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Proceedings: Second International Conference on Case Histories in Geotechnical Engineering, June 1-5, 1988, St. Louis, Mo., Invited Paper 

Design and Construction of Anchored and Strutted Sheet Pile Walls in 
·Soft Clay 
Bengt B. Broms 
Professor, Nanyang Technological lnstHute, Singapore 

SYNOPSIS: The design and construction of anchored and strutted sheet pile walls in soft clay are reviewed in the 
paper based on experience gained mainly in Singapore during the last 10 years where mainly strutted sheet pile walls 
and contiguous bored piles are used. It is important to consider in the design also the high 1ateral earth pressures 
on the sheet piles below the bottom of the excavation when the depth of the excavation is large compared with the 
shear strength of the clay. The strut loads and the maximum bending moment in the sheet piles can be considerable 
higher than indicated by a conventional analysis. Different methods to increase the stability have also been 
investigated. With jet grouting. embankment piles and excavation under water it is possible to reduce significantly 
the maxinrum bending moment, the strut loads, the settlements outside the excavated area and the heave within the 
excavation. 

INTRODUCI'ION 

The design of anchored and strutted sheet pile walls in 
soft clay had to satisfy the following criteria. 

o that the sheet pile wall should be stable and the 
factor of safety be adequate with respect to complete 
collapse both during and after the construction of 
the wall (ultimate limit state) 

o that the displacements and deformations of the sheet 
pile wall 'and of the support system at working loads 
should be small so that the sheet pile wall will 
function as intended in the design (serviceability 
limit state). 

o that the settlements or lateral displacements caused 
by the installation of the sheet piles or of the 
support system (e.g. the· driving of the sheet piles 
or the installation of the anchors) should be small 
so that adjacent buildings or other nearby structures 
are not damaged. The settlements from an 
unintentional lowering of the ground water level in 
soft clay due to e.g. pumping can be large. 

The main factors affecting the behaviour of anchored or 
braced excavations in soft cla;y can be classified as 
follows : 

o Geometry of the excavation 
(depth, width, shape and excavation sequence) 

o Soil and ground water conditions 
(strength and deformation properties of the soil and 
the ground water level) 

o Properties of the sheet piles 
(stiffness and depth of sheet piles and the chosen 
construction method} 

o Properties of the support system 
(type, spacing and preloading of ground anchors or of 
struts) 

o Loading conditions 
{surcharge and traffic loads} 

o Worlananship 

Thus a large number of factors can affect the behaviour 
of both anchored and strutted sheet pile walls. In 
this paper experience with strutted and anchored sheet 
pile walls primarily in Singapore has been reviewed. 
Limfi:ationsOf differe~ wall and support systems are 
analyzed. Methods that can be used to calculate 
lateral earth pressure and the stability of deep 
excavations with respect to bottom heave and excessive 
settlements have·been evaluated as well as methods to 
increase the stability. The following review is mainly 
based on experience gained in Singapore during the last 
10 years where numerous deep excavations in soft clay 
have been required for high rise building, 'subway 
stations and tunnels. 

SOILS <X>NDITIONS IN SINGAPORE 

There are extensive deposits of very soft marine clay. 
and organic soil with a thickness of up to 35m or more 
along the coast and in the buried river valleys in 
Singapore. It is mainly these soils that have caused 
difficulties during the construction of both anchored 
and braced sheet pile walls, e.g. large lateral 
displacements and settlements. The organic content of 
the marine clay is normally 3X to 5%. The water 
content varies usually between 65% and 100%. The 
undrained shear ~ttrength ( cu) which is usually low 

close to the ground surface increases approximately 
linearly with depth. Tan {1983) has reported a c/p -
ratio {cu/u~0) of 0.315 based on the results from field 

vane tests. Tan {1970) and Ahmad and Peaker (1977) 
have indicated somewhat lower values, 0.27 and 0.25, 
respectively. The effective friction angle 4>' as 
determined by consolidated undrained or drained 
triaxial tests (CD or aJ-tests) has been very 
consistant, 21 to 22 degrees. Settlement observations 
and oedometer tests indicate that the clay is slightly 
overconsolidated. The overconsolidation ratio (OCR) is 
1.1 to 1.5. The coefficient of consolidation when the 
clay is normally consolidated is typically 1 to 
2 m2/year. 
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WALL SYSTEMS 

Different wall systems can be used as illustrated in 
Fig 1 depending on the soil conditions. In Fig la is 
shown a conventional anchored sheet pile wall. The 
lateral earth pressure on the wall is transferred to 
the ground anchors through wale beams, normally U-, H­
or I- beams. 

Soldier pile and lagging construction is shown in 
Fig lb. This support method, also called Berliner wall 
construction, is commonly used in the United States and 
in Europe mainly in sand, silt or· gravel above the 
ground water level. The method is not sui table in soft 
clay. The soldier piles or beams, usually H-piles or 
channels, are driven or placed in predrilled holes and 
grouted. The spacing of the piles is normally 1.0 to 
2.0 m. Lagging (wooden boards) is placed during the 
excavation between the flanges of the soldier piles. 

t.Jale beam 

'1-__.,~-- ~-eel :Sheet f'<le 

Anchorn:xl 

a. :51:-eel ~heef ?-des. 

~~-~~!1-_. Sold.<er pile 
La'Jg<ng 

AncJ,orrod 

Precast Concrete 
fa neb 

C. :Soldier pdes and ftrecasl 
eoncrel.e p.£nel:s. 

Fig la 

It·. is important that the lagging is carefully wedged. 
against the 'soil behind the boards in order to reduce 
the settlements around the excavation. Also precast or 
cast-in-place concrete panels can be used as shown in 
Fig lc. The deep excavations required for some of the 
subway stations in Hong Kong have been stabilized by 
this method. 

In silt or in fine sand there is a risk of erosion of 
the soil below the ground water level and the resulting 
settlements can be large. Soldier piles and lagging 
construction should therefore be avoided in these soils 
when the ground water level is high. The ground water 
level can, however, be lowered temporarily with well 
points or filter wells to prevent erosion and failure 
of the excavation by bottom heave. In stiff to hard 
clays it may be advantageous to use pairs of channels 
as soldier piles instead of steel H-piles (Fig lc). 
The wale beams can then be eliminated in order to 

d.. R.ad;:; 

!2ails 

Anchor rod 

Wale bea, 

Pail 
Shotcrele 
An char reel. 

Re,n.forr-erneni 
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reduce the costs since the anchors can be placed 
between the two channels. 

Rails are used as lateral support in Fig ld. The 
spacing is usually 0.2 to 0.3 m. This support method 
is mainly used in stony or blocky soils above the 
ground water level. The rails are often placed in 
predrilled holes when the content of stones or boulders 
is high since the rails cannot be driven. The rails 
are often brittle due to the low ductility of the steel 
{high strength steel). They are difficult to splice by 
welding. Therefore, bolted joints are often used. In 
dry sand above the ground water level plywood boards 
are sometimes placed between the rails to contain the 
sand. In stiff medium to stiff clays or in silty 
soils, the soil is normally protected by shotcrete as 
illustrated in Fig le. The reinforced shotcrete arches 
transfer the lateral pressure from the soil to the 
rails. The thiclmess of the shotcrete is normally 
about 50 mm. 

Also bored piles can be used as lateral support in deep 
excavations as illustrated in Fig lf. In soft clay the 
piles should overlap while in medium to stiff clay 
overlapping is not required. The distance between the 
piles can be relatively large. The unprotected area 
between the piles is often covered by shotcrete. 
Overlapping bored piles, so-called contiguous bored 
piles, are common in Singapore also in soft clay as 
foundation for high rise buildings and as lateral 
support. 

ANCl!ORS AND STRUTS 

Different support systems can be used for a deep 
excavation in soft clay or silt as illustrated in Fig 2 
depending on the soil and ground water conditions and 
on the size {width, length and depth) of the 
excavation. 

The choice of support ·system depends mainly on the 
costs, on restrictions at the worksite, on available 
equipment in the area and on the experience of · the 
consultant or of the contractor. For example, adjacent 
buildings may be damaged by excessive settlements if a 
cantilever sheet pile wall is used to support a 
relatively deep excavation. Also water mains, sewer 
lines and heating ducts can be damaged by the resulting 
large settlements ~d lateral displacements. Excessive 
settlements can also be caused by the installation of 
the anchors as well as by the driving of piles inside 
the excavation. Struts may, therefore, be chosen 
instead of ground anchors to reduce the risks. The 
settlements can be reduced further by preloading the 
struts or the ground anchors. If the anchors are left 
permanently in the ground they may interfere with 
future construction such as the driving of sheet piles. 
However, different anchor systems have been developed 
during the last few years which can be removed after 
use and where the settlements caused by the 
installation of the ground anchors will be small. 

The lateral earth pressure behind a. cantilever sheet 
pile wall {Fig 2a) is resisted by the passive earth 
pressure below the bottom of the excavation while for 
an anchored or strutted sheet pile wall the lateral 
earth pressure is resisted by ground anchors or by 
struts as shown in Fig 2b and 2c, respectively. Ground 
anchors or struts are normally required in soft clay 
when the depth of the excavation exceeds 2 to 3 m. 

In a large and wide excavation the length of the struts 
will be large if the struts are horizontal. They had 
to be braced to prevent buck! ing as can be seen in 
Fig 3. The struts will, however, interfere with the 

1517 

Anchor 

I 
;...,.___. Dd'! eel: con 
I 

I D~l'l.ect'-'ol? 
\_../ 
I 
I 
,,:· .. ·.: 

1-

........... ······ .. 
IF::;::==:Jil· .. ·.··· 

(c) ;5/:ru.H:-ed she~:l: ?-de. walt. 

Fig 2 Support systems 

Ground anchor 

work in the excavation and reduce the efficiency. 
Horizontal bracing is common in Singapore. 

The anchors or the struts can either be horizontal or 
inclined. In narrow deep cuts horizontal struts are 
used while in large and wide excavations the ·struts are 
often inclined. The inclined struts are generally 
supported at the bottom of the excavation by a concrete 
slab or by separate individual concrete footings. It 
should be observed that the inclined struts or anchors 
will cause an axial force in the sheet piles which 
affects the stability of the wall. 

A number of different ground anchor systems using bars, 
wires or strands have been developed during the last 20 
years as described by e.g. Hanna (1982). A relatively 
high pressure is often used in sand or silt for the 
grouting of the tendons in order to enlarge the hole so 
that a bulb is formed around the tendons within the 
grout~d section, the fixed anchor length. The 
tube-a-manchette method can be used especially in sand, 
gravel and rock to control the grouting. The bore hole 
Cl3Jl be enlarged mechanically in stiff clay, using a 
special cutting device in order to increase the tensile 
r«:sistance of the ground anchors. Also, H-beams have 
been us.ed as ground anchors in Sweden in very soft 
clay. The pull-out resistance is high due to the large 
surface area. 
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Fig 3 Braced sheet pile wall 

Rods (bars) are normally used when the load in the 
anchon is relatively low, less than about 400 kN, 
while cables (wires or strands) are utilised as tendons 
when the load exceeds about 400 kN. The anchor rod or 
wires are often prestressed in order to reduce the 
horizontal diapl--nta and the deforme.tions of the 
wall and thus the settlements during the excavation. 
Ground anchors are mainly used for temporary structures 
because of the risk of corrosion of the tendons or of 
the anchor rods. The corrosion can be reduced for 
per.enent anchors by enclosing the tendons and by 
introducing a fluid between the covering and the 
tendons. Also cathodic protection can be used. 

A recent develo~nt is expander bodies. This new type 
of anchor consists in principle of a folded thin steel 
sheet, which can inflated in-situ thrQU&h the injection 
of c.ent arout as shown in Fig 4 (Broms, 1987). The 
expander ·bodies can either be driven into the soil or 
placed in predrU led cued holes depending on the sotl 

... :: 

. ()mny a. Pfactm;rrl 
Qil onchor 

.... 

.. ·. ··. 

Expender bodies 

conditions. The volume of the grout required for the 
expansion and the pressure should be measured in order 
to check the ul ttmate resistance. The me.ximum grout 
pressure in grenular sotl ta 3 to 4 IIPa. The main 
adventage with this new type of ground anchor ta that 
the size and the shape of the anchors are controlled. 

In Sweden. the L1n48 and the JB methods where the 
casing is provided with a sacrificial drilling bit are 
used for the drilling of the boreholes. Also different 
eccentric drilltng methods have been developed e.g. 
Odex, Exler and Alvik to facilitate the installation of 
the casing and to reduce the costs. An addi ttonal 
method ts the In-Situ Anchoring Method where the anchor 
rods are used as drill rods during the drilling of the 
boreholes. castng is not required. However. the 
allowable load 1s relatively low for this type of 
anchor and the method is therefore relatively 
expensive. 

The chosen method of installation of the struts and of 
the anchors affects both the total lateral earth 
pressure as well as the earth pressure distribution. 
When relatively stiff struts are used, the lateral 
earth pressure can be considerably higher than the 
active Rankine earth pressure particularly close to the 
ground surface while at the toe the lateral earth 
pressure can be lower than the active Rankine earth 
pressure. The reason for this difference is the 
relatively small lateral deflection of the sheet pile 
wall close to the ground surface during the 
construction since the struts are normally wedged and 
pre loaded. 
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A certain small lateral deflection is required to 
110biltze the shear strength of the soil behind the wall 
and to reduce the lateral earth pressure. In dense 
sand a lateral displacements of O.OSX of the depth of 
the excavation Is normally sufficient to reduce the 
lateral earth pressure to the active Rankine earth 
pressure. When the sand is loose the required lateral 
deflection is approximately 0.2X of the depth. A a~ch 
larger deforaation is required in soft clay. 
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DFSIGN PRINCIPLFS 

The following four steps are normally followed in the 
design of a sheet pile wall : 

o Evaluation of the magnitude and the distribution 
of the lateral earth pressure behind the sheet 
pile wall 

o Calculation of the required penetration depth 

o Determination of the moment distribution in the 
sheet piles 

o Estimation of the axial force in the ground 
anchors or in the struts 

Extensive investigations are normally required in the 
field and in the laboratory to determine the depth and 
the thickness of the diflerent soil strata and of the 
underlying rock as well as their strength and 
deformation properties as indicated, for example, in 
the British Code of Practice (CP2001). Penetration 
tests are mainly used in cohesionless soils (sand and 
gravel) in order to estimate the relative density, the 
angle of internal friction and unit weight. Cone 
penetration tests (CPT) and weight soundings (WST) are 
preferred belore the standard penetration test (SPJ') 
because of the uncertainties connected with this 
testing method. However, representative samples are 
obtained with SPJ' so that the soil can be classified. 
The size and the shape of the soil particle are 
important as well as the gradation since these 
parameters affect the friction angle of the soil. 

The driving of the sheet piles are affected by stones 
and boulders in the soil. The stone and boulder 
content of the different strata and the difficulties 
that ~y be encountered during the driving of the sheet 
piles can normally be evalauted from weight (WSf) or 
ram soundings (DP) or from cone penetration tests 
(CPT) . Driving tests with full size sheet piles may be 
required lor large jobs. Stress wave measurements can 
be helpful to determine the driving resistance and the 
elliciency of the driving. It is also important to 
determine the location and possible variations o£ the 
ground water level. 

For anchored or strutted walls the depth of an,y solt 
clay or ail t layers below the bottom of the excavation 
and the variation of the thickness of these layers are 
particularly important since the stability of the wall 
depends to a large extent on the passive earth pressure 
that can develop at the toe of the sheet pile wall. 
The depth to a lirm layer below the bottom of the 
excavation can usually be determined by penetration 
tests . Also seismic methods can be used. 

Penetration tests especially cone penetration tests 
(CPT) and wei&ht soundings (WST) are useful in cohesive 
soils in order to determine the sequence and the 
thickness or the different layers. The undrained shear 
strength of the clay is normally evaluated by field 
vane tests. Undisturbed samples obtained preferably by 
a thin-walled piston sampler are usually required when 
the shear strength of the soil is evaluated in the 
laboratory by, for example; unconfined compression, 
fall-cone or laboratory vane tests. Undrained triaxial 
teats are often used to determine the undrained shear 
strength of stiff fissured clay. The water content, 
the liquid and plastic limits or the clay should alao 
be -.ured. Drained triaxial or direct shear tests 
are required for heavily overconsolidated clays in 
order to evaluate +d or+'. The difference between the 
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two angles is usually only a few degrees. An estimate 
of the long term ground water level and the changes 
that may occur with time is also necessary . Percussion 
drilling and coring are normally required in rock. The 
quality of the rock can often be estimated from the 
drilling rate . The compressive and tensile strengths 
can be determined by unconfined compression and or 
point load tests. 

The condi tiona of the adjacent structures should also 
be investigated (dilapidation survey). The type of 
foundation (spread footings, raft. or piles) is 
important since it can affect the choice or support 
system. 
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Fig 5 Failure mechanisms 
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In the design o£ anchored or braced sheet pile walls it 
is preferable to use characteristic strengths and 
characteristic loads which takes into account the 
uncertainties connected with the determination o£ the 
shear strength o£ the soil or o£ the rock and the 
loading conditions. A design strength rd = fii"Tm is 

used in the calculation of the lateral earth pressures 
where fk is the characteristic strength of the soil or 

the rock and "''m is a partial· £actor of safety larger 

than 1.0. External loads are treated in a similar way. 
A design load Fd = Fk"T£ where "Tf is a partial 

coefficient and Fk is the characteristic load, is then 

used in the calculations of the lateral earth 
pressures. The probability that the characteristic 
load will be exceeded in the field should not be 
greater than 5%. The fa:ilure mode or failure mechanism 
and the deformation required to mobilize the peak 
resistance of the soil should also be considered when 
the required partial £actor o£ safety is evaluated as 
well as cracks and fissures. A statistical analysis o£ 
tqe test results may in some cases be helpful. 

A global factor of safety F s is often used in the 

design of both anchored and strutted sheet pile walls. 
A value o£ 1.5 on Fs is often chosen for cleys with 

respect to the required penetration depth in order to 
prevent failure by rotation of the sheet pile wall 
about the anchor level. For cohesionless soils a 
global factor of safety of 2.0 is normally required. 

LATERAL EARTII PRESSURE 

Possible failure mechanisms of anchored or strutted 
sheet pile walls supported at several levels are shown 
in Fig 5. Failure may occur when the anchors or struts 
rupture or buckle (Figs Sa, 5b or 5c} or when the 
moment capacity of the wall bas been exceeded (5d, 5e 
or 5f). The deformations of the sheet piles during the 
excavation affect both the magnitude and the 
distribution or the lateral earth pressure behind the 
wall. The lateral earth pressure can be considerably 
lower than the active Rankine earth pressure between 
the support levels due to arching when the lateral 
deflections of the wall are large. At the strut or 

· anchor levels the lateral earth pressure can be 
considerably higher that the active Rankine earth 
pressure. as pointed out by e.g. Rowe (1957}. 

The earth pressure distribution for temporary 
structures in clay is shown in Fig 6. This 
distribution is in principle the same as that proposed 
by Terzaghi and Peck (1967}. A trapezoidal earth 
pressure distribution can be used in the calculation of 
the force in the anchors and in the struts as well as 
of the required penetration depth. The lateral earth 
pressure is assumed to be [pH - 4c ] above the bottom 
of the excavation when the deptn uof the excavation 
exceeds 4cu/p and 0.35pH when the depth is less than 

4cu/p. 

Below. the bottom of the excavation the net pressure, 
the difference in the lateral earth pressure on both 
sides of the wall is (pH - Ncbcu} where Ncb is the 

bearing capacity factor o£ the soil with respect to 
bottom heave. This factor depends on the dimensions of 
the excavation (depth, width and length). The net 
pressure will be negative and contribute to the 
stability when pH < Ncbcu and positive when pH > Ncbcu. 
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Fig 6 

b. 

Design of anchored and braced sheet pile 
walls in soft clay 

It is proposed to use the net pressure below the bottom 
of the excavation at the design instead of the 
coefficient m as proposed by Terzaghi and Peck ( 1967} 

to take into accoWlt the increase o£ the strut or 
anchor loads when the shear strength o£ the clay is low 
below the bottom of the excavation compared with· the 
total overburden pressure. A similar calculation 
method has been proposed by Aas (1984) and by Karlsrud 
(1986). 

It bas been assumed in the calculation of the net earth 
pressure that the adhesion (ca) along the sheet piles 

corresponds to the Wldrained shear strength of the clay 
(cu). The bearing capacity factor Ncb will be reduced 

when ca < cu. For an infinitely .long excavation Ncb = 
4cu when ca = 0, a reduction by about 30%. 

A relatively large lateral deflection is required to 
develop the passive lateral earth pressure in front of 
the wall and thus the net pressure when the shear 
strength of the clay is low. Adjacent buildings can be 
damaged by the resulting large settlements. It may 
therefore be advisable for soft clay to use a lower 
lateral earth pressure than the net pressure in the 
calculation of the required penetration depth. 

The total lateral earth pressure when the depth of the 
excavation is less than the critical depth 4cu/p 

corresponds approximately to the lateral earth pressure 
at rest (K0 ~ 0.7 to 0.8}. This earth pressure may be 

used in the design of permanent structures in soft 
clay. The preload in the anchors and in the struts 
should preferably be adjusted periodically especially 
in soft clay to compensate for creep and consolidation 
of the soil behind the wall. 

In a heavily overconsolidated clay it is important that 
the lateral earth pressure is suffici~tly high close 
to the ground surface to eliminate any tensile stresses 
in the soil and to prevent cracking of the clay. 
Vertical tensile cracks may reduce the shear strength 
of the clay and increase the lateral pressure when the 
cracks are filled with water after a heavy rainstorm. 
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BO'ITOM HEAVE 

In the design of a strutted or anchored sheet pile 
walls in soft clay 1 failure by bottom heave had to be 
considered as illustrated in Fig 7. The part of the 
sheet piles that extends below the bottom of the 
excavation in Fig 7a must resist a lateral earth 
pressure that depends on the depth of thll excavation 
and on the undrained shear strength of the clay. 

It is proposed to use the net earth pressure as shown 
in Fig 6 for the part of the sheet pile wall that 
extends below the lowest strut level. This part of the 
wall functions as a cantilever which carries the load 
caused by the lateral earth pressure behind the sheet 
piles. This load is partly resisted by the passive 
earth pressure between the two sheet pile walls. 

The passive earth pressure is affected by the distance 
(B) between the two walls. If this distance is less 
than approximately the penetration depth (D) then the 
passive earth pressure at the bottom of the sheet piles 
can be evaluated from the relationship 

CT = 2 c + Dp + 2 c DIB 
p u u 

{1) 

When the distance B between the sheet piles exceeds the 
penetration depth D (B>D) it is proposed to evaluate 
the passive earth pressure from the following 
relationship (Janbu, 1972) 

(2) 

where ~ = ca(cu. It should be noticed that the passive 

undrained shear strength as determined from triaxial 
extension tests should be used in the calculations. 
This shear strength may be lower than that determined 
by e.g. field vane tests. 

A load factor equal to 1.0 has been used with respect 
to the. unit weight of the soil 'and the water. In the 
soft clay below the bottom of the excavation the net 
lateral pressure is [~fq + pH1 - pwHw - Ncbcu/~m] where 

Ncb is the stability factor with respect to bottom 

heave (Fig 8). In the intermediate sand layer the net 
pressure will be positive and contribute to the 
stability of the wall. The lateral earth pressure will 
to a large extent depend on the pore water pressure in 
this layer. 

A 2.0 m thick unreinforced concrete slab will be cast 
below water at the bottom after excavation down to the 
required depth to prevent heaving when the water level 
in the excavation is lowered. 

If the adhesion (ca) along the sheet piles corresponds 

to the undrained shear strength (cu) of the clay, then 

CT = 2.83 c + Dp p u (3) 

When the penetration depth is large compared with the 
width B, the passive pressure between the two rows will 
normally be larger than the outside earth pressure and 
the sheet piles will be supported at least partly by 
the passive earth pressure between the two walls. 

The uplift pressure at the bottom of the sheet pile 
wall depends on the depth of the excavation H, the 
penetration depth D. the undrained shear strength of 
the clay as well as on the shape of the excavation 
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Fig 7 Design of braced sheet J?ile walls in soft 
clay 

(B/L). The uplift pressure at the bottom of the sheet 
piles (Fig 7b) can be evaluated from the equation 

{4) 

where Ncb is a stability fe,ctor {Fig 8) which can be 

determined from the following relat.ionships (Bjerrum 
and Eide, 1956). 

Ncb = 5 {1 + 0.2 HIB) {1 + 0.2 B/L) 

when HIB ~ 2.5 and from 

Ncb = 7.5 {1 + 0.2 B/L) 

when HIB > 2.5. 

(5) 

{6) 

This uplift pressure had to be resisted by the weight 
of the soil below·the bottom of the excavation and by 
the adhesion ca of the clay along the sheet piles. 

(7) 

In the calculation of the required penetration depth is 
is advantageous to use load factors (~f) and partial 

safety factors_ c~m> as mentioned previously. 

The proposed design method is illustrated in Fig 9a for· 
a braced sheet pile wall. The sheet piles have been. 
driven through soft marine clay (upper Marine Clay, M) 
into an under lying intermediate layer with sand {F1). 
Below this intermediate layer is a second layer with 
soft marine clay (Lower Marine Clay·, M). The shear 
strength of the clay is low. 

It is anticipated that the excavation of the fill and 
the soft clay will be carried out below water in order 
to prevent failure of the excavation by bottom heave 
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Fig 8 Stability factor Ncb 

due to the very' low shear strength of the clay. The 
water level in the excavations will be kept at or above 
the ground level in order to increase the stability of 
the excavation. Bored piles are used to support the 
bottom slab. The piles will be installed before the 
start of the excavation and provided with a permanent. 
casing to prevent necking of the concrete during the 
casting because of the low shear strength of the ~lay.· 

The earth pressure-distribution when the excavation has 
reached the maximum depth is shown in Fig 9a. The 
lateral earth pressure above the bottom of the 
excavation correspond~ to [~fq + pH1 - 4cu/~mJ where ~f 

is a load factor and ~m is a partial factor of ·safety. 
The uplift pressure on the concrete slab will vary. A 
higher uplift pressure (q1) is expected on the slab 

next to the two sheet pile walls compared with that 
(q3) at the center of the slab as shown in Fig 9b and 

Fig 9c, respectively. 

The uplift pressure q1 in Fig 9b depends on the total 

overburden pressure (~fq + pH1) outside the sheet pile 

wall at the level of the concrete slab, on the lateral 
resistance of the sheet piles ~· on the shear strength 

~~r. 
·H,·H'tt J 

Fig 9a Proposed design method for a strutted sheet 
pile wall i·n soft clay 
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Fig 9b Bottom heave (upper cla:y layer) 

of the cla:y cul and on the stability factor 'Ncb" This 

uplift pressure will act on a strip with a width that 
corresponds to the depth of the clay layer below the 
concrete slab. 

The stability niDDber for the excavation (DIL = 0.58) is 
5.9 when the excavation is long compared with the width 
{BIL = 0) as can be seen from Fig 7. However, a 
relatively large deformation will be required to 
mobilize the average· shear strength of the cla:y. A 
partial factor of safety of about 1.4 is required to 
limit the maximum wall movement to 1% of the excavation 
depth {Mana and Clough, 1981). . 

The uplift pressure within the center part. of the 
excavation can be estimated as shown in Fig 96. This 
uplift pressure q3 will be lower than that next to the 

two sheet pile walls (q1) because of the relatively 

high shear strength or the lower marine clay (cu2). 

The overburden pressure at the bottom of the fluvial 
material Fl depends on the average unit weight of the 
soil above this layer. 

The confining pressure q4 below the bottom of the 

intermediate layer {Fl) at the centre of the excavation 
can be estimated from the equation. 

{8) 

where lQs is the total skin friction resistance per 

unit length along the sheet piles and the piles in the 
marine clay and in the F1 material {fsl and f~2 • 

1523 

B r 
J 

etay(l1) 

Fig 9c Bottom heave (lower clay layer) 

respectively) and B is the total width of the 
excavation. The adhesion {ca) along the sheet piles 

and the piles in the soft clay is estimated to O.Scu'. 

where cu is the undrained shear strength as determined 

by e.g. field vane tests. It is suggested thai: the 
unit skin friction resistance in the sand {Fl) can be 
taken as 1%.of qc' where qc is the cone resistance as 

determined by cone penetration tests (CPT). It has 
thus been assumed that the total skin friction 
resistance along the piles and the sheet piles can be 
distributed uniformly over the total width of the 
excavation. 

SHEET PilE WALLS SUPPORTED BY INO..INED ANQ.IORS 

An anchored sheet pile walls may fail when the vertical 
bearing capacity of the sheet piles is exceeded as 
illustrated in Fig 10 in the case the anchors are 
inclined. The inclined anchors produce a vertical 
force _in the sheet piles which may cause the sheet 
piles to settle if the embedment depth is not 
sufficient. A settlement {6v) will also cause the wall 

to move outwards («\) a distance 6v tan a where a is 

the inclination of the anchor rods or of the cables at 
the level of the anchor (Fig 10). The inclination of 
soil anchors in soil is often 20 degrees while for rock 
anchors the inclination is normally 45 degrees. The 
inclination can be increased in order to reduce the 
length of the anchor rods or of the cables and thus the 
cost. The vertical component of the anchor force along 
the sheet piles is, therefore, .often higher when the 
sheet piles have been d;riven into :rock compared with 
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soil anchors because of the difference in inclination 
of the tendons. The sheet piles can generally be 
driven to a higher resistance when competent rock is 
located close to the bottom of the excavation and rock 
anchors are used. It is then relatively easy to resist 
the high vertical force in the sheet piles. 

When the depth to rock or to a layer with a high 
bearing capacity is relatively -large and soil anchors 
had to be used then it is difficult to resist the 
vertical component of the anchor force by adhesion or 
by friction along the sheet piles. It may then be more 
economical to reduce the inclination of the anchors and 
to increase the length of the anchor rods or of the 
cables. Then the length of the sheet piles can be 
reduced because of the reduced axial force. 

Figs lla and llb illustrate the forces acting. on a 
braced and anchored sheet pile walls in clay. 
respectively. The normal force Nand the shear force T 
(T is proportional to the active undrained shear 
strength of the soil cu) act along the assumed failure 

plane. The weight (W) of the sliding soil wedge is 
approximately the same for the two cases. The force 
(Ca) along the sheet piles depends on the adhesion {ca) 

between the sheet piles and the clay below the bottom 
of the excavation. The inclination and the magnitude 
of the force (R) in the anchors or in the struts will. 
however, be different. 

It can be seen from the two force diagrams in Fig 11 
that both the normal force N on the failure plane and 
the passive earth pressure force P which are required 

p 
for equilibrium will be ·larger for an anchored sheet 
pile wall when the anchors are inclined than for a 
braced or a strutted wall when the struts are 
horizontal. Thus a larger penetration depth and a 
higher passive earth pressure will be required for an 
anchored wall where the tendons are inclined compared 
with a braced wall. 

The stability of an anchored sheet pile wall can be 
expressed by the stability factor Ncb defined by the 

N 

Fig 11 Stability of anchored and braced sheet pile 
walls 
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equation (pHcr + ~fq) =Ncb cu/~m where (pHcr + ~fq) is 

the total overburden pressure at the bottom of the 
excavation Her is the critical depth and cu is the 

undrained characteristic shear strength of the clay. 
The total overburden pressure depends on the critical 
depth of the excavation Her (the maximum depth when the 

excavation is still stable). the unit weight of the 
soil p and on the surcharge load q. 

The stability factor Ncb as shown in Fig 12 is a 

function of the inclination of the anchors (a), the 
penetration depth (D) of the sheet piles below the 
bottom of the excavation and the adhesion (ca) between 

the sheet piles and the clay. At ~ = 1.0 the adhesion 
p 

corresponds to the undrained shear strength of the soil 
cu. At ~p = 0 the adhesion is equal to zero. It can 

be seen from Fig 12 that the stability factor Ncb 

5tabtk-!ylaclor ~h 
6.o 

5.o 

4.o 

3.0 

0 I 2 3 

Fig 12 Stability Factor Ncb 

increases with increasing value on ~p and with 

increasing force R in the anchors until a critical 
value has been reached. If this critical value is 
exceeded then Ncb will decrease. 

In order to simplify the calculations Sahlstrom and 
Stille (1979) have proposed for soft normally 
consolidated clay that the stability factor Ncb should 

be taken as 5.1 when the sheet piles are driven to a 
hard stratum so that the end bearing capacity of the 
sheet piles will be sufficient to resist the axial 
force caused by the inclined anchors. In the case the 
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Fig 13 Total stability of an anchored sheet pile 
wall 

sheet piles have not been driven to refusal in a hard 
layer and the vertical stability of .the wall is low 
then a value on Ncb of 4.1 should be used in the 

calculations. 

The stability may be reduced especially in silty clays 
when piles have been driven close to an existing sheet 
pile wall due to the remoulding of the soil and the 
resulting increase of the pore water pressures that 
take place during the driving. In this case a value 
equal to 3.6 on Ncb can be used. 

In most cases failure takes place in the undisturbed 
soil between the flanges (~ = 1.0) of the sheet piles 

p 
since the perimeter area is large. Usually a layer of 
clay will cling to the surface and come up together 
with the sheet piles when they are pulled. 

The length of the anchors should be sufficient so that 
the stability of the sheet pile wall will be adequate 
with respect to a deep-seated failure. In Fig 13 is 
shown the forces acting on an anchored sheet pile wall 
in a cohesionless soil and the corresponding force 
diagram. The rear face of the indicated sliding wedge 
had to resist the lateral earth pressure Pa. The 

required passive earth pressure P p' req at equilibrium 

can be determined as shown in Fig 13 (Broms, 1968) 
which is a modification of the Kranz method which is 
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widely used in Germany and Austria. It has been 
assumed in the analysis that the critical failure 
surface is located (a/2) from the end of the anchors, 
where a is the spacing of the anchors. It has thus 
been assumed that the inclination of the failure 
surface behind the anchors is (45° + 1/2 ~·). The main 
advantage with the proposed calculation method is its 
simplicity. 

It is also necesary to check the .stability of the wedge 
located above the fixed anchor length as illustrated ,in 
Fig 14. The failure surface has been assumed to extend 
a distance (a/2) from the end of the anchor block as 
shown. The passive resistance of the soil in front of 
the sliding soil wedge should be sufficient to resist 
the lateral displacement of the wedge. It is proposed 
to use partial safety factors and load f,ru:tors in the 
calculations. 

a. fcll1tlrt mechom5m 

w 

',1 I 
In / 
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I=<!' I 
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Fig 14 Stability of anchor block 

STRENGTH OF ANCHORS 

The design of ground anchors has been reviewed by 
Littlejohn (1970). The method that can be used to 
calculate the tensile resistance of soil anchors is 
illustrated in Fig 15. The ultimate tensile resistance 
~It depends on the friction resistance Qskin along the 

grouted part of the anchor and on the end resistance 
Qend as expressed by the relationship 

(9) 

... ·~ . : · .. : .. ·: •, 
•,. 

Fig 15 Tensile resistance of ground anchors 

The displacement required to develop the maximum skin 
friction is small, a few mm, compared with the relative 
large displacement which is required to mobilize the 
end resistance. 

In cohesionless soils (sand and gravel) the pull-out 
resistance (sa) depends on the effective overburden 

Pressure a' and on the' friction angle .P' between 
vo a 

grouted part of the anchors and the soil as expressed 
by the equation 

(10) 

The friction angle .P' is normally assumed to correspond 
.a 

to the angle of internal friction of the soil .P' or .pd. 

The coefficient K depends mainly on the . relative 
density of the soil. This coefficient can for dense, 
coarse and wellgraded sand or gravel be as high as 2 to 
3 due to the dilatancy of the soil. In loose fine sand 
and silt the coefficient K can be as low as 0.5. The 
assumed value on K should be verified by load tests. 

The tensile resistance can also be estimated from the 
grout pressure used during the installation of the 
anchors, from the grout pressure required for the 
expansion of the expander bodies or from the 
penetration resistance as determined by e.g. cone 
penetration tests (CPT), standard penetration tests 
(SPT) or weight soundings {Wsr) . 

It is proposed to use the equations suggested by 
Baquelin et al (1978) for bored piles to estimate the 
pull-out resistance from the maximum grout pressure 
(p ). The tensile resistance of the anchors grout 
increases generally with increasing grout pressure 
especially in hard rock and in dense sand and gravel. 
The capacity of the anchors wi 11 also increase with 
increasing length of the grouted zone, the fixed anchor 
length. In sand and gravel there is, however, a 
maximum effective length. If this effective length is 
exceeded then there is no further increase of the 
anchor force. The critical length is about 6 m for 
sand and gravel. Cyclic loading will, however, reduce 
this length. The fixed anchor length is usually 3 to 
6 m. 
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According to Baguelin et al {1978) the net base 
resistance of a bored pile qend can be evaluated from 

the limit pressure p 2 determined from pressuremeter 
tests 

(11) 

where p0 is the initial total horizontal pressure in 
the grounct at the base of the pile and k is a 
coefficient that depends on the embedment length and on 
the magnitude of the limit pressure. 

It is expected, however, that the limit pressure will 
correspond to the maximum grout pressure. 

Pe = Pgrout + z Pgrout <12) 

where p t is the grout pressure at the ground grou 
surface, Pgrout is the unit weight of the grout and z 

is the depth. 

For the case the tensile resistance corresponds to 70% 
of the ultimate bearing capacity of a bored pile then 
the end resistance of the anchors can be calculated 
from the equation 

Qend = 0 ·7 k Pgrout Aend (13) 

where k is a coefficient that depends on the embedment 
length and on the magnitude of the limit pressure and 
Aend is the cross-sectional area. 

The unit skin friction resistance fs of a pile in sand 

or gravel will normally be 0.5% to 2% of the point 
resistance {Meyerhof, 1956). The skin friction will 
generally increase with decreasing particle size and 
increasing cone resistance. It is suggested for sand 
and gravel that the skin friction resistance should be 
taken as 1% of the unit end resistance. For silt 2% is 
proposed. 

The total skin friction resistance Qskin of the 

expander bodies will be 12% of the total end resistance 
for sand and gravel and 24% for silt. Then for sand 
and gravel 

o 1t = 0.78 k p t A d 'U grou en (14) 

where k iS a bearing capaicty factor which depends on 
the embedment depth. For silt 

~lt = 1.24 Qend = 0 ·86 k Pgrout Aend (15) 

The ultimate pull-out resistance of the expander bodies 
as determined by Equs {14) and {15} has been plotted in 
Fig 16 as a function of the maximum grout pressure. It 
can be seen that the tensile resistance increases 
rapidly with increasing grout pressure. It should ·be 
observed that the depth of the exp!Ulder bodies should 
be at least eight times the diameter. Otherwise the 
resistance will be reduced. 

The tensile resistance can also be calculated from the 
penetration resistance of different penetration tests 
such as cone penetration tests (CPT) standard 
penetration tests {SPI') and weight soundings (Wsr). A 
comparison between the different penetration tests is 
shown in Table I for cohesionless soils {silt, sand and 
gravel). For example, a standard penetration 
resistance (N30) of 30 blows/0.30 m in a medium sand 
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Fig 16 Pull-out resistance of Expander Bodies 

corresponds a cone penetration resistance of about 
10 MPa. It should be noted that the results are 
affected. for example, by the particle size. the depth 
below the ground surface and the location of the ground 
water level. For silt, sand ,md gravel the cone 
penetration resistance in MPa is approximately 0.2 N30 • 
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0.4 N30 and 0.6 N30, respectively. 

However, the result from the weight soundings are at 
large depths (> 10 m} influenced b.y the friction along 
the sounding rod since a casing .is not used, while at 
SPI' the results are affected by the method used to lift 
and to release the hammer. The energy delivered by a 
free falling hammer is considerably higher than that. 
when the rope and pulley method is used. 

Load tests indicate that the end bearing· capacity 
corresponds closely to the cone penetration resistance 
(CPT} within a zone that extends one pile diameter 
below and 3.75 pile diameters above the pile point (van 
der Veen and Boersma, 1952}. In cohesionless soils the 
tensile resistance will be lower than the end bearing 
capacity because of the reduction of the over-burden 
pressure as mentioned above. It is, therefore, 
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TABLE I 

a>MPARISON BETWEEN DIFFERENT PENETRATION TESTS 

(after Broms and Bergdahl, 1982) 

Cone Penetra­
tion Tests (CPT), 

Relative Point Resistance 

Dens~ty qs' MPa 

Very loose < 2.5 

Loose 2.5 - 5 

Medium 5 - 10 

Dense 10 - 20 

Very dense > 20 

suggested that the tensile resistance of soil anchors 
should be taken as 70% of the bearing capacity of an 
equivalent pile. 

Test data indicate also that the tensile resistance of 
the expander bodies will decrease with increasing 
diameter. It is, therefore, suggested that the unit 
tensile resistance of 0.5 m and 0.8 m diameter expander 
bodies should be taken as 80% and 50%, respectively of 
the resistanye of expander bodies with 0.3 m diameter. 

The net end resistance in clay can be estimated from 

(16) 

when the anchor is located at least four diameters 
below the ground surface. 

Also the skin resistance (ca) will depend on the 

undrained shear strength cu of the clay 

s =a c a u (17) 

where a is a reduction coefficient which decreases with 
increasing shear strength. It is suggested that a 
should be taken as 0.8 for soft clays (cu ~ 50 kPa) and 

as 0.5 for medium to stiff clays when cu > 50 kPa. 

It should be noted that the tensile resistance will 
gradually increase with time after the installation due 
to the reconsolidation of the clay. Particulary the 
skin friction resistance is affected. About 1 to 3 
months will be required in soft clay to reach the 
11111Ximum resistance while in medium to stiff clay the 
calculated tensile resistance usually will be obtained 
within a few weeks. In weathered rock and residual 
soils a value 0.45 C is CODIIIOnly USed. The tensile ·u 
resistance can be increased further by enlarging the 
boreholes by underreaming. 

The pull-out resistance of ground anchors in rock has 
been correlated with the unconfined compressive 
strength. The allowable shear resistance is often 
taken as 0.1 ~ where ~ is the unconfined compressive 

Standard Penetra­
tion Tests (SPT), 
Penetration 
Resistance N20 , 

Weigth Sounding 
Tests, Penetra­
tion Re.sistance 

blows/30 em Nw' ht/0.2 m 

< 4 

4 - 10 

10 - 30 

30-50 

>50 

< 4 

10 - 30 

30-60 

60- 100 

> 100 

strength of small diameter rock cores. The maximum 
shear resistance is normally limited to 4 MPa. 
HQwever, the spacing and the orientation of the joint 
in the rock can have a large influence on the pull-out 
resistance. The reduction of the shear resistance has 
been related to the RQD-value of the rock. Failure of 
rock anchors located close to the ground surface (D < 
1.5 m) often occurs when a cone of rock is pulled out 
together with the anchor rod or the cable. The tensile 
resistance will in that case correspond to the weight 
of the rock cone and thus to the unit weight of the 
rock mass. 

SETil.EMENTS AND LA'FERAL DISPLACEMENTS 

Deep excavations in soft clay can cause settlements 
around the excavation. As a result surrounding 
buildings can be damaged. The damage can be related to 
either the angular distortion, the relative deflection 
(sagging and hogging) or the lateral deformation of the 
building. Buildings are in general more affected by 
large relative deflections or by large lateral 
deformations than by an angular distortion. Structures 
are also more sensitive to hogging than to sagging. 
Buildings located close to an excavation are often 
loaded in compression while buildings located further 
away are subjected to lateral tension (elongation) and 

. may therefore crack. The location of the building 
within the settlement trough around an open excavation 
is thus important. 
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The lateral displacement of the soil around deep 
excavations and its effect on nearby buildings has 
attracted so far relatively little attention. The 
resulting lateral movement can damage buildings close 
to the excavation and other structures. A tensile 
strain of only 0.1X to 0.2X is often sufficient to 
cause extensive cracking of ma.sona.ry structures. E.g. 
O'Rourke (1981) has observed large lateral strains 
behind an 18 m deep excavation. The resulting lateral 
displacements were high enouih to cause extensive 
cracking of ma.sonary structures located up to 9 m 
behind the excavation. 

Some settlements will always occur even when the best 
available construction teclmique is been used and the 
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soil conditions are favourable. The installation of 
the top strut is particularly important. When the 
costs of different methods to reduce settlements are 
estimated, it is important to consider also the 
indirect costs e.g. loss of time and business caused by 
congestion around the site due to the construction. 
Grouting and freezing require, for example, space for 
drilling rigs, mixing and refrigeration units, pipes 
and pumps as well as for storage of various chemicals 
and aggregates. For a particular job it is important 
that the total costs including indirect costs should be 
as low as possible. 

The finite element method (FEM) provides an alternative 
approach to analyze deep excavations with respect to 
settlements and lateral displacements. This method can 
handle complicated soil and boundary conditions. The 
nonlinear behaviour of the soil and of the support 
system can be considered as well as the construction 
sequence. Many case records have been reported in the 
literature where FEM has been used to analyze the 
results (D'Appolonia, 1971; Clough and Davison, 1977; 
Burland et al, 1979; Karlsrud et al, 1980; Mana and 
Clough, 1981 and O'Rourke, 1981). Both braced and 
anchored excavations have been investigated (Egger, 
1972; Clough and Tsui, 1974; Stroh and Breth, 1976, 
Clough and Mana, 1977 and Clough and Hansen, 1981). 
These studies show that the settlements and the lateral 
displacements of sheet pile or diaphragm walls in soft 
clay are to a large extent affected by the factor of 
safety with respect to base heave, by the stiffness of 
the wall. by the support system (ground anchors and 
struts), by the geometry of the excavation and by the 
chosen construction method. 

Settlements should be measured frequently during the 
excavation by level surveying and the results should be 
plotted and evaluated so that remedial measures, if 
necessary, can be taken in time. Inclinometers can be 
e.g. used to determine the lateral displacements of 
sheet pile or of diaphragm walls. There are 
inclinometers available with a high resolution 
(1:10,000) so that lateral displacements as small as 1 
to 2 mm can be detected. FEM can be helpful to locate 
the source of the settlements or of the lateral 
displacements. Lee et al (1986) have recently 
described the monitoring of a deep excavation in soft 
clay in Singapore. 

The lateral displacements of braced and anchored sheet 
pile or of diaphragm walls depend to a large extent on 
the stiffness of the walls. The displacement is often 

expressed in terms of a stiffness factor E l 41E I 
s w w 

where e is the vertical spacing of the struts or the 
anchors, Es and Ew are the moduli of elasticity of the 

soil and of the wall material respectively, and Iw is 

the second area of moment of the sheet piles. 

Field observations as well as FEA indicate that it is 
important to place the struts as soon as possible after 
the excavation has reached the strut level. Frequently 
the struts are not installed until the excavation had 
advanced an addi tiona! tWo to three meters. In that 
case the settlements and the lateral displacements can 
easily increase 50% to 100%. It is also important that 
the wale beams are tightly wedged against the sheet 
piles in order to reduce the settlements. Gaps should 
be filled with concrete or be shimmed. 

The lateral displacements can be reduced by increasing 
the stiffness of the wall or by decreasing the vertical 
spacing of the struts or of the anchors E.g. a 
diaphragm wall can be used instead of sheet piles. 
Anchors are very effective since they. can be placed 
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close to the bottom of the excavation and be preloaded. 
Raked struts and temporary berms can then be avoided. 

One difficulty with FEM is the choice of parameters 
since they should reflect both the in-situ behaviour of 
the soil or of the rock as well as the effect of e.g. 
workmanship and time. It is important to check the 
calculations at an early stage with field measurements. 
The design should be reanalyzed using back soil 
properties if the discrepancy is large. 

J]iSTALLATION OF SHEET PILES 

It is often difficult to drive the sheet piles 
sufficiently deep into the underlying rock in order to 
provide sufficient lateral resistance so that the high 
lateral earth pressure behind the wall can be resisted 
especially when the depth of the excavation is large. 
This is frequently the case in Sweden where the soft 
clay often is underlain by unweathered hard granite 
with a compressive strength of 150 to 200 MPa or more. 
Steel dowels are often used which are driven into the 
rock or placed in predrilled holes and grouted in order 
to increase the lateral resistance of the sheet piles 
as illustrated in Fig 17a. The drilling is normally 
done through steel pipes which have been attached to 
the sheet piles before the driving. The lateral 
resistance of the steel dowels depends on the strength 
of the rock and on the dimensions of the dowels. It is 
also possible to install addi tiona! ground anchors 
close to the bottom of the excavation as shown in Fig 
17b to increase the lateral resistance of the sheet 
piles in order. 

' Another common case is illustrated in Fig 18a where it 
has not been possible to drive the sheet piles 
sufficiently deep because of stones or boulders in the 
soil which interfere with the driving. Addi tiona! 
anchors may be required at the toe of the sheet piles 
in order to increase the lateral resistance. However, 
an additional row of anchors will increase the vertical 
force in the sheet pile which bas to be considered. 

a.. SteeL b. Aciddt."onaL 

Fig 17 

d.owe!.:s ground onchor.s 

Prevention of toe failure for anchored sheet 
pile walls 
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Fig 18 Vertical stability of anchored sheet pile 
walls 

Erosion may even occur below the boulders or the stones 
if the surface of the cut is not protected by, for 
example, shotcrete. Drain holes will be required to 
reduce the high water pressure that otherwise may 
develop behind the shotcrete layer. 

Fig 18b illustrates the case when the vertical 
stability of the sheet pile wall is not sufficient and 
the vertical force in the sheet piles from the inclined 
anchors will cause the sheet piles to settle. The 
vertical stability of the wall can be increased by 
driving steel H-piles in front of the wall as shown. 
The H-piles should be welded "to the sheet piles so that 
the vertical force from the anchors can be transferred 
to the piles. The bearing capacity of the H-piles 
should be sufficiently high so that they will be able 
to carry the vertical force. 

IMPROVEMENT OF 1HE SI'ABILITY IN SOFT a..AY 

Different methods can be used to increase the stability 
of braced or anchored sheet pile wall in soft clay as 
illustrated in Figs 19 through 22. Lime or cement 
columns have been installed in Fig 19 in front of or 

" between the two rows of sheet piles in order to 
increase the average shear strenght of the clay and 
thus the passive resistance of the soil. 

The lime or cement columns can also be installed in 
such a way that they form a series of continuous walls 
between the two sheet pile walls to keep them apart. 
The lateral earth pressure acting on the sheet piles 
below the bottom of the excavation will then be 
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transferred through the walls. In this case, the 
columns will function as an additional level of struts 
below the bottom of the excavation. The required 
spacing of the 1 ime or cement columns depends on the 
increase of the shear strength that can be obtained 
with lime" (quick lime) or with cement. This can be 
investigated in the laboratory by mixing the clay with 
different amounts of lime and cement. The optimum lime 
content is usually 6% to 10% with respect to the dry 
unit weight. About 15% to 25% cement is usually 
required in order to reach the required shear strength 
of the stabilized soil. Gypsum in combination with 
quicklime can be beneficial in organic soils. 

The columns will increase the average undrained shear 
strength of the soil. In soft clay the average shear 
strength can usually be doubled if the 0.5 m diameter 
lime or cement columns are spaced 1.4 to 1.5 m apart. 
Lime or cement columns can also be placed behind the 
sheet piles in order to reduce the lateral earth 
pressure acting on the wall. 

The soil at the ground surface has been excavated in 
Fig 20 in order to reduce the total overburden pressure 
at the bottom of the excavation. The reduction of the 
lateral earth pressure on the wall will be large below 
the excavation especially when the total overburden 
pressure at the bottom of the excavation is 
approximately equal to Nc cu. The excavated soil can 

be replaced by light weight fill e.g. expanded shale, 
slag or flyash. In the Scandinavian countries and in 
Finland sawdust, bark and peat are often used. With 
slag or flyash, pollution of the ground water might 
become a problem. 

Also jet grouting and quick lime columns can be used to 
increase the stability as shown in Fig 20 as has been 
the, case in Singapore. At the quicklime column method 
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Fig 19 Stabilization with lime or cement columns 
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Stabilization with Bakau piles and embankment 
piles 
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large diameter holes which are filled with quicklime 
are used. At this method, the expansion that takes 
place when the unslaked lime reacts with water is 
utilized. The method is mainly effective in silty 
soils with a "low plasticity index where a small change 
of the water content will have a large effect. on the 
shear strength. The effectiveness of the method is, 
however, reduced when the soil is stratified. Then the 
expansion of the quicklime columns will occur faster 
than the consolidation of the soft soil around the 
columns. As a result, the soil will be displaced and 
heave rather than consolidate. 

Embankment or Bakau piles are used in Fig 21 in order 
to reduce the lateral earth pressure acting of the 
sheet pile wall. The piles will carry part of the 
weight of the clay due to the friction or adhesion 
along the piles. The efficiency of the embankment 
piles can be increased if the piles are provided with 
concrete caps which will transfer the weight· of the 
soil above the caps to the piles. Pile caps are 
required especially when concrete or steel piles with 
high bearing capacity are used because of the large 
length required to transfer the load from the soil to 
the piles though adhesion or friction along the piles. 
The transfer length will be large because of the 
relatively high pile loads which are required in order 
to make the method economical. Embankment piles are 
common in Sweden, Finland and Norway particularly in 
soft clay. Bakau piles are extensively used as 
embankment piles in Southeast Asia. They have the 
advantage that the surface area is large, that the 
transfer length is small and that they are cheap. The 
diameter is usually SO to 100 mm. The maximum length 
is about 6 m. If longer piles are required they had to 
be spliced. 

The stabilizing effect of embankment piles is 
equivalent to that caused by an increase of the unit 
weight of the soil below the excavation bottom as 
illustrated in Fig 22. The equivalent unit weight ..,eff 

of the soil when the embankment piles are used to 
stabilize an embankment or slope can be estimated from 
the equation 

where d =-diameter of the piles 
ca = adhesion of the clay along the piles 

a = spacing of the piles 
"'f = unit weight of the soil between the piles 

An elCBIIIple where an 7. 6 m deep excavation in soft 
marine clay was successfully stabilized with 6 m long 
Bakau piles has been described by Broms and Wong 
(1985). 

Other methods· that have been used to increa.Se the 
stability with respect to bottom heave are shown in Fig 
'0. The stability can be improved by driving a few 
sheet piles to a soil layer with high bearing capacity 
so that part of the weight of the soil can be carried 
by the skin friction along the sheet piles. It is also 
possible to use inclined anchors in order to increase 
the vertical stability of the sheet pile wall as shown. 
This method can be economical if there is a concrete 
slab next to the excavation. The stability can be 
increased as well by placing the bottom level of struts 
in trenches below the bottom of the excavation. 
Thereby the effective length of the sheet piles below 
the lower strut level will be reduced. 
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FAILURE OF A SINGLE ANCHOR 

The redistribution a£ the load that takes place when 
one or several a£ the anchors or struts £ail has been 
investigated by Stille {1976) and by Stille and Brems 
(1976). In Fig 24 is s~wn the load redistribution 
that was observed for an anchored sheet pile wall at 
M8lntorp. Sweden in a very soft clay with an average 
shear strength o£ 18 kPa when one or two a£ the anchors 
were unloaded. For this sheet pile wall which was 
anchored at two levels it was observed that the maximum 
increase of the load in the adjacent anchors was 9% 
when one anchor was unloaded and that the lOad 
increased by an additional 8X when the load in a second 
anchor was released. It is interesting to note that 
the total increase of the load in all anchors was only 
36% o£ the initial load in the unloaded anchor. Thus 
the total lateral earth pressure on the sheet pile wall 
decreased by 64% of the initial load in the unloaded 
anchor. When the second anchor was unloaded then the 
total increase of the load in the adjacent anchors was 
only 16% of the initial load in that anchor. Thus the 
total lateral earth pressure on the wall decreased by 
84% with respect to the initial anchor load. 

The corresponding load redistribution for a sheet pile 
wall at Bergshamra, Sweden with three anchor levels is 
shown in Fig 25. In this case (Panel.Bl) the maximum 
increase of load in the adjacent anchors was to 35% of 
the initial anchor force before the first anchor was 
unloaded. The total lateral earth pressure on the wall 
increased by 32% with respect to the initial anchor 
load. In a second panel (Panel Cl) the maximum 
increase of the anchor. force in the adjacent anchors 
was 14% with respect to the initial load when the load 
in one of the anchors was released. In this case the 
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Fig 23 Inclined anchors and lowering of the strut 
level 

total lateral earth pressure on the wall increased by 
4% with respect to the load in the unloaded anchor 
compared with a decrease of 64% at M8lntorp. The 
behaviour of this sheet Pi.le was thus different. This 
difference in behaviour can be explained by the 
difference in mobilized shear strength of the clay 
behind the wall. 

Fig 24 
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Load redistribution at Molntorp, Sweden at 
failure o£ one or two ground anchors (after 
Stille, 1976) 
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Fig 26 
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The lateral earth pressure acting on a braced or an 
anchored sheet pile wall depends on the lateral 
displacement required to mobilize the shear strength of 
the soil behind the wall and on the factor of safety 
used in the design. The wall will deflect laterally 
when the load in one of the anchors is released or the 
anchor fails. The increase of the lateral deflection 
of the wall is generally .sufficient to mobilize the 
shear strength of the clay along a potential failure 
surfaces behind the wall as illustrated in Fig 26. A 
relative small deflection is normally required to 
develop the maximum shear strength of even soft clay 
compared with the displacement required to develop the 
ultimate resistance of the anchors or of the struts. 
In the case the factor of safety initially is 
relatively high then only a small part of the available 
shear strength will initially be mobilized. A 
reduction of the force in one of the anchors will then 
mainly increase the average shear stress along 
potential failure surfaces in the clay. In this case, 
the increase of the load in the adjacent anchors will 
be small and the total lateral earth pressure on the 
wall will decrease when one of the anchors is unloaded 
or fails as was the case at Molntorp. 

If on the other hand the factor of safety is low and 
the shear strength of the clay has been fully mobilized 
before the release of the force in one of the anchors 
then the failure of one of the anchor will result in a 
large increase of the load in the adjacent anchors. 
The total load on the sheet pile wall may even increase 
when the peak strength of the clay has been exceeded 
and the residual shear strength is lower than the peak 
strength. This was the case at Bergshamra where the 
total force acting on the sheet pile wall increased 
when the load in one of the anchors was released. 

The consequences when one of the anchors fail will thus 
depend to a large part on the chosen factor of safety. 
If a relatively high factor of safety has been used in 
the design (~ 1.5) and only part of the shear strength 
of the soil will be mobilized at working loads then the 
increase of the load in the adjacent anchors will be 
small when one of the anchors fails. If on the other 
hand the factor of safety is close to 1.0 then the 
failure of one of the anchors will cause a large 
increase of the load in the adjacent anchors which also 
may fail. The total lateral earth pressure on the 
sheet pile wall may ev.en increase and cause a 
progressive failure of the whole wall {zipper effect). 

SfABILI1Y OF THE BASE OF A SHEET PILE WAlL 

Several failure of anchored walls have been occurred in 
Sweden in soft clay. In Fig 27 is shown an anchored 
wall constructed of large diameter bored piles {Broms 
and Bjerke, 1973). The exposed clay between the piles 
was shotcreted during the excavation. Clay started to 
flow into the excavation below the shotcreted part of 
the wall almost like tooth paste squeezed out of a tube 
when the depth of the excavation was 5.5 m. Within a 
few minutes the excavation was filled with soft 
remoulded clay due to the high sensitivity of the clay. 
Failure took place when the total overburden pressure 
at the bottom of the excavation was about 6 c where c 

u u 
is the undrained shear strength of the clay as 
determined by field vane tests. The factor 6.0 
corresponds to the stability factor Ncb" This type of 

construction using bored piles and shotcrete is 
therefore not suitable for soft clay when the depth of 
the excavation is large and the total overburden 
pressure at the bottom of the excavation exceeds N be c_ u 
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Fig 27 Failure of a vertical cut in soft. clay (after 
Brems & Bjerke, 1973) 

(Brems and Bennerma.rk, 1967). Steel sheet piles or 
contiguous bored piles should have been used instead. 

Several failures have also occurred in Sweden when the 
sheet piles have been driven to rock through a deep 
layer of soft clay. Because of the high compressive 
strength of the granite it is not possible to drive the 
sheet piles into the rock. Soft clay was squeezed into 
the excavation through the triangular openings which 
were formed between the bottom of the sheet piles and 
the rock as shown in Fig 2S since the surface of the 
rock was inclined. Large settlements were observed 
outside the wall. The diameter of the depressions 
corresponded approximately to the depth of the 
excavation. 

STABILITY OF DEEP EXCAVATIONS IN SOFT CLAY IN SINGAPORE· 

T-hree deep excavations in soft marine clay in Singapore 
have been analyzed using a modified version of the 
computer program EXCAV. In the original program which 
was developed at the University of California at 
Berkeley by Chang and Duncan (1977) a non-linear 
hyperbolic soil model (Duncan et al, 1980) is utilized 
to describe the soil behaviour. The program can model 
the excavation layer by layer, the installation and the 
preloading of the struts and the application of a 
surcharge load. 

The first project involves a braced sheet pile wall, 
where the sheet piles have been driven into a deep 
stratum of soft marine clay. In the second project the 
excessive plastic yielding of a braced sheet pile wall 
has been investigated. The third project is concerned 
with the prediction prior to the construction of wall 
movements for a deep excavation in soft clay. 

The short term conditions have been investigated with a 
total stress analysis using the undrained shear 
strength of the soft clay. The soft marine clay has 
been assumed to be saturated and incompressible. A 
Poisson's ratio of 0.495 has been used in the analysis. 
The elastic modulus (Eu) that corresponds to undrained 

conditions has been assumed to 100 cu to 200 cu. This 

equivalent modulus corresponds to the initial tangent 
modulus, Ei of the soft clay. The tangent modulus, Et' 

is a function of E. and of the stress level. 
l 
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Proiect A. This project is located in the Central 
Business District (CBD) of Singapore (Fig 29). The 
size of the 11.1 m deep excavation is 42.6 m x 27.0 m. 
The walls of the excavation were supported by 30 m long 
sheet piles (FSP IIIA) which were driven 19 m below the 
bottom of exca~ation. Six levels of struts supported 
the wall. The vertical spacing of the strut varied 
between 1.5 m to 2.5 m. The horizontal spacing was 
about 6 m. 

The excavation proceeded in stages. The struts 
supporting the sheet piles were installed during each 
excavation stage 0.5 m above the bottom of the 
excavation and they were preloaded to 15 percent of the 
design load. The site was divided into three sections 
during the excavation. In the present study the 
behaviour of the sheet pile wall in the middle section 
of the excavation has been analyzed. 

Six slope indicator pipes were installed behind the 
sheet pile wall as shown in Fig 29. Surface monuments 
were established to determine the settlements behind 
the sheet piles. Strain gages were attached to 
selected struts in order to evaluate the strut loads. 

A typical soil profile is shown in Fig 30. A sandy 
fill about 1 to 2 m thick is located at the ground 
surface . The fill was followed by a deep layer with 
soft marine clay which belonged to the Kallang 
Formation. The clay consists of two distinct members, 
an upper layer which is approximately 25 m thick and an 
approximately 7 m thick lower layer. The two layers 
are separated by a layer of loose to medium dense silty 
sand. A layer of stiff sandy sil~. basically decomposed 
granite was found below the marine clay. 
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The water contents of the upper and lower members of 
the soft marine clay were 70% and 50%, respectively. 
The liquid and plastic limits of the upper marine clay 
varied between SO% and 105% and between 60% and 70%, 
respectively. The liquid and the plastic limits of the 
lower marine clay were 70% and 50%, respectively. 

Oedometer tests indicated that the marine clay was 
slightly overconsolidated. The undrained shear 
strength for the upper and lower members of the marine 
clay increased almost linearly with depth. 
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Fig 30 Measured and calculated wall deflections -
Project A 
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Field measurements indicated that the wall gradually 
moved inwards with increasing depth of the excavation. 
The maximum deflection of the middle section of the 
excavation was 150 to 170 inm when the excavation had 
reached its final depth of 11 m. This is about 1.5% of 
the excavated depth A comparison between the measured 
and the computed deflections is shown in Fig 30. 

The observed surface settlements when the depth of 
excavation was 5. 75 m and 11.1 m are shown in Fig 31. 
The lateral displacements of the wall thus caused large 
settlements that spread far behind the wall. The 
maximum settlement was about 1% of the final excavation 
depth. It occurred at a distance from the excavation 
equal to about half the excavation depth. 

The measured settlements are plotted in Fig 32 as 
proposed by Peck (196~). It can be seen that the 
settlements even at a distance of 3.5 times the 
excavation depth were large. This behaviour can be 
explained the restraint of the lateral deformations and 
of the settlements of the sheet pile wall by th~ sand 
layer at the toe of the wall as illustrated in Fig 33. 
This was confirmed by FEM. 
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Fig 31 Measured ground settlements - Project A 

The maximum bending moment in the wall has been back 
calculated from the curvature of the sheet piles which 
was determined from the inclinometer measurements. 
These measurements indicated that local yielding of the 
sheet pile occurred during the final stage of the 
excavation as indicated in Fig 34. The yield moment of 
FSP lilA sheet piles is about 380 kN/mlm. The computed 
maximum bending moment by FEM was 372 kN/mlm. The 
finite element analysis also indicated that the wall 
was highly stressed down to about 6 m below the bottom 
of excavation. 

Both field measurements and FEA indicate that the strut 
load increased rapidly with increasing depth of the 
excavation. The strut loads reached a maximum just 
before the installation of the next level of struts. 
Thereafter, the strut loads decreased slightly with 
increasing excavation depth. 

A comparison between measured and computed strut loads 
is shown in Fig 35 for the top three levels. The 
measured strut loads agreed closely with those 
calculated by FEM, The pressure distribution 
determined by the tributary area method is shown in Fig 
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36. It can be seen that the measured and the computed 
values are in close agreement. It appears that the 
apparent pressure diagram proposed by Terzaghi and Peck 
(1967) at m = 0.4 is conservative. A better match is 
obtained with m = 0.7. 

The penetration depth of the sheet piles {19 m) below 
the bottom of the excavation was 1.73 times the depth 
{11.1 m). An analyses using FEM indicated that the 
penetration depth could have been reduced by 13.5 m 
without any significant increase of the strut loads. 
This conclusion concurs with the observation by Peck 
{1969) that very little is gained in soft to medium 
stiff clay by driving the sheet piles far below the 
bottom of the excavation provided the stability of the 
excavation with respect to bottom heave is sufficient. 
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Fig 33 
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displacements - Project A 
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Fig 35 Strut loads - Project A 

Project B. This project, which is located just outside 
the Central Business District in Singapore illustrates 
the influence of the construction sequence on the 
performance of braced excavations. The size of the 
14.7 m deep excavation was 200 m x 35 m. A 
cross-section of the excavation ·is shown in Fig 37. 
FSP IV sheet piles with a total length of 18.5 m were 
driven 3. 8 m below the bottom of the excavation (D = 
0.26H). The sheet piles were supported at six levels. 
The vertical spacing of the struts varied between 2 m 
to 2.5 m. The horizontal spacing was about 5.5 m. 

The soil condition at this site was highly variable. A 
soil profile along section A-A is shown in Fig 38. On 
the west side, the sheet piles were driven into a stiff 
sandy silt or clay (decomposed granite). On the east 
side, the soft marine clay extended the full depth of 
the excavation. The ground water level was located 
about 1.0 m below the ground surface. 

The soil profile on the east side of the excavation is 
similar to that at Project A. The upper and lower 
members of the Kallang Formation with soft marine clay 
are separated by a layer of loose to medium dense sand. 
Below the marine clay is a deep stratum of decomposed 
granite, a stiff sandy silt or clay. The upper marine 
clay is organic (peaty) with an average undrained shear 
strength of about 10 kPa. The average undrained shear 
strength of the lower marine clay is 15 kPa. The 
decomposed g,ranite has an estimated undrained shear 
strength of about 70 kPa. This material was very 
difficult to sample and to test. 
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The soft clay on the east side was adopted in the FEM 
analysis since it is more critical than the stiff soil 
on the west side. The excavation was carried out in 
seven stages. It should be noted that the struts Sl 
were placed after level El had been reached (Fig 37}. 
The excavation proceeded down to level E2 prior to the 
installation of the struts at this level. This 
sequence was continued down to level E7. The struts 
were preloaded to 70% of the design load. 

The observed wall movements are shown in Fig 3Sa. The 
maximum deflection was 270 mm which is 1.8% of the 
final excavation depth. This deflection is relatively 
large since the sheet piles were driven into a stiff 
soil. The computed maximum deflection was only about 
200 mm regardless of the strength and stiffness of the 
soils when the wall was assumed to be linearly elastic, 
i.e. non-yielding. 

• Inc!t"nom.e-1-er 

:Janel 
·.:_1n ~rut 'Sf· 
•. .· 5Z 

~3 

:54 

:55 

/)tcom;o~ ~6 

The computed deflections at the different stages of the 
excavation are shown in Fig 38b for the case when the 
wall yields. It can be seen that the computed lateral 
deflections are in good agreement with the measured 
values. 

The maximum settlement, 100 mm, occurred at a distance 
from the excavation which corresponded to about 
one-half the excavation depth. The computed 
settlements fall within Zone I of the normalized 
settlement chart proposed by Peck (1969}. 

The measured strut loads were low. A comparison 
between the measured and computed apparent lateral 
earth pressures is shown in Fig 40. The measured loads 
were considerably smaller than those computed· by FEM 
except for the two strut levels at the bottom of the 
excavation. One possible explanation of this behaviour 
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Fig 37 Plan and cross-section for Project B 
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Project B 

is the stiff soil at the west side of excavation. It 
has been assumed in the analysis that the soft clay 
extended over the e~tire excavation. 

The measured maximum wall deflection, 275 mm, 
corresponds to about 1. 9% of the depth of the 
excavation which is rather high for a sheet pile wall 
driven into stiff soil. This large deflection could 
have caused by yielding of the sheet piles at an early 
stage of the excavation. 

The analysis indicates that yielding occurred when the 
excavation reached Level E3, only 7 m below the ground 
surface due to overexcavation prior to the installation 
of the struts. Especially the first level of struts is 
affected. 

The installation of the struts lagged behind the 
excavation of the soft clay by as much as 2.0 m which 
undoubtly increased the bending moments in the sheet 
pile wall. It is thus very important to limit the 
difference between the strut level and the excavation 
level as much as possible when the struts are 
installed. This difference should not exceed 0.5 m. 

The effect of the construction sequence was also 
investigated assuming that the depth of the excavation 
and the strut levels are the same when the struts are 
installed. In this case, the computed maximum 
deflection is only 120 mm as shown in Fig 40 which is 
less than half the measured values. The computed 
surface settlements and the strut loads were also much 
smaller. In fact the maximum bending moment in the 
wall never reached the yield moment of the sheet piles, 
590 kN/mlm. · 
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Computed surface settlements - Project B 

Proiect C With the lmowledge gained from Projects A 
and B, an attempt was made to predict the wall movement 
at Site C prior to construction. This site is located 
about one kilometer away from Project B. The length of 
the excavation is about 66 m. The width varies from 
6.0 m to about 12.0 m as shown. in Fig 42. The total 
depth is 15.0 m. The field instrumentation inCluded 
one inclinometer pipe, a number of strain gages 
attached to selected struts 8nd several survey markers. 

Steel sheet piles (FSP VIL) supported at five levels 
were used as shown in Fig 42. The 26 m long sheet 
piles were driven 11 m (D = 0.73 H) below the bottom of 
the excavation. The vertical spacing of the struts 
varied between 2.0 and 3.5 m. The horizontal spacing 
was 3.7 m. 

0 10 zom 

• tA 

Two series of analysis were performed. The first was 
done prior to construction while the second series was 
carried out after the excavation had been completed. 
Soil data from only three boreholes were available 
prior to excavation. The soil conditions varied 
considerably between the three holes which were located 
relatively far from the site (Fig 42}. Both the upper 
and the lower members of the soft marine clay were 
present in Borehole A whereas only the upper member 
could be found in Boreholes B and C. The depth to the 
bottom of the soft clay layer was 16.7 m at Borehole A, 
11.5 mat Borehole Band 9.4 mat Borehole C. 

The soil conditions at Borehole A was used in the 
analysis (Case I) since it was the closest of the three 
boreholes to the investigated section. The average 
undrained strength of the upper and lower layers of the 
soft marine clay was 10 and 15 kPa, respectively. This 
is about the same shear strength as that observed in 
Project B. Because of the close proximity and the 
similarity of soil conditions between Projects Band C, 
the soil parameters· in Project B were used in the 
analysis. An Eu/cu ratio of 150 was used for the upper 

layer since the upper marine clay was less peaty than 
at Project B. A value of 200 was used on the 
E /c -ratio for the lower marine clay. 

u u 

A comparison of the measured and computed wall 
deflections after the excavation had reached the final 
depth is shown in Fig 43. The calculated maximum 
deflection, 75 mm, was only about half of the observed 
maximum deflection (150 mm). 

A parametric study was done prior to the excavation 
because of the variable soil conditions, in order to 
assess the effect .of ;the thiclmess of the soft clay. 
In one case,. the soft marine clay was assumed to extend 
down to 20 m depth. This assumption was later verified 
by a cone penetration test (CPT) next, to Section A-A. 
For this case, the computed maximum wall deflection was 
142 mm (Fig 44) which agreed closely with the observed 
maximum deflection of 150 mm. The surface fill as well 
as the intermediate sand layer were assumed to be 
absent. 

.'\..,_ /.r;coftbn o/ 
borehole 

Fig 41 Site ·plan - Project C 
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Shortly after the excavation had been completed, a 
second series of analyses were carried out using an 
updated soil profile based on the cone penetration test 
next to Section A-A. There were no other changes. A 
comparison between of the computed and measured wall 
deflections at different stages of the excavation is 
shown in Fig 45. It can be seen that the computed 

values were about 20 percent smaller than the measured 
values. However, the computed shape of the deflected 
sheet piles compares well with that which was measured. 

There are a number of factors that can account for the 
relatively small computed wall deflections. It has 
been assumed in the analyses that the excavation depths 
and the strut levels were the same when the struts were 
installed. However, the excavation levels during the 
construction were at least 0.5 m lower than the strut 
levels. In fact, the first level of struts was not 
installed until the excavation was 2.0 m to 2.5 m below 
the ground surface. This accounts for the large 
lateral deflections observed at the first excavation 
level as shown in Fig 45. Furthermore, the lowest 
level of struts (85) was not installed until the final 
depth of the excavation had been reached. This 
accounted for the large observed deflection during the 
final stage of the excavation. Also the measured 
ground settlements were much larger than those 
computed. 

The strut loads were not measured at this project. The 
computed strut loads are shown in Fig 45. The high 
strut load at level S4 was caused by the intermediate 
sand layer. A similar phenomenon was observed at 
Project B. 

The analysis indicates that an Eu/cu-ratio of 100 to 

200 gives reasonable results for the soft marine clay 
in Singapore with respect to settlements, lateral 
displacements and strut loads and that lateral 
deflections can be reduced significantly by installing 
the strut as early as possible and by preloading or 
prestressing the struts. 

For a floating sheet pile wall in a deep stratum of 
soft clay, the depth of penetration has little effect 
on the overall behaviour. A penetration depth equal to 
one-ha1f the excavation depth appears to be adequate 
provided that the critical depth will not be exceeded. 

J.otera/ de/led/on_, rnm 

8 

16 

Fig 43 
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Bottom heave is frequently a problem for deep 
excavations in soft marine clay in Singapore. Failure 
of bottom heave can occur when the excavation depth 
exceeds about 5 m to 6 m due to the very low shear 
strength of the clay. Different methods can be used to 
increase the stability. The effect of jet grouting, 
excavation under water and embankment piles (soil 
nailing) has been investigated for a 11 m deep and 33 m 
wide excavation in soft clay using a modified version 
of the computer program EXCAV (Chang and Duncan, 1977). 
It has been assumed in the analysis that the sides of 
the excavation are stabilized by 33 m long sheet piles 
FSP IIIA which have been driven 22 m below the 
excavation bottom. The sheet piles are supported by 
struts at four levels. The vertical spacing of the 
struts is 2.5 m. The top level is located 1 m below 
the ground surface. 

The 50 m deep layer with soft marine clay has 
assumed to be slightly overconsolidated down to 
depth. Below it is normally consolidated. 

L.aferol eorf.h jJrl'6Su~ f.p'l 
undrained shear strength (cu) is constant. 16 kPa. 

been 
11m 
The 

from 

the ground surface down to a depth of 11 m. Below. cu 

= 16 + 1.25Z kPa where Z is the depth in metres below 
El. -11 m. The increase of cu corresponds to a c/p 

ratio of 0.25 (cu/a~ = 0.25). 

Calculated earth pressures - Project C 

The short term conditions have been evaluated using a 
total stress analysis. The soft marine clay has been 
assumed to be saturated and incompressible. A 
Poisson's ratio of 0.495 has been used in the analysis. 
The Eu/cu ratio has been assumed to be 200. A value of 
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0.9 has been used to estimate the lateral earth 
pressure at rest (K0 } with respect to the total stress. 
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These values have been found to be appropriate for deep 
braced excavations in soft marine clay in Singapore 
{Broms et al, 1986} and the predicted performance has 
agreed well with that which has been observed. 

Lo-1-ero/ ear-1-h jYt!'X>ure1 l~ 
0 .1.10 80 /").Q 

Fig 4_7 Effect of unloading on strut loads 
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The lateral deflections of the sheet pile wall are 
shown in Fig 46 when the depth of the excavation is 
11 m. The maximum lateral deflection of the wall is 
about 400 DUD. The ground settlements outside the 
excavtion and the base heave within the excavation are 
large as shown in the figure. The calculated maximum· 
settlement and the maximum base heave are about 200 mm 
and 600 mm respectively. The analysis indicates that 
the maxinrum bending moment in the sheet pile wall 
increases rapidly with increasing depth of the 
excavation. The maximum bending moment approached the · 
yield strength of the FSP IIIA sheet piles, SO kNm/m. 

The lateral deflection of the sheet piles, the 
settlements around the excavation and the bottom heave 
are also shown in Fig 46 when a 10 m wide strip of the 
soil has been removed along the excavation. It can be 
seen that the unloading had only a marginal effect on 
the settlements, the lateral deflections of the sheet 
pile wall and on the base heave. Also the effect on 
the strut loads is small as can be seen from Fig 47. 

Jet grouting has also been used in Singapore to improve 
the soft marine clay {Miki, 1985}. At this method 
contiguous or overlapping cylindrical cement columns 
are formed in-situ in the clay. The diameter of the 
columns can be up to 2.0 m. The method has, for 
example, been used to stabilize a 15 m deep excavation 
for the Newton Circus Station of the Mass Rapid Transit 
System {MRT} in Singapore and to stabilize tunnels 
excavated in the soft marine clay and in loose sands. 

The construction sequence followed at the jet grouting 
has been modelled in the FEM-analysis. First the 
stability of the sheet piles during the installation 
has been analyzed. Thereafter, the effect of the 
jet-grouting. of a 3 m thick zone of soft clay between 
the two sheet pile walls below the bottom of the 
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excavation has been investigated. An undrained shear 
strength of 150 kPa has been assumed for the stabilized 
3m thick layer. Cores of the grouted soil from actual 
projects indicate that the· shear strength of the 
jet-grouted material can be much higher than 150 kPa 

A comparison with the case where no soil improvement 
has been used shows as indicated in Fig 48 that the 
performance of the excavation is improved considerably 
by the jet grouting and ·that the maximum lateral 
deflection of the sheet piles is reduced by about 50 
percent. Also the settlements and the strut loads are 
reduced significantly as shown in Fig 49 as well as the 
maximum bending moment in the sheet piles. Jet 
grouting has been found to be a very effective method 
to improve the overall stability of excavations in soft 
clay. 

A further improvement can be obtained by increasing the 
thickness of the jet grouted zone to 6 m as can be seen 
in Fig 51. Mainly the deflections of the wall and the 
bottom heave are reduced. The strut loads are also 
reduced significantly at all levels (Fig 52}. The 
largest reduction was observed for the bottom level of 
struts as shown in Table II as could be expected. 

FEM has been used to evaluate the stabilizing effect of 
embankment piles. It was assumed in the analysis that 
the spacing of the 6 m long Bakau piles with 100 mm 
diameter is 0.5 m. The piles are driven below the 
bottom of the excavation using a follower. The tip 
level is located 17 m below the ground surface. The 
results of the analysis are presented in Fig 52 and in 
Table III and compared with the case without soil 
improvement. The analysis indicate that for a 11 m 
deep and 33 m wide excavation, four to eight rows of 
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Table II Effect of jet grouting on the performance of 
a 33 m wide and 11 m deep braced excavation 
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Bakau piles in front of each wall could reduce the 
maximum wall deflection by up to 29% and the maximum 
bending moment in the sheet piles by 35%. The results 
also indicate a substantial reduction of the strut 
loads at the two bottom levels (Fig 53) and an increase 
of the passive pressure in front of the wall. The 
effectiveness of the Bakau piles was found to increase 
with decreasing width of the excavation. 
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Table III Effect of embankment piles (Bakau piles) on 
the performance of a 33 m wide and 11 m deep 
braced excavation 
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The stability of deep excavations in soft clay can also 
be increased by excavating the soft clay under water. 
The initial excavation can be done dry until the first 
one or two rows of struts have been installed. Next, 
the excavation is flooded so that the soft clay can be 
excavated down to the final depth. After the base slab 
has been cast under water the excavation is dewatered 
and the intermediate struts are installed. 

A 15 m deep and 33 m wide excavation has been analyzed 
using FEM. The sides of the excavation are supported 
by sheet piles Z-45 with a section modulus (SM} equal 

to 4500 cm3 /m. Two sets of analysis were conducted. 
In the first set a conventional excavation method with 
five levels of struts was investigated. The second set 
was concerned with the excavation of the soft clay 
under water. Three levels of struts are used to 
support the sheet piles. The 2.0 m thick base slab 
will be cast under water as shown in Fig 54. 

The results show a significant improvement of the 
overall . performance (Fig 55). The maximum wall 
deflection was reduced by 53%. A 44% reduction of the 
base heave and a 50% reduction of the ground settlement 
were also obtained. The loads in the second and third 
level struts are reduced significantly as well (Fig 56 
and Table IV). Because the base slab will be installed 
before the· second and third level struts, the axial 
load in the base slab will be high compared with that 
in the two levels of struts (Table IV). 

The FEM analysis indicates that excavation under water 
down to 15 m depth is feasible. The calculated maximum 
wall deflection, 130 mm, and a maximum ground 
settlement of 150 mm are much less than those observed 
for actual excavations using conventional methods even 
when the maximum depth is less than 11 m. 
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Excavation under water has the main advantage that the 
stability with respect to base heave is governed by the 
submerged unit weight of the soft marine clay (about 

6 kN/m3 ) rather than the total unit weight (about 16 
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Table IV Effect of excavation under water on the 
performance of a 33 m wide excavation 
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kN/m3 ). The wall movements during the dewatering and 
the installation of the struts after the install~ion 
of the base slab under water will mainly occur below 
the slab. The lateral deflections of the sheet piles 
above the slab will oe small. 

SUMMARY 

The design and construction of anchored and struted 
sheet pile walls in soft clay have been reviewed. Most 
failures have been caused by insufficient penetration 
depth of the sheet piles when the walls rotate around 
the level of the anchors or of the struts. Failure can 
also be caused by rupturing of the anchor rods or by 
buckling of the struts. The strut or anchor loads can 
for deep cuts especially at the bottom of the 
excavation be considerably higher than those calculated 
by a conventional method. Failure by bottom heave is 
also a possibility which must be considered in the 
design. 

When inclined anchors are used it is also important to 
take into account the vertical force caused by the 
inclined anchors or by the struts. This vertical force 
can reduce considerably the stability of particularly 
anchored sheet pile walls. Several failures have 
occurred which have been caused by insufficient 
vertical stability of the sheet piles and where the 
vertical force caused by the inclined anchors was not 
considered in the design. 

Failure of one of the anchors or struts may lead to 
progressive failure and complete collapse (zipper 
effect) of the wall. If a sufficient high factor of 
safety is used in the design then the increase of the 
load in the adjacent anchors or struts will be small at 
failure of one of the anchors. 
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