without any disturbance in the surrounding soil; (2) the soil is
excavated uniformly in 2 m intervals, and struts are installed until the final depth H is reached.
The stability of the excavation was then determined using the shear strength reduction
technique. This technique has been used by various authors including Griffiths and Lane
(1999), Hammah et al. (2007), Park et al. (2007); Zhang and Goh (2012) and Do et al. (2013).
The method is now available in many commercial finite element and finite difference

programs.

The procedure essentially involves repeated analyses by progressively reducing the shear
strength properties of the soil and the JGP until collapse occurs. By reducing the shear

strength by a factor F the shear strength equation becomes:

tan ¢
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where 7 is the shear strength, G, is the normal stress, and ¢* = ¢/F and ¢* = arctan(tan¢/F) are

the modified Mohr-Coulomb shear strength parameters. Systematic increments of F are



performed until the finite element model does not converge to a solution (i.e. failure occurs).
The critical strength reduction value which corresponds to non-convergence is taken to be the

basal heave factor of safety FSpg.

4. Finite Element Results

For brevity, only some general trends of the finite element analyses are highlighted. The
influence of the width of the excavation B are shown in Figs. 4 and 5 for two different
excavation depths H = 16 m and H = 24 m, respectively. The basal heave factor of safety
FSrr decreases with the increase of the excavation width. Comparing the factor of safety with
and without the JGP, the increase in FSpg with the JGP is more significant for B <20 m. For
example, for the case with B = 20 m and H = 16 m, the installation of a 4 m thick JGP
increased the basal heave factor of safety by 31% compared with a 16% increase for B = 30

m.

Fig. 6 shows the influence of the JGP-wall adhesion factor o on the factor of safety. The
factor of safety reduces significantly for oy < 0.67. For example, for the case with B =20 m
and H = 16 m, the installation of the JGP increased the FSgg by 31% for ay = 1, compared
with an increase of 17% for o = 0.5. The results highlight that the interface friction between
the jet grout slab and the wall is a key component of the resistance of the excavation system
to basal heave failure. As expected, the factor of safety increases with increased thickness of

the JGP as shown in Fig. 7.

Fig. 4. Effects of excavation width B on FSgg (H =16 m and ¢, = 50 kPa)

Fig. 5. Effects of excavation width B on FSgg (H = 24 m and ¢, = 80 kPa)



Fig. 6. Effects of JGP-wall interface adhesion factor on FSpg (B=20m,H=16 m, D=4 m
and c,= 50 kPa)

Fig. 7. Effects of JGP thickness on FSgg (B =20 m, H= 16 m, and ¢, = 50 kPa)

Comparison of the FSgg values with the predictions based on the slip circle method (FSgiip)
and the modified Terzaghi method (FS,r) are shown in Fig. 8. Generally, there is more
scatter in the FSy;, predictions using the slip circle method compared with the predictions
using FS;,1. The modified Terzaghi method generally predicts reasonable values of the basal
heave factor of safety FS,r compared with FSgg. In this study, only clays with constant c,
were considered. In the previous study by Wong & Goh (2002), it was found that for clays
with ¢, increasing linearly with depth, both the Terzaghi method and modified Terzaghi
method were found to give good estimations of the factor of safety (compared with the finite
element results) if the average c, values were used. For example, the ¢y, value is taken as the
average ¢, from the ground surface to the depth H, and the c,;, value is taken as the average cu
from depth H to depth (H + B;). The same approach was found to work in applying the
modified Terzaghi equation (Eq. 2) to cases of JGP stabilized soil. For brevity, the results

have been omitted in this paper.

Fig. 8. Comparison of FSgg versus FS predicted using slip circle (FSgip) and modified

Terzaghi (FSy,t) methods



5. Reliability Analyses

Since the deterministic factor of safety approach outlined in the previous section does not
explicitly reflect the uncertainties of the soil and JGP properties, and the excavation geometry
on the excavation system performance, a reliability based approach is proposed in this section

to assess the probability of basal heave failure.

In the conventional deterministic evaluation of geotechnical stability, the factor of safety is
defined as the ratio of the resistance R to the load (stress) S. In the reliability approach, the
boundary separating the safe and failure domain is the limit state surface (boundary) defined

as:

G(X)=R-S=0 (4)

where X denotes the vector of the random variables. Mathematically, R > S or G(X) > 0 would
denote a ‘safe’ domain, and R < S or G(X) < 0 would denote a ‘failure’ domain. The
calculation of the probability of failure Pr involves the integration of the probability density

function (pdf) over the failure domain.

One method to quantify the probability of failure is to carry out Monte Carlo simulations
using random variables with specified joint probability distributions to represent the
geotechnical uncertainties and to perform a large number of deterministic analyses. Clear
expositions of the reliability approach are found in various publications (Ang and Tang 1984;
Melchers 1987; Baecher and Christian 2003). A well-developed approximate alternative is to
use the First-Order Reliability Method (FORM) proposed by Hasofer and Lind (1974). Its

popularity results from the mathematical simplicity, since only second moment information



(mean and standard deviation) on the random variables is required to calculate the reliability

index . Mathematically, B can be computed as

T
p=min (Xi_“ij [R]l[uj 5)
e C; O;

in which x; is the set of n random variables, L; is the set of mean values, R is the correlation

matrix and F is the failure region. The minimization in Eq. (5) is performed over F
corresponding to the region G(X) = 0. Low (2005) had shown that a spreadsheet environment
can be used to perform the minimization and determine (. The probability of failure is

inferred from the reliability index as

Py =~ O(-) (6)

in which ®(-p) is the value of the cumulative probability. Examples of the use of reliability to

assess basal heave stability in conventional excavations can be found in Park et al. (2007),

Goh et al. (2008), and Wu et al. (2010).

In this paper, the spreadsheet solution implementing the first order reliability method FORM
for basal heave stability using the modified Terzaghi method to determine the factor of safety
FS (Goh et al. 2008) has been adopted taking into consideration the JGP-wall interface
adhesion f;. In a previous study (Goh et al. 2008), in which basal heave reliability analyses
were considered for Terzaghi’s method, modified Terzaghi’s method, Bjerrum & Eide
method, and Eide’s method, the main properties influencing the probability of failure were

found to be the soil unit weight and soil undrained shear strength and their COV. The

10



uncertainties (COV) in the geometrical properties of the excavation system were found to
have minimal influence on the probability of failure. As an illustration, in this paper, only the
uncertainties in the surcharge, soil and JGP parameters, and H and D were considered. Fig. 9
shows an example setup of the spreadsheet for evaluating the reliability index for the
modified Terzaghi expression in Eq. (2). There are eight lognormally distributed and
uncorrelated variables: cu, Cun, q, ¥, H, cud, fs and D. The width of the excavation B is
assumed to be constant. The uncertainties in the parameters H and D could arise from
construction deviations in the actual excavation depth and depth of wall penetration,

respectively. Detailed explanations of the spreadsheet setup can be found in Goh et al. (2008).

Initially, the X values of the variables (cells C5 to C12) are set to the mean values (cells D6 to
D12). For evaluating the probability of failure, the design safety level FSymic (cell 029) is set
to unity. The reliability index [ and the probability of failure Pr are calculated in cell D32 and
cell E32, respectively. The Solver spreadsheet function is invoked to minimize 3 by changing

the X values (cells C5 to C12) subject to G(X) = FS — FSjimit = 0 (cell O32).

Fig. 9. Spreadsheet setup for reliability analysis

Since a comparison on the factor of safety based on the modified Terzaghi method (in section
4) was found to be in good agreement with the finite element results, it has been assumed that
the model error (imperfection of the prediction model) is minimal compared with the other
random variables. If the model error is significant, one or more random variable correction
factors can be incorporated into the limit state surface equation as described in Ang and Tang
(1984). In this paper, the uncertainties (inherent variability) of the soil and JGP are limited to

the coefficient of variation (COV: standard deviation divided by the mean) of the
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geotechnical properties. As there is only sparse published data on the spatial variability (and
also inherent variability) of the JGP geotechnical properties, the spatial variability

(Vanmarcke, 1977) is not addressed in this paper.

This section presents the results of analyses to assess the probability of failure P¢ (FS < 1) for
excavations in clays with FSycan values ranging from 1.2 to 1.7, where FSyean 1s the factor of
safety computed using the mean values of the parameters. In all the analyses, the mean and
COV of the surcharge adjacent to the excavation q and the unit weight of the clay y are
assumed to be unchanged (mean, = 10 kPa/m, COV, = 0.2; mean, = 16 kN/m’, COV, =
0.15). Based on the database by Phoon and Kulhawy (1999) the inherent variability of the
undrained shear strength of clay is 0.3. Hence, for the majority of the analyses, the COVs of
the soil undrained shear strength (for simplicity, the term COVy, is used) was assumed to be

0.3. Some analyses were also carried out for COV, = 0.2.

The results of a series of analyses for FSyean values ranging from 1.2 to 1.7 for COV, = 0.3
and COV, = 0.2 are shown in Table 2 and Fig. 10. The FSyean is calculated based on Eq. (2).
The results highlight the significant influence of the COVy of the JGP-wall adhesion on the
probability of failure Py as the COV of f; is increased from 0.1 to 0.6. As expected, for a given
FSiean, the probability of failure Pr increases as the COVy increases. For example, for FSean
= 1.5, Princreased 41% as the COVy increases from 0.1 to 0.4. For FSyean = 1.5 and COVg=
0.6, the probability of basal heave failure is still fairly high (9.1%). The same trends are
observed for cases with COV, = 0.2. The results highlight the influence of the COV¢, on the
probability of failure. For example, with a reduction in the COV, from 0.3 to 0.2, for FSmean
= 1.5 and COVg = 0.6, the probability of basal heave failure is reduced from 9.1% to 4.6%.

The above results show that the same factor of safety can have vastly different levels of risk

12



depending on the degree of uncertainty of COV., and COVg. The proposed reliability
approach provides a systematic method for evaluating the influences of the uncertainties in
the various parameters affecting FSycan and to assist design engineers assess the acceptable

level of risk.

Table 2. Probability of failure for COV, = 0.2 and COV, = 0.3

Fig. 10. Plot of Py for various COV, and COVy

6. Summary

Finite element analyses were carried out to assess the basal heave factor of safety for
excavations in soft clays supported by JGP. A total of 55 different cases with different
geometrical properties of the excavation, JGP and soil properties were considered. The basal
heave factor of safety FSpr was found to decrease with the increase of the excavation width.
Comparing the factor of safety with and without the JGP, the increase in FSgg with the JGP is
more significant for B < 20 m. The finite element analyses also highlight that the interface
friction between the jet grout slab and the wall is a key component of the resistance of the

excavation system to basal heave failure.

Comparison of the FSgg values with the predictions based on the slip circle method and the
modified Terzaghi method was also performed. Generally, there is more scatter in the FSq;p,
predictions using the slip circle method compared with the predictions using FSyr. The
modified Terzaghi method generally predicts reasonable values of the basal heave factor of

safety FS;r compared with FSgg.
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A series of reliability analyses were then carried out to assess the basal heave factor of safety
for excavations supported by JGP. The results show that the same factor of safety can have
vastly different levels of risk depending on the degree of uncertainty of the design
parameters. For example, for FSyean = 1.5 and COV,, = 0.3, the P is approximately 5% for
COVg = 0.1. The P¢ increases to approximately 9% for COVg = 0.6. The provided
spreadsheet template can be used to estimate the probability of basal heave failure for deep
excavations supported by jet grout slabs. The reliability approach provides a systematic
method for evaluating the influences of the uncertainties in the various parameters affecting
FSiean and can be used to assist design engineers assess the acceptable level of risk. In this
paper, the uncertainties (inherent variability) of the soil and JGP are limited to the coefficient
of variation of the geotechnical properties. As there is only sparse published data on the
spatial variability of the JGP geotechnical properties, the spatial variability is not addressed in

this paper.
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Table 1. Summary of JGP, soil, structural and geometrical properties

Parameter

Range of values

Geometrical, strut and wall properties
Excavation width B (m)
Excavation depth H (m)
Depth of wall penetration D (m)
Thickness of JGP (m)
Wall stiffness EI (kNm?/m)
Wall axial stiffness EA (KN/m)
Strut axial stiffness EA (kN)

Soil and JGP properties
Soil unit weight y (kN/m°)
Soil undrained shear strength c, (kPa)
Soil modulus ratio Eso™'/cy
Unloading and reloading stiffness E,,
Unloading and reloading Poisson’s ratio vy,
Stress-dependent stiffness ratio m
Failure ratio Ry
JGP shear strength cy; (kPa)
JGP Es® (MPa)
JGP-wall adhesion factor a;

ref

10 — 60
16 — 24
3-8
3-8
4.032 x 10°
3.36 x 10’
2.0 x 10°

16
30-80
300
3 E50ref
0.2
0
0.9
300 - 500
150
0.2-1.0




Table 2. Probability of failure for COV., = 0.2 and COV,, = 0.3

P; (FS < 1)
COV,, =0.2 COV, =0.3
COV;, COV;

FSumean 0.1 0.2 0.3 0.4 0.1 0.2 0.3 0.4
1.2 0.179 0191 0229 0273 0.243 0.254 0.287 0.326
1.4 0.044 0.049 0067  0.089 0.089 0.096 0.118 0.144
1.5 0.020 0.023 0.033  0.046 0.051 0.056 0.072 0.091
1.6 0.009 0.010 0015  0.022 0.029 0.032 0.043 0.055
1.7 0.004 0.004 0007 0.011 0.016 0.018 0.025 0.033
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Unit weight y H

Fig. 1. Slip circle method for basal heave stability of excavation with jet grout pile.
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Fig. 2. Modified Terzaghi method for basal heave stability of excavation with jet grout
pile



Fig. 3. Typical finite element mesh (struts not shown)
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Fig. 4. Effects of excavation width B on FSge (H = 16 m and ¢, = 50 kPa)
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Fig. 5. Effects of excavation width B on FSge (excavation depth H =24 m and ¢, = 80

kPa)



B=20m,H=16 m,D=4m, c, =50 kPa
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Fig. 6. Effects of JGP-wall interface adhesion factor on FSgg (B=20m,H=16 m,D =4
m and ¢, = 50 kPa)
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Fig. 7. Effects of JGP thickness on FSge (B =20 m, H =16 m, and c, = 50 kPa)
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Fig. 8. Comparison of FSge versus FS predicted using slip circle (FSgiip) and modified

Terzaghi (FSymt) methods



A B C 1] E F G H | J K M N o B [*} R s T
1 Modified Terzaghi
2 B 20
3 Original Input Equivalent normal parameters
4 x value meal StDev cov 1y n Correlation matrix [R]
5 Cun 30.33 40.42 12.126 03 365624 0.14678 1 0 0 0 0 0 0 0
& Cun 36.60 12.128 03 365722 0.14509 0 1 0 0 0 0 1} 0
T q 9.87 2 0z 228342  0.09738 0 0 1 0 0 0 i} 0
8 ¥ 17.48 24 0.15 276172 007372 o o o 1 0 0 o 0
9 H 16.05 0.5 0.03125 277257 0.0030% 0 0 0 0 1 0 1} 0
10 Cug 38.19 12128 03 385722 0.1450% 0 0 0 0 0 1 0 0
11 fesor 238.66 300 120 0.4 563127 0.19041 0 0 0 0 0 0 1 0
12 o 3.50 4 0.5 0.125 1.38583  0.01235 0 0 0 0 0 0 i} 1
13
14
15 transpose [nx] inverse [R]
16
17 [-0.83178 -0.15745 0.031862 0.67850 0.12110  -0.05023 -0.41027 -0.153%6 | 1 0 0 0 0 0 1} 0
18 0 1 0 0 0 0 0 (1]
19 [R]"[nx] 0 0 1 0 0 0 0 0
20 0 0 0 1 0 0 1} 0
2l -0.83176 0 0 0 0 1 0 i} 0
2 -0.18748 o o o o 0 1 o 0
23 0.03162 0 0 0 0 0 0 1 0
24 0.67850 0 0 0 0 0 0 0 1
25 0.12110
26 Invoke Solver to minimize B -0.05023
27 by changing x values -0.41027
28 -0.15396
29 subject to G(x] Fs
30
1l B nx]'R'[nx]
32
33
34 B = sqrt of {[nx]R'[nx]} Gix) = F5 - FSums
35

Fig. 9. Spreadsheet setup for reliability analysis
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Fig. 10. Plot of probability of failure Ps for various COV., and COV,



