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Abstract

Highrise development in the city often entails the need for a basement to maximise use of space despite the
implementation of a mass transit system to reduce car use into and out of the cities. Basement excavation
induces movements as a result of stress-release from earthwork excavation and an increase in effective
overburden pressure in the retained ground when the groundwater is lowered during the excavation process.
This paper presents two case histories of basement excavations investigated by the Authors, which caused
the adjacent ground to settle beyond the normal influence zone due to a lowering of groundwater. The
remedial works proposed and lessons learned are discussed. Finally, a few simple guidelines are proposed
to control groundwater and prevent hydraulic failure in the retained ground during basement excavation.
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I ntroduction

Highrise development in urban areas often entails the need for a basement to maximise
the use of space despite the implementation of a mass transit system to reduce car use
into and out of cities.

Design and construction of basement adjacent to properties particularly old houses
require specia attention to the design and installation of the retaining wall system to
control the lateral and vertical movements. Excavation induces movements as a result of
stress-release from earthwork excavation for the basement and increases in effective
overburden pressure in the retained ground when the groundwater is lowered during
excavation earthwork. Prediction of ground settlement on the retained side is necessary
for assessment of distortion induced on adjacent structures especially buildings with
sensitive architectural finishes. Some of the sensitive architectural finishes cannot
tolerate distortions of more than 1:500.

This paper presents two case histories of deep basement excavations investigated by the
authors, which caused the adjacent ground to settle beyond the normal influence zone.
One case had a settlement influence zone extending to a distance of about 30 times the
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depth of excavation and affected as many as 300 houses and shops. The remedial works
proposed and lessons learned are discussed. Finadly, some simple guidelines are
proposed to control groundwater and prevent hydraulic failures in the retained ground
during basement excavation.

Settlement of Retained Ground surrounding Basement Excavation

When designing the retaining wall system (walls and support system) for basement
excavation near to existing buildings, it is very important to control deformation of the
wall and the retained ground. Primary factors that influence the deformation of the wall
and the retained ground are :

a) Type of subsoil

b) Lowering of groundwater level

C) Depth and width of excavation

d) Stability of the bottom of excavation

€) Stiffness of the support system (e.g. soil berms, pre-stressed anchors, struts,
top-down, €tc)

f) Rigidity of the wall

0) Construction technique.

Proper evaluation of ground settlement using numerical methods (e.g. Finite Element
Method (FEM) or Finite Difference) is necessary to correctly predict, design and control
wall and ground deformations. However, prior to detailed analysis, there are severd
empirical methods that can be used to undertake a quick preliminary estimate of potential
deformation.

Clough and O’ Rourke (1990) present dimensionless settlement profiles as a basis for
estimating retained ground settlement patterns adjacent to excavations in different soil
types as shown Figure 1. These diagrams only pertain to settlements caused during
excavation and bracing stages of construction. Settlement due to other activities such as
dewatering, deep foundation boring or construction, and wall installation should be
estimated separately.

For excavation in granular soils, the maximum settlement is typically less than 0.3% of
the maximum depth of excavation and extends up to a distance of two (2) times the
maximum excavation depth. When excavating in stiff to very hard soils, the average
settlement is about 0.15% of the maximum excavation depth.

For soft to medium clays, basal stability and overall retaining wall system stiffness (wall
and support) dominate deflections of the excavation. Mana and Clough (1981) and
Clough et al. (1989) define movements in terms of Factor of Safety (FOS) against basal
heave failure and take into consideration the influence of wall stiffness and support
gpacing as shown in Figure 2. From this figure, it is evident that as the FOS drops,
deformation increases.
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Figure 1. Dimensionless settlement profiles for estimating the distribution of
settlement adjacent to excavations in different soil types (by Clough & O’ Rourke,
1990).
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Figure 2. Diagram for estimation of maximum lateral wall movements for soft and
medium clays (by Clough et a., 1989).
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Generdly, there are afew probable causes of significant settlement at the retained ground
surrounding the excavation site and they are :-

a) Excavation induced ground movements
b) Lowering of groundwater induced ground movements
C) Loss of materials during installation of ground anchors (especially in sandy

materials if insufficient careis taken).
Excavation and Loss of Materials Induced Ground Settlement

Settlements of the retained ground (ground behind the retaining wall) due to excavation
may be significant if either of the following activities are not properly carried out :-

- Design and construction of the retaining wall and support system. In serious case,
improper design and construction (e.g. over-excavation from not following the
design) may lead to catastrophic failure.

- Instalation of ground anchors (especially in sandy soils)

If the above problems occur at a site, the extent of the ground settlement is usually
contained within a distance of not more than three to five times the maximum depth of
excavation for awall failure case. For loss of materials due to ground anchors installation,
the influence zone is usually contained within the length of the anchorsinstalled.

Lowering of Groundwater Induced Ground Settlement

Flow of water in and around an excavation can occur through the following
mechanisms:-

- flawsinthewalls (e.g. wrong wall types, cracks, joints between sheet piles, etc)

- flow along wall-soil interface

- flow beneath wall (e.g. insufficient penetration depth of the wall)

- flow due to hydraulic fracturing or heaving due to artesian pressure or an
imbalance in water pressure

- flow due to dewatering

- flow due to perched water

Figure 3 shows the potential water flow which could lead to ground settlement. If the
above problems occur at a site, the influence on the ground settlement will extend up to a
distance where groundwater in the retained ground is affected (lowered). The lowering
of groundwater in the retained ground will increase the vertical stresses acting on the
subsoil thus inducing settlement (both immediate and consolidation settlement). If the
area is in a Limestone Formation region (e.g. parts of Ipoh and Kuaa Lumpur of
Malaysia) with karstic features such as slump zone, cavities, overhang, etc., the lowering
of the groundwater may even trigger sinkhole formation.

In the two case histories presented in this paper, the ground settlement caused by a
lowering of the groundwater extended up to a distance of about 20 to 30 times the
maximum depth of the excavation. In summary, if hydraulic failure or uncontrolled
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pumping of groundwater occurs at site, the influence (e.g. settlement) on the surrounding
retained ground due to a lowering of the groundwater could extend much further than
other types of fallures resulting in potential damage to the surrounding buildings
generally being more severe.

Figure 3. Potential water flow which could lead to ground settlement (by
Clough & O'Rourke, 1990)

Case A — A Basement Excavation in Sar awak
Introduction to Case A

Many three-storey shophouses surrounding a project site which involved basement
excavation have suffered cracks in the buildings and significant settlement of the apron
slabs and drains. These shophouses are supported by bakau piles (a type of natural wood
piles). The authors have carried out geotechnica investigation into the causes of the
problems encountered and recommended the necessary monitoring and remedia works.
Figure 4 shows the location of shophouses and the project site where the basement
excavation was undertaken.

Ste Geology and Subsoil Condition

The site is on riverine swamp aluvium of the Sungai Sarawak and generally consists of
interbedded layers of sand, silt and clay with some gravels. A layer of peat is sometimes
encountered near the ground surface. The geological map of Kuching area, West of
Sarawak, published in 1990 by the Geological Survey of Maaysia indicates that the
aluvium is underlain by sedimentary rocks of Quaternary age.
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Figure 4. Instrumentation layout at shophouses adjacent to the excavation site.

Figure 5. Subsoil profile of Sarawak site.

Figure 5 shows the typical subsoil profile established during the installation of the
piezometers. The subsoil encountered at the site consisted of 10m to 12m of silty Clay
underlain by sandy soils. As shown in Figure 5, the thickness of the cohesive layer
decreased towards the proposed basement excavation site indicating that sandy materials
are at the shallower depth of the excavation site. This was further confirmed by the
authors during the site visit. The estimated original groundwater level prior to the
excavation ranged from about 1m to 2m below ground level.
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Basement Excavation

As the design consultant of the basement excavation was unable to release the
information on the retaining wall system requested by the Authors to assist the
investigation, information on the site reported in this paper is from site observation. The
excavation at the site was supported by an anchored diaphragm wall of about 0.6m thick.
A total of 3 levels of ground anchors were used. The average depth of excavation was
estimated to be about 10m to 12m with deepest excavation at about 14m for water sump
pits at the centre of the site. Asobserved at the site, the final excavation level was mainly
a the sandy layer. Dewatering activity within the excavation pit was carried out to
facilitate the construction of basement slabs and pile caps.

Figure 6 (a) Typica building cracks dueto differential settlement.
(b) Settlement of the non-suspended apron.

Problems Encountered

The shophouses around the excavation site had cracked due to excessive differential
settlement of the ground. Other than cracks on the brick walls, cracks were also observed
on the reinforced concrete beams and columns. On one of the unit, the structural cracks
were so severe that the structural integrity of the structure came into doubt and was
declared unsafe for occupation. Figure 6a shows the typical externa view of one of the
shophouse that suffered cracks and Figure 6b shows the settlement at the apron of the
shophouses.
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Findings from the Monitoring and Investigation

In order to effectively carry out the geotechnical investigation, a series of monitoring
schemes which included the following were carried out :

- Lines of ground settlement markers to measure the settlement of the
retained ground at various distances away from the excavation site.

- Standpipe piezometers to measure the changes in groundwater level at
various distances away from the excavation site.

- Dia Gauges mounted on the structural elements to measure crack width
changes.

Figure 4 shows the locations of the ground settlement markers and installed standpipe
piezometers. In general, the instruments are placed in lines perpendicular to the wall.
Figures 7 shows the groundwater levels monitored for more than three months.
Measurements from the standpipe piezometers installed at the site show that the
groundwater levels were lowered near the excavation site as a result of pumping of
groundwater at the excavation site. The groundwater at the retained ground dropped
about 6m near the wall and about 4m at 230m away from the wall indicating that the drop
in groundwater level is reduced with distance away from the excavation site. The results
show that the drop extended to a distance of more than 250m.

Distance from Excavation (m)
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Figure 7. Changes in groundwater level at various distances away from the
excavation site.
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Figure 8. Additional settlements measured at various distances away from the
excavation site (after the start of geotechnical investigation)
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Figure 9. Additional settlements measured at various distances away from the
excavation site (after the start of geotechnical investigation)
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The results of ground settlements are shown in Figures 8 and 9. Instrumentation
monitoring began only after the authors were asked to carry out the investigation into the
cracks of the shophouses. A significant amount of ground movements and lowering of
groundwater would have taken place prior to the installation of the monitoring
instruments as indicated by the seriousness of the structural cracks and ground
settlements observed at site before monitoring commenced.

The causes of settlement in the retained ground could be attributed to the following:-

1) Lossof materials and stressrelieve during the installation of the diaphragm wall

2) Lossof materials during installation of temporary ground anchors

3) Deformation of the wall due to earthwork excavation

4) Lowering of groundwater in the retained ground by ground seepage through the
sandy layer below the diaphragm wall

5) Loss of water through the drilled holes of the ground anchors

The first three settlement causing factors in the retained ground should usualy be
contained within a distance of three to five times the maximum depth of excavation as
discussed in the earlier section. However, monitoring results show that the settlement
influence zone extended to more than 20 times the maximum depth of excavation (up to a
distance of more than 250m) and this tallies with the drop in the groundwater measured
in the piezometers. Therefore, lowering of groundwater is the main factor causing this
extent of ground settlement.

From the settlement profile monitored, the ground is till settling indicating that the
ground is still undergoing consolidation due to the increase in effective overburden
pressure. Although an insignificant rise in groundwater level over time was recorded due
to the recharge from rain during the monsoon months, the quantum is not sufficient to
prevent further consolidation of settlement in the ground supporting the buildings,
consequently affecting the ground and foundation of the shophouses.

Case B — A Basement Excavation in Penang

This case history is of a shopping mall with proposed two levels of basement. A 15m
deep double sheet pile walls supported by internal struts acting as a temporary cofferdam
had been completed. Forty per cent of the plan area of excavation reached a generd
depth of 7m except at certain locations for lift pits where the excavation reached a depth
of 10m. Figure 10 shows the site condition upon reaching the final excavation level and
Figure 11 shows a typical section of the temporary sheet pile wall installed at the site.
The plan areainvolved approximately 20,000m?.
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Figure 11. Temporary sheet pilesinstalled before failure and as remedial measures
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Figure 12. Subsoil profile of Site B, Penang.

Before the basement slab was cast at the site, hydraulic failure had aready taken place
and water flow into the clayey subsoil at the base of the excavation pit was evident. The
continued pumping out of the water from the pit unknowingly by the contractor caused
significant drawdown in the groundwater in the surrounding retained ground. The
lowering of the groundwater in the retained ground induced significant settlement (both
immediate and consolidation) resulting in large cracks and differential settlement of the
pre-war (1930+) houses that were supported by shallow block foundation with or without
one length (4m to 5m) of bakau piles. On complaints from the residents of the affected
houses, the Local Authority ordered the project to be stopped pending investigation.

The main author was invited to be the technical advisor of the investigation team set up
by the Local Authority. After the stop work order was issued by the Local Authority, the
pumping was stopped and water level in the excavation pit raised to about 4m below
ground level. However, significant damage was clearly visible to the surrounding 300
houses though some houses were more than 300m away from the retaining wall.

Ste Geology and Subsoil Condition

The project site lies within the Quaternary deposits of marine clays. The siteiswithin an
old river which had been reclaimed and replaced with culverts. Figure 12 shows the
typical subsoil profile of the site. The top 12m to 18m of the subsoil consists of very soft
to firm silty clay and is followed by a layer of medium dense silty sand of about 7m to
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10m thick. The original groundwater level is about 1m to 2m below the existing ground
level.

Findings from Investigation

During the investigation, atotal of 26 boreholes were drilled outside of the project aimed
a mapping the subsoil profile, groundwater profile and soil properties. Standpipe
piezometers were installed in most of the boreholes to monitor the groundwater profilein
the retained ground surrounding the excavation site. Settlement profiles of the retained
ground were also monitored. The monitoring results show that the groundwater in the
retained ground had dropped significantly especialy near the excavation with the extent
of influence becoming insignificant only beyond 30 times the maximum depth of
excavation.

From Figure 11, it is very clear that the 15 m deep sheet pile had not extended beyond the
sandy layer to ensure a proper hydraulic cut-off. Therefore, detailed hydraulic uplift
calculations are required to check the stability of the excavation in terms of hydraulic
failure. Simple calculations (using methods shown in Figures 14 and 15) show that the
clayey subsoil is likely to fail in heaving due to hydrostatic pressure. This indicates
insufficient penetration depth of the sheet pile.

The investigation also found that more reports of cracks were received from the houses
on or near to the old river, its tributaries and swamps that were reclaimed some 100 years
ago. Figure 13 shows the location of the old river and the old coastal line prior to
reclamation.

Remedial Works

The remedial works carried out included installation of an additional row of sheet piles
down to a depth of 30m penetrating into relatively impermeable clayey soil underlying
the sandy soils. A series of recharge wells were also installed in the retained ground to
expedite the recovery of the groundwater in the retained ground thus slowing down and
reducing the rate of settlement.

With the cessation of flow of groundwater into the excavated pit, the groundwater in the
retained ground recharged back to its origina level and settlement was brought under
control. The project was alowed by the Loca Authority to resume work and was
subsequently completed.

Lessons Learned from the Case Histories

From the two case histories presented in this paper, it is clear that the settlement of the
retained ground had caused cracks and sagging of floors to the surrounding buildings.
The distortions were caused by the immediate and consolidation settlement induced by
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the lowering of the groundwater table. Lowering of groundwater increased the effective
overburden of the subsoil, causing settlement.

The settlement of the retained ground was more towards the wall, reducing with distance
away from the wall. This was due to the higher increase in effective overburden pressure
resulting from a higher drop in groundwater level near the wall coupled with other
contributing factors. The other important point to note in deep excavation is hydraulic
fallure (e.g. piping, heaving). These two important design considerations must be
carefully assessed prior to any excavation.

Fi gé@‘i& Old river and coastal line of Georgetown, Penang about 100 years ago
SUperimposed on project Site.

Figure 14 shows two simple methods that can be used by the engineer to check and
prevent hydraulic failure through boiling (piping) and heaving in an excavation. To
prevent heaving due to hydrostatic or artesian pressure, the equilibrium between
overburden pressure and pore water pressure causing uplift of the soil mass could be
checked using the method shown in Figure 15.

Apart from preventing hydraulic failure which could cause significant lowering of
groundwater in the retained ground, analyses should also be carried out to evaluate and
control the seepage of water (e.g. flow rate and volume) and its influence on groundwater.

Contingency measures such as recharge wells should aso be provided for in the contract.
If monitoring results from the standpipe piezometers indicate that the drop in
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groundwater in the retained ground is near to the designed value, the recharge wells can
then be installed to recharge the groundwater in the retained ground to its origina level.
Thisis to prevent induced ground settlement in the retained ground due to a lowering in
groundwater level. Figure 16 shows two typical types of recharge wells. Recharge wells
are usually more effective if installed into subsoils with higher permeability (e.g. sandy

and gravely soils).

Terzaghi’s method

Critical hydraulic method

ground above excavation bottom.
* Groundwater level in the retained
ground is unchanged

Lg hy: difference
of water head h:
difference of
Diagram w=0'L g Lo: water head
u=—-9,n,
2
I: length of stream line
d :submerged unit weight of soil Gs: specific' gravity of soil particle
gy: unit weight of water e :voidratio
20@ .. G-1 1
FOS:W/u:h FOS=i./i= — ' — 9®
auh, 1+e h, g,h,
Equation | FOS 3 1.2 (temporary works) FOS 3 2.0
FOS 3 1.5 (permanent works)
* Failure width by boiling is equivalent | * The same equation asin
to half of penetration length of wall. Terzaghi’s method is obtained if
Remarks | * Neglecting head lossin the retained the length of stream line (1) is

double the penetration length of
wall

Figure 14. Methods to check for boiling and heaving due to water pressure (modified

from Kohsaka & Ishizuka,1995)
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w
FOS = m FOS 3 1.2
w = overburden pressure hy =
w=gh) Hydrostatic /
3 _ _ ) Artesian
¢ = bulk unit weight of soil Water Head

U = pore water pressure
(u=gyhw)

Figure 15. Method to check for heaving of soil mass due to water pressure or artesian
pressure.

Proper Design, Construction Control and Supervision to Prevent Geotechnical
Failures

The authors have reviewed 55 cases of failures over a recent four-year period (Gue &
Tan, 2004). The results of the investigations are shown in Table 1. They indicate that
nearly 50% of the failures related to geotechnical works in soft ground (not limited to
basement excavation) are largely due to design inadequacy. The inadequacy is generaly
the result of lack of understanding and appreciation of the subsoil and geotechnical issues.
Hence inadequate assessments, analyses and checks on various modes of failures are the
main causes. Failures due to construction emanating from either of workmanship,
materials and/or lack of supervision account for only 15%. The remaining 40% of the
failures are attributed to a combination of both design and construction.
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Figure 16. Typical examples of recharge wells.

Category Design only Construction only Both Design and
Construction
Number of Cases 25 8 22
Percentage (%) 45% 15% 40%

Table1: Casesof Failures due to Design and Construction (Gue & Tan, 2004)

From the 55 cases of failures investigated, two-thirds are due to differential settlement
causing distortion to complete and/or adjacent structures as presented in Table 2. The
results also revea that al these failures could have been avoided if engineers with
relevant experience in geotechnical engineering had been consulted.
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Mode of Failures Complete or Partial Failure Damage due to Differential
Settlement
Number of Cases 18 37
Percentage (%) 33% 67%

Table2: Mode of Failures (from Gue & Tan, 2004)

In order to prevent similar failures, representatives of consultants and contractors need to
be equipped with fundamental geotechnical knowledge so that inconsistencies at site can
be spotted and precautionary actions taken before failure occurs. Proper full-time site
supervision by the consultant’s representatives who have adequate experience and
knowledge is a must. It is also the obligation of the consultant to adequately brief the
supervising team on the design and construction requirements.

Conclusion

From the two case histories presented in this paper, it is reiterated that the lowering of
groundwater in the retained ground caused by basement excavation will cause problems
to the surrounding buildings (e.g. cracks and settlement).

Although there are several contributory factors causing the settlement of the retained
ground during basement excavation, the influence zone is usualy contained within a
distance of three to five times the maximum depth of excavation. However, the effects of
a lowering of the groundwater can extend the influence zone to about 30 times the
maximum depth of excavation depending on the subsoil condition and the amount of
water lost (e.g. pumped out).

Careful assessment on the effect of settlement of retained ground and structuresis vital to
ensure safety. Extra care should be given to various checks on ground heave and
hydraulic failure due to excavation works.
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