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Wall Deflections and Ground Settlement

FILL

MARINE CLAY

OLD ALLUVIUM

SAND

200 to 300 m

Damage ?? Damage ??
Damage ??
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Main Cause of Wall Deflection
Undrained Shear Distortion in Clay

Vaterland 1, Oslo (NGI, 1962)
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No volume change!
Ad ~ As
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Wall Deflection and Ground settlement
Vaterland 1, Oslo (NGI, 1962)
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5

Major Factors Affecting Soil and Wall Movements 
in Deep Excavations

• Depth of penetration, D

• Wall stiffness, EI

• Vertical strut spacing

• Construction workmanship

• Undrained shear strength, cu

• Depth of excavation, H

• Width of excavation, B

• Depth to hard stratum, T

6

Effect of Shear 
Strength on 

Wall Deflection

7

Effect of Shear 
Strength on 

Wall Deflection

8

Effect of 
Excavation 

Width on Wall 
Deflection
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9

Effect of Clay 
Thickness on 

Wall Deflection

10

Sheetpile 
wall

Diaphragm 
wall

Effect of Wall 
Stiffness on 

Wall Deflection

11

Effect of Wall 
Penetration Depth 
of Sheetpile Wall 

on Wall Deflection 

12

Wall Deflections at 
Different Stages of 

Excavation
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13

Questionable Wall Deflection Profiles

14

Observed Max. Wall Deflections in Stiff Clays, Residual Soils & Sands
(Clough & O’Rourke, 1990)

15

Maximum Wall Deflections – Korean Experience
(Yoo & Kim, 1999)

16

Maximum Wall 
Deflections –

Singapore 
Experience

(Poh & Wong, 1996)
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17

Maximum Wall 
Deflections against 

Basal Heave
(Poh & Wong, 1996)

18

19 20

Estimation of Maximum Wall Deflection
(Wong & Broms, 1989)
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21

Estimation of 
Maximum Wall 

Deflection
(Wong & Broms, 1989)

22

Effect of Rf

0.90.8
Rf
0.7

23 24
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25

T

B

26

Comparison of Results with Field Records

27

Comparison of Results with FEA

28

Comparison of Results with Field Records
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29

Comparison of Results with Field Records

30

Comparison of Results 
with FEA by Mana

(Mana, 1976)

31

Effect of Wall Stiffness on Wall Deflection

32

Effect of Wall Stiffness on Wall Deflection
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33 34

Causes of Ground Settlement

1.Undrained shear distortion 

2.Lowering of ground water table

3.Under-drainage

4.Seepage through wall without 
lowering of ground water table

5.Leakage through base slab

35

Undrained Shear Distortion

Ad

As

There is no volume change.

36

Lowering of Ground Water Table

Causes:
Pumping
Wall leakage 

Sand

Marine 
Clay

Old 
Alluvium

Well pointWell point

Lowering of ground water table will increase the effective 
stress in soft clay and result in consolidation settlement.
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37

Effect of Lowering of Groundwater Table 

38

Ground settlement 
due to piping and loss 
of fines. 

Pot holes can develop 
at the ground surface.

39

Sand

Soft Clay

OA OA

Soft Clay

Sand

Sand

1. Under-drainage due to 
negative excess pore 
pressure in OA

Two Causes of Ground Settlement due to Under-Drainage

2. Under-drainage due 
to water flow into 
sand layer

High ∆u (-)

Low ∆u (-)

40

Hypothetical Model

Excavation Sequence:

1. Excavate 2 m for 15 days.

2. Install strut & excavate 3 m for 15 
days in each layer

3. Construct base slab for 4 months

4. Consolidate for 5 years

5. Change diaphragm wall 
permeability

6. Consolidate for 45 years

10 m
1 m

1 m

26 m

5 m

45 m

Sand

Soft Clay

OA (a)

OA (b)

Diaphragm Wall 
1 m Thick

Impermeable

Impermeable

Ground Water Flow

Ground Water Flow

1 m

3 m

3 m

3 m

3 m

3 m

5 m

5 m

45 m
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41

Under-Drainage 
due to Negative 
Excessive Pore 
Pressure in OA

Excess Pore 
Pressure Contours 

at end of Excavation

Note: Wall (impermeable)
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OA (k = 1x10-6 m/s); t = end of excavation

OA (k = 1x10-9 m/s); t = end of excavation

OA (k = 1x10-10 m/s); t = end of excavation

EFFECT OF OA PERMEABILITY

End of excavation

k = 1x10-6 m/s k = 1x10-10 m/s

Ground Settlement 
Profiles at end of 

Excavation 42

Under-Drainage 
due to Negative 
Excessive Pore 
Pressure in OA

Excess Pore 
Pressure Contours 

at end of 5 years

k = 1x10-6 m/s k = 1x10-10 m/s

Ground Settlement 
Profiles at end of   

5 years

Note: Wall (impermeable)
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EFFECT OF OA PERMEABILITY

5 years of 
consolidation

43

Note: Wall (impermeable)
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EFFECT OF OA PERMEABILITY

Under-Drainage 
due to Negative 
Excessive Pore 
Pressure in OA

Excess Pore 
Pressure Contours 

at end of 50 years

k = 1x10-6 m/s k = 1x10-10 m/s

Ground Settlement 
Profiles at end of 

50 years

50 years of 
consolidation

44
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k = 1x10-9 m/s

OA (a)     (k = 1x10-10 m/s)

OA (b)
k = 1x10-10 m/s

Note: Permeability of wall is impermeable

t = End of excavation

Fill  (k = 1x10-4 m/s)

Under-Drainage 
due to 

Water Flow into 
Sand Layer

Total Pore Pressure 
Contours at end of 

Excavation
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Short Pocket Sand
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Ground Settlement 
Profiles at end of 

Excavation
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45

Under-Drainage 
due to 

Water Flow into 
Sand Layer

Total Pore Pressure 
Contours at end of  

4 months

Ground Settlement 
Profiles at end of  

4 months
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N ote: Permeability of wall is im permeable

t = Basement construction for 4 months

Fill  (k = 1x10-4 m/s)
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EFFECT OF POCKET SAND

Note: Wall is impermeable
         Old Alluvium (k = 1x10-10 m/s)
         Soft Clay (k = 1x10-9 m/s)
         Pocket Sand (k = 1x10-5 m/s)

Short Pocket Sand

Long Pocket Sand 46

Under-Drainage 
due to 

Water Flow into 
Sand Layer

Total Pore Pressure 
Contours at end of  

5 years

Ground Settlement 
Profiles at end of  

5 years
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OA (a)     (k = 1x10-10 m/s)

OA (b)
k = 1x10-10 m/s

Note: Permeability of wall is impermeable

Fill  (k = 1x10-4 m/s)

t = 5 years of consolidation
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Note: Wall is impermeable
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         Pocket Sand (k = 1x10-5 m/s)

Short Pocket Sand

Long Pocket Sand

47

Under-Drainage 
due to 

Water Flow into 
Sand Layer

Total Pore Pressure 
Contours at end of  

50 years

Ground Settlement 
Profiles at end of  

50 years
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Note: Permeability of wall is impermeable

Fill  (k = 1x10-4 m/s)

t = 50 years of consolidation
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Settlement due to Steady 
State Seepage through 

Wall and Base Slab
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Effect of Wall 
Leakage on 

Post-Excavation 
Settlement

k = 1x10-6 m/s k = 1x10-8 m/s k = 1x10-12 m/s
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Wall (k = 1x10-10 m/s); t = end of excavation

Wall (k = 1x10-12 m/s); t = end of excavation

EFFECT OF WALL PERMEABILITY

Note: Old Alluvium (k = 1x10-6 m/s)
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Profiles at end of 

Excavation 50

Effect of Wall 
Leakage on 

Post-Excavation 
Settlement
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EFFECT OF WALL PERMEABILITY

Note: Old Alluvium (k = 1x10-6 m/s)
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Effect of Wall 
Leakage on 

Post-Excavation 
Settlement

k = 1x10-6 m/s k = 1x10-8 m/s k = 1x10-12 m/s
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EFFECT OF WALL PERMEABILITY

Note: Old Alluvium (k = 1x10-6 m/s)
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Effect of Wall Leakage on Post-Excavation Settlement
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Water boundary remains open on the wall

Water boundary is closed after 5 years of consolidation

Water boundary decreases gradually from 1x10-8 to 1x10-11 m/s

EFFECT OF WATER BOUNDARY ON DIAPHRAGM WALL

Water boundary on 
the wall

k of wall = 1x10-8 m/s
k of wall = 1x10-8 m/s
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k of wall = 1x10-11 m/s
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53

Case Study: Bugis MRT Station

-1.5 m
-4.5 m
-6 m
-9.5 m
-12 m
-14 m
-15.5 m
-18 m

-47 m

-57 m

Fill 

Upper Marine Clay

Fluvial Clay

Lower Marine Clay

Fluvial Sandy Clay (N = 80)

OA (N = 130)

OA (N > 130)

-22 m

-35 m

-40 m

-1.5 m 
0 m

-5 m

-18 m

-22 m

-35 m

-40 m

-47 m

-57 m

26 kPa

26 kPa

36.4 kPa

41.6 kPa

58.5 kPa

Cu Profile
(Vane Shear Test)

1200 Diaphragm Wall

80 kPa
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Case Study: Bugis MRT Station
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Base Slab

k of wall = 1x10-7 m/sConstant wall permeability 

55

Wall permeability decreases from 1x10-7 to 1x10-10 m/s
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Case Study: Bugis MRT Station

56

Conclusions on Ground Settlement

• Most ground settlement comes from immediate 
settlement due to undrained shear distortion.

• Effect of under-drainage on ground settlement 
due to negative excess pore pressure in Old 
Alluvium is not significant.

• Effect of under-drainage due to water flow into 
sand layer is significant.

• Effect of wall leakage on ground settlement is 
also significant. 

• It is important to arrest all observable leakages 
in the wall and base slab as soon as possible.
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Sand and stiff Clay Soft & Firm Clay

Typical Ground Settlement Profile

58

Ground Settlement beyond Excavation Area
(Peck, 1969)
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Ground Settlement 
beyond Excavation Area

(Peck, 1969)

60

Ground Settlement due to Excavation in Chicago
(Peck, 1969)
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61

Measured Ground 
Settlement due to Excavation

(Clough & O’Rourke, 1990)

Sand

62

Measured Ground 
Settlement due to 

Excavation
(Clough & O’Rourke, 1990)

Soft to medium clay

Stiff to very hard clay

Sand      

63

Measured Ground Settlement due to Excavation
(Clough & O’Rourke, 1990)

64

Measured Ground 
Settlement –
Singapore 
Experience

(Poh & Wong, 1990)
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65

Excavations in Stiff Soil Conditions in Old Alluvium
(Li & Wong, 2001)

1. h < 0.7 H

2. No soft clay is present.

3. Overlying soils include fill, fluvial sand and fluvial clay.
66

Maximum Wall Deflections in  Stiff Soil Condition
(Li & Wong, 2001)

67

Maximum Ground Settlement in Stiff Soil Condition
(Li & Wong, 2001)

68

Maximum Strut Forces in Stiff Soil Condition
(Li & Wong, 2001)
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69

Excavations in Medium Soil Conditions in Old Alluvium
(Li & Wong, 2001)

1. h < 0.7 H
2. Soft clay is present.
3. Overlying soils include fill, fluvial sand 

and clay, organic clay and peaty clay. 70

Maximum Wall Deflections in Medium Soil Condition
(Li & Wong, 2001)

71

Maximum Ground Settlement in Medium Soil Condition
(Li & Wong, 2001)

72

Maximum Strut Forces in Medium Soil Condition
(Li & Wong, 2001)
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Excavations in Soft Soil Conditions in Old Alluvium
(Li & Wong, 2001)

1. h > H

2. Soft clay is present and T<0.7B.

3. Overlying soils include fill, fluvial sand and 
clay, peaty clay and marine clay.

74

Maximum Wall Deflections in Soft Soil Condition
(Li & Wong, 2001)

75

Maximum Ground Settlement in Soft Soil Condition
(Li & Wong, 2001)

76

Maximum Strut Forces in Soft Soil Condition
(Li & Wong, 2001)


