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Basal heave stability for wide excavations

~K. S. Wong & A. T. C. Goh
Nanyang Technological University, Singapore

ABSTRACT: There are many published methods for the assessment of basal heave stability of excavations
in clay. This paper reviews the methods proposed by Terzaghi (1943), Bjerrum. and Eide (1956) and Goh
(1994) and compares them with results from finite element analysis based Sage Crisp. Results indicated that
Terzaghi’s method would yield reasonable factors of safety for excavations involving flexible sheetpile
walls in clay but very conservative results for stiff diaphragm walls. In this paper, Terzaghi’s method was
extended to take into consideration the effect of wall stifliiess. The modified method was validated by the
finite element results.

l INTRODUCTION

_Basal heave stability is one of the major design
considerations for deep excavations in clay.: There
are many published methods including _ those
proposed by Terzaghi (1943), Skempton (1951),
Bjermm and Eide (1956), Eide et al. (1972), Chen
(1975), Gunn (1980), Britto and Kusakabe (1984)
and Goh (1994). This paper reviews the methods
proposed by Terzaghi (1943), Bjerrum and Eide
(1956) and Goh (1994) and compares the factors of
safety computed by these methods with those
obtained fiom finite element analysis. Terzaghi’s
method was also extended to cover excavations
involving diaphragm wall.

1. I T erzaghi 's Method (1943)

The proposed method was catered mainly for wide
excavations with the width (B) greater than the
depth (H). The failure mechanism is shown in
Figure 1. The failure surface extends from the
ground surface to a depth of O.7B below the
formation level or to the top of the underlying hard
stratum whichever is shallower. Wall penetration
beyond the formation level is ignored. The effect
of wall stiffness is not considered. Even though it
is developed under plane strain condition, it is
applicable to wide excavations of rectangular
shape. The factor of safety FS can be computed
using Equation (1).
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Figure 1 Terzaghi’s method (1943)

Cub B1FS _ (1)
YHB1 - CunH

where cub is the average undrained shear strength
above the formation level; cub is the average
undrained shear strength within the failure zone
below the formation level; 'y is the average bulk
unit weight of the soil above the formation level; H
is the maximum excavation depth; and B1 is equal
to 0.7B or depth to hard stratum below formation
level (T) whichever is smaller.

This equation is expressed in terms of soil
resistance over the net driving force. An alternate
approach (Chang, 2000) is to keep all resisting
forces in the nominator and all driving forces in
the denominator as shown in Equation (2).

CubB| + CuhH
Fs = -------------------------- (2)

'YHB1
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Bjerrum and Eide (1965) pointed out that
Terzhagi’s method is- reliable for shallow
excavations (BZH) in ' a homogenous soil. The
results may be unreliable when the surface clay has
a _stiff drying crust or when the excavation is
narrow (i.e.` -B<H). Mana and Clough (1981)
reported cases where excavations were
successfully completed even with factor of safety
falling below unity. These field observations imply
that Terzaghi’s' method may yield conservative
results in some situations.

1.2 Bjerrum and Eide 's Method (1 95 6)

This method was developed mainly for narrow
excavations (B<H) and had been validated. against
numerous case records. The failure zone is
localized around the base similar to that of end

.bearing failure around -a‘ pile toe as shown in
Figure 2. Wall penetration beyond the formation
level is ignored. The effect of wall stiffhess is not
considered. The method is applicable to
excavations of different shapes. The factor of
safety can be computed using Equation (3).
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Figure 2 ‘Bjerrum and Eide’s method (1956)

°“N° <3>F = ______________

S YH + q

where Nc is the bearing capacity factor which is a
function of shape and depth; Cu is the undrained
shear strength at formation level and q is the
uniform surcharge on ground surface.

Even though this method was originally
developed for narrow excavations, it has been
applied to wide excavations indiscriminately.
Instead of cub, cub is sometime used.

Cub NcFs = """°"""' (4)
YH+q

This method assumed a deep clay deposit
extending far beyond 0.7B below the formation
level. If the hard stratum is located at a shallow'
depth (i.e. T<0.7B), this method may not be
applicable. The computed FS can be very
conservative.

1.3 Goh 'S Method (1994)

This method was developed based on the results of
numerous 2-D finite element analyses and is
applicable to wide excavations with B/H varying
from 1.7 to 4. It also takes into consideration the
effects of clay thickness (T) below formation level,
wall penetration depth (D) and wall stiffhess.
However, it is only catered for plane strain
condition and a homogeneous clay deposit with a
constant undrained shear strength (cu). The factor
of safety FS can be computed using Equation (5).

cuNh
FS = """'*"*" Hr lid llw (5)

YH +11

where Nh' is the bearing' capacity factor; ut is the
correction factor for clay thickness below formation
level (T/B); pd is the correction factor for
penetration depth (D/T); |,tw is the correction factor
for wall stifmess; and q is the uniform surcharge at
groruid surface. The values of Nh, ut, pd and pw can
be determined from charts.

2 ‘NUMERICAL EXPERIMENTS

A series of undrained plane strain analyses have
been conducted using the finite element program
Sage Crisp. The objective is to detennine the
critical heights (i.e. Fs=l) for various combinations
of clay thickness, wall penetration depth and wall
stiffness. The FS values corresponding to each
critical height are computed using Equations (1) to
(5) and then compared with those obtained from
finite element analysis.

A typical mesh is shown in Figure 3a. Only a
half mesh was used. The excavation width is 30 m.

The struts are placed at 3 m spacing starting from
the ground surface. The thickness of clay deposit
varies from 25 to 70m. Two shear strength profiles
were adopted. One is a constant Cu of 35 kPa and
another one with Cu = 5 + l.3z (kPa) where z is the
depth from ground surface. The undrained
modulus Eu was set equal to 200cu. The elasto
plastic Mohr-Coulomb model was adopted in the
analyses. Both sheetpile and diaphragm walls were
considered. The steel sheetpile has a moment of
inertia of 0.000304 m4/m and a cross-sectional area



of 0.00518 m2/m. The diaphragm wall thickness is
1 m. The elastic modulus of concrete adopted is
2.5x107 kPa.

The wall and the top strut were wished in-place
at the start of an analysis. The clay was then
removed layer by layer. The next strut was
installed when -3 m of soil was excavated. The
process continued until the wall deflection became
excessive or the program aborted. The horizontal
displacement profile along the vertical section at
the wall location was determined at each
excavation depth as shown in Figure 3b. Figure 3c
shows the maximum displacements plotted against
excavation depth. The maximum displacement
may occur in the wall or in the soil below. The
point at sharpest curvature is_ taken as the critical
height which corresponds to Fs=l.
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Figure 3 (a) Finite element mesh; (b) deformed mesh; and
(c) variation of SHN with depth H.

3 FLEXIBLE WALLS IN CLAY

In the early development of methods to assess
basal heave stability, the target wall types were
predominantly sheetpile and soldier walls. These
are flexible walls when compared to diaphragm
walls. It would be of interest to assess the validity
of these methods for flexible walls in clay. Four
finite element analyses were conducted involving
flexible sheetpile walls of different pile lengths
and clay thicknesses.

3.1 Case I

This case involves a sheetpile wall with negligible
penetration depth (D=0.7 m) in a deep clay deposit

of 70 m and a constant.cu=35 kPa as shown in
Figure 4. The critical height is 12.3 im. The
computed factors of safety are summarized in
Table 1.

|*___ B=30m

H = 12.3 y=18 kN/mf*
cu = 35 kPa

T = 57.7 m (Depth to hard stratum)

Figure 4 Case 1 - excavation geometry

Table 1 Case 1 - computed factors of safety

Sage Terzaghi Bjerrum & Eide Goh
Crisp Eq.  Eq. 2 Eq. 3 Eq. 4 Eq.`5
1.0 0.99 0.99 0.89 0.89 1.02

Terzaghi’s method and Goh’s method yielded
almost perfect answers whereas Bjerrum and
Eide’s value is 14% too low. This case validates
the accuracy of Terzaghi’s and Goh’s method
where the wall penetration depth is short and the
clay deposit is very deep. It also shows that the
modified Terzaghi’s method (Eq. 2) has no
noticeable improvement over the original
formulation (Eq. 1).

3_2 case 2

This case is similar to Case 1 except that the shear
strength of clay increases with depth as shown in
Figure 5. The critical height is 9.7 m. The
computed factors of safety are summarized in
Table 2.

11-1 B=30m__,-->|

Z

H=9.s m y==1s kN/m3l cu = 5+l .3z
(kPa)

*T 1 D=l.2 m
T = 60.2 m (Depth to hard stratum)

Figure 5 Case 2 - excavation geometry

Table 2 Case 2 - computed factors of safety

Sage Terzaghi Bjerrum & Eide Goh
Crisp Eq. 1 Eq. 2 Eq. 3 Eq. 4 Eq. 5
1.0 1.05 1.04 0.55 0.98 n.a.



Terzaghi’s method yielded FS values about
5% too high. The original Bjerrum and .Eide’s
method (Eq. 3) yielded _a FS that is 45% too low.
The modified method (Eq. 4) yielded very good
agreement. This case validates the accuracy of
Terzaghi’s method and the modified B&E’s
method. Goh’s -method is not applicable in this
case because the undrained shear strength is not
constant. It also' shows that the original and
modified Terzaghi’s method yielded the same
results.

3.3 Case 3

This case is similar to Case 1 except that the hard
stratum is located at a shallow depth. The total clay
thickness is only 25 m as shown in Figure 6. The
critical height increased hom 12.3 to 16.9 m. The
computed factors of safety are summarized inTable 3. `

|.._ B=30_ml,|
'y=l8 kN/m3H=l6.9m c,,=35 kPa

T D=1.1 m

Ti 8.1 m

Hard Stratum

Figure 6 Case  - excavation geometry

Table 3 Case 3 - coniputed factors of safety

` Sage - Terzaghi Bjerrum & Eide Goh
Crisp Eq. 1 Eq. 2 Eq. 3  4 Eq. 5
1.0 0.86 0190 0.67 6 0.69 1.20

Terzaghi’s method yielded reasonable factors of
safety although they are about 10% too low. The
modified fonnulation (Eq. 2) gave a slightly better
value. Bjerrum and Eide’s method yielded values
that are 43% too low. This is because this method
did not consider the location of hard stratum.
Goh’s factor of safety is 20% too high that is
undesirable.

3.4 Case 4

Cases 1 to 3 involved walls with negligible
penetration below formation level. This case is
similar to Case 1 except that the penetration depth
is 12.1 m as shown in Figure 7. The critical height

increased only marginally from 12.3 to 12.9 in
with 11.4 rn increase in penetration depth. The
results indicate that for flexible sheetpile walls in
clay the penetration depth has little effect on the
factor of safety unless the wall is anchored into the
underlying hard stratum. The computed factors of
safety are summarized in Table 4.

|‘_i B=3Om |
.'y=l8 kN/m3H=l2.9 m cu = 35 kPa

_X

=l2.l m

L
T = 57.1 rn (Depth to hard stratum)

Figure 7 Case 4 - excavation geometry

Table 4 Case 4 - computed factors of safety

Sage Terzaghi B jerrum & Eide Goh
Crisp Eq. 1 Eq. 2 Eq. 3 Eq. 4 Eq. 5
1.0 0.95 0.95 0.84 0.84 1.00

Ter'zaghi’s method yielded reasonable factors of
safety although they are about 5% too low.
Bjerrum and Eide’s method yielded values that are
16% too low. Goh’s method yielded perfect
agreement with that obtained from finite element
analysis.

It appears that Terzaghi as well as Bjerrum and
Eide had a great insight that wall penetration
would have little effect on basal heave stability. A
flexible wall tends to flow with the soil during
excavation. Hence, the wall penetration was
ignored in their formulations.

It is interesting to note that in Goh’s method,
the correction factor for wall stiffness uw is 1.0 for
sheetpile wall regardless of penetration depth.

A series of finite element analyses were
conducted using different wall penetration depths.
Figure 8 shows the horizontal displacements of the
wall and soil along the vertical section where the
wall is located. Results showed that the
displacement profiles are almost identical except
of the case of full penetration into hard stratum.
Therefore, the wall moved with the soil regardless
of penetration depth. Hence, the finite element
results support the hypothesis that wall penetration
is not important for flexible walls in clay.



4 RIGID WALLS IN CLAY

Diaphragm wall has become a popular choice for
basement excavation in' the last two decades. It
would be of great interest to assess the validity of
the`classical_’stability methods when applied to the
“rigid” walls2in clay. Three finite element analyses
were conducted involving rigid diaphragm walls of
different pile lengths and clay thicknesses.
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Figure 8 Horizontal displacement profiles for various wall
penetration depths.

4.1 Case 5

This case involves a diaphragm wall with
penetration depth D?10m in a deep clay deposit of
70 m and a constant- cu=35 kPa as shown in Figure
9. The critical height is 15 m which is a substantial
increase from 12.9 m of Case 4 involving flexible
sheetpile wall. The computed factors of safety are
summarized in Table 5.

P1 B=30m_ I
y=1s kN/m3=15m c,,=35 kPa

= 55 m (Depth to hard stratum)

Figure 9 Case 5 - computed factors of safety

Table 5 Case 5 - computed factors of safety

Sage Terzaghi Bjerrum & Eide Gohi
Crisp Eq. 1 Eq. 2 Eq. 3 Eq. 4 Eq. 5
1.0 0.81 0.83 0.75 0.75 0.93

The FS values obtained from Terzaghi’s and
Bjerrum and Eide’s methods were too low. Goh’s
method 'yielded a reasonable safety factor. This is
because this method has taken wall stiffness into
consideration.

4.2 Case 6

This case is similar to Case 5 except that the shear
strength of clay increases with depth as shown in
Figure 10. The critical height is 19.1 m. The
computed factors of safety are summarized inTable 6. '

|,;__ B=30m.__-5|5 Z
H=19.r m y=18 kN/m3Q C., = 5+r_3z

(kPa)
D=5.9 m

T = 50.9 m (Depth to hard stratum)

Figure 10 Case 6 - excavation geometry

Table 6 Case 6 - computed factors of safety

Sage Terzaghi Bjerrum & Eide Goh
Crisp Eq. 1 Eq. 2 Eq. 3 Eq. 4 Eq. 5
1.0 0.76 0.77 0.52 0.75 n.a.

Both Terzaghi’s and Bjerrum and Eide’s
methods yielded safety factors that are
unacceptably low. Goh’s method is not applicable
in this case because the undrairred shear strength is
not constant.

4.3 Extension of T erzaghi 's Method

When a very stiff wall is used, the clay has to flow
around the toe into the excavated area. Figure 11
shows the results of a centrifuge test of an
excavation in clay with stiff wall (Zhang and
Zhang, 1994). The displacement vectors clearly
show the clay behind the wall moving downward
past the formation level, turning around the toe and
moving upward into the excavated area. Hence, it
would be appropriate to extend Terzaghi’s method
to accommodate this phenomenon.



g.. _lb-»_.:S¢_ ‘' ll |'
1

I

/

\|\ Ill \',’||l\|l|N! ,. I"| J
f.. \°'F\\s` 'nl-.."35Cm‘~~'°-‘

q I _ ai 1503: '_ i '_ ` depth 17.61 '

Figure 11 Centrifuge test of an excavation involving rigid

wall in soft clay (after Zhang and Zhang, 1994).
1

Figure 12 shows the configuration used in
extending T erzaghi’s method. The extension is
based on Equation' (2) where all the resisting forces
are on the nominator and the driving forces at the
-denominator. Results from`Cases .1_to 4 show that
Equation (2) gave slightly' better results than
Equation (1).

. 1| 1 ..1 a
°q l . 1 _ml lp =~+

Figure 12 Modified Terzaghi’s method for excavations
involving very stiff walls in clay.

5.7 c,,bB| + c,,;,H + (1 + ot) c,,dD
FS = """*"""""" * """"""""""" (6)

'Y H Bl"_+ q BS

where ot is the adhesion factor; B1=0.7B or (T-D)
whichever is small; T is clay thickness below
formation level; and BS is the width of surcharge
loading where BSSBL

The computed factors of safety for Cases 5 and
6 are summarized in Table 7. The computed FS
values using the modified method are in excellent
agreement with those obtained from the finite
element analyses.

Table 7 Factors of safety for “rigid” walls in clay

Case Terzaghi Modified Terzaghi GohEq. 1  6 Eq. 55 0.81 0.96 l .206 0.76 0.95 n.a.

5 CONCLUSIONS

For wide excavations (B2I-1) in clay involving
flexible walls, the wall tends to flow with the soil,
Terzaghi’s method provides a reliable assessment
of the basal heave stability in this case. In Equation
(2,) all the resisting forces are placed at the
nominator and all the driving forces at the
denominator. It yields results that are ,slightly
better than Equation (1). Therefore Equation (2) is
recommended. For situations where the wall
penetrates below the formation level or where the
hard stratum is located at shallow depth, this
method may yield slightly conservative results.

For wide excavations in clay involving very
stiff walls, the soil has to flow around the wall toe
before it can move up into the excavated area.
Equation (2) would produce a very conservative
factor of safety. Equation (6) should be used in this
case.

Goh’s method gives reasonable results for both
flexible and “rigid” walls in very deep clay deposit
of constant cu.

Bjen'um and Eide’s method may yield very
conservative results for wide excavations in clay.
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