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ABSTRACT: With Singapore being a land scarce city and heavily built-up, the effective control of ground movements becomes a 

major challenge to the design and construction of deep basements adjacent to existing structures. In addition to the overall stability of 

the excavation support system, engineers need to address the potential risks of damaging existing structures that could be affected by 

ground movements. It is inevitable that all excavation works would introduce a change in groundwater pressure and its associated 

ground movements. However, depending on the subsurface geological condition and other several factors, the magnitude of 

drawdown and ground movement response can differ significantly, even for the same excavation geometry, depth, and supporting 

system. This paper explores groundwater and ground movement’s responses to excavation works through a discussion on the 

observed field performance of 18m-deep basement excavation works carried out in different ground conditions. Different responses 

when excavating in soft clays and in stiff residual soil are compared and the key observations are highlighted. 

KEYWORDS: please provide a relevant keyword list (1 line only). 

 
1  INTRODUCTION 

In Singapore, deep excavations are mostly carried out below the 
groundwater table, which is generally encountered near surface. 
It is well understood that groundwater drawdown may trigger 
ground movement related problems especially if the 
permeability of the soil is relatively high and this is found in 
combination with less permeable soft soils such as the 
Singapore Marine Clay. Therefore, it is important to understand 
the groundwater behaviour which broadly depends on soil 
permeability, ground conditions, selected type of earth retaining, 
and workmanship. In the following sections, two case studies of 
deep basement excavations carried out in different geological 
formations are presented to review the groundwater reponse and 
associated ground movements.  
 

 
Figure 1. Location of case studies 1 and 2 on geological map 

1 .1  Monitoring and Performance Criteria for Deep 
Excavation Projects in Singapore  

Being located in prime city areas and close proximity to the 
existing Mass Rapid Transit (MRT) stations and sensitive 
buildings, the excavation works for the basement constructuion 
were one of the key challenges in both of the following case 
studies. Careful design consideration was therefore given 
during the development of the Earth Retaining and Stabilizing 
Structures (ERSS). Generally, the selection of excavation 
methods is mainly driven by subsurface ground conditions and 
the presence of nearby existing structures and services, which 
required a stringent ground movement criteria.  One of the key 
criteria in Singapore is to limit the ERSS deformation to less 
than 0.5%H (where H=excavation depth) and the movement of 
MRT station and tunnels to be within 15mm as set by the Code  

of Practice for Railway Protection by Land Transport Authority 
(LTA). With these stringent statutory requirements and 
sensitive structures close by the new basements, a 
comprehensive monitoring scheme was implemented in both 
projects to ensure that the excavation induced movements 
remain within the allowable limits. A typical instrumentation 
plan developed included clusters of in-wall and in-soil 
inclinometers, magnetic extensometers and settlements markers 
(for ground (G) and buildings), as well as water standpipes 
(WS) and multi-tips piezometers (PZ) for groundwater 
monitoring. Piezometers usually included two or three tips 
placed at the depth of 0.5H, near the final excavation level and 
near the toe of the retaining wall.     

2  CASE 1: TANJONG PAGAR DEVELOPMENT 

TANJONG PAGAR DEVELOPMENT comprises a 290m tall 
office and residential tower, a medium-rise hotel block and a 
six-storey podium for retail shops. It will also house a three 
level basement car park, 18m deep.  The development will 
tower over the other buildings in its vicinity with its soaring 64 
storeys, making it the tallest building in Singapore. Direct links 
will also be constructed to connect the development with an 
existing underground MRT station, located right next to it.  

2.1  Ground Condition and Key Challenges 

The site is underlain by the residual soils of the Jurong 
Formation mainly derived from weathered siltstone or 
sandstone sedimentary rocks.  The soil profile is relatively 
consistent across the site, with 3m of top fill, followed by about 
5m-thick completely weathered residual soils of the Jurong 
Formation with SPT-N values between 50 and 100. Starting 
from 8m below ground level, the SPT-N values are consistently 
above 100, indicating the residual soil/ rock interfaces.  
Intermittent fractured rock layers are found but not continuous. 
Measured groundwater table at the site vary from 1m to 2m 
below ground level, and field borehole permeability tests 
suggested the field permeability value in the order of 10-7m/s. 
One of the biggest challenges of this project was to control the 
movement of the live MRT structures within the stringent 
criteria set by the code of practice. There were also buildings 
founded on shallow foundations located less than 20m away 
from the proposed development; a series of shop houses and 
Maxwell Chamber lawyer office, as can be seen in Figure 4. 
The simplified sub-soil stratigraphy togehter is with the 
excavation depth is illustrated in Figure 2. 
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Figure 2. Typical section of clustered instruments with soil profile 

2.2  Engineering Solution 

A robust full top-down construction method was adopted for 
the basement excavation works. For ERSS, a combination of 
1.1m diameter Contiguous Bored Pile (CBP) and 1.3m Secant 
Bored Pile (SBP) wall were proposed. For water-tightness a 
smaller diameter LSS pile in between the CBP was provided. 
Main basement excavation was staged in Phases I and II for 
better control of the ground disturbance and to enable an earlier 
start of superstructure construction in Phase I area. The 
visualization of the combined retaining wall and pile-raft 
foundation system is provided in Figure 3. 

 
Figure 3. Proposed ERSS scheme for basement (Case 1) 

2.3  Field Performance 

The performance of the ERSS was monitored by total seven 
clusters of ground instruments installed at locations shown in 
Figure 4. In addition, a series of ground settlement markers 
were also provided along the surrounding roads for monitoring 
of surface settlement.  
 

 
Figure 4. Site Layout and instrumentation plan (Case 1) 

The plots in Figure 5 show some of the recorded trends of 
groundwater behavior in response to 18m deep basement 
excavation works carried out in the stiff residual soils of the 
Jurong Formation. Generally, immediate drop in piezometric 

levels was reflected in the piezometer tips along with the 
progress of excavation. The drops reached maximum upon final 
formation level after which they gradually recovered. All the 
piezometers demonstrated a similar trend of groundwater 
response.  The maximum drop in pressure head registered at 
the  lowest tips (Tip-3) placed near the toe level of the 
retaining wall (16m below final excavation level) was as high 
as 11m. Piezometric drops were comparatively smaller at the 
higher level tips while the highest tips (Tip-1) exhibited the 
most responsive trend to the variation and changes in surface 
groundwater table. 

The groundwater table drawdown measured from standpipes 
varied from 1.5m to 6m across the site during the course of 
excavation works. Considering its close proximity to sensitive 
structures such as Maxwell Chamber lawyer office and an the 
underground MRT station which sits on a raft foundation, and 
SBP wall was proposed for the retaining walls facing them 
(shown as solid red line in Figure 4). From the recorded field 
monitoring readings, it was noticed that water table behind the 
SBP wall showed minimum drawdown of about 1.5m to 3m as 
compared to CBP walls behind which registered the drawdown 
of 4m to 6m. However, it is worth noting that some of these 
large drawdowns were attributed to some specific site activities. 
For example, a sudden drop of water table at Cluster 4 around 
Dec 2013 was due to the localized 5.5m deep excavation for 
storage fuel tank construction at 2m distance behind the CBP 
Wall.  

 

 

 
Figure 5. Recorded trend of field monitoring data (Case 1) 

Table 1 below summarizes the overall field records of 
groundwater monitoring in the stiff residual soil. The maximum 
ground settlements registered at the locations where 
groundwater drawdown (reduction in groundwater pressure) 
was observed. Maximum settlement recorded was about 20mm 
for maximum drawdown of 6.5m, which stabilized upon the 
recovery of the groundwater table.  
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Table 1. Summary of Recorded Groundwater Drawdown (Case 1) 

Location Reference Wall Surface Tip-1 Tip-2 Tip-3

Phase I 

C-7 SBP -3 -3.5 -7.5 -11

C-6 SBP -1.5 -9.5 -10 -10

C-5 SBP -1.5 -1.5 -5.5 -7.5

C-4 CBP -7 -7.5 -9 -10

Phase II 

C-3 CBP - -9.5 -9.5 -10.5

C-2 CBP -4 -4 -5.5 -6

C-1 CBP -6.5 -5.5 - -10

Phase III C-CB Station -4.5 -5 -5.5 -5.5

C-CC Station -4 -3.5 -4 -5

Note: Values shown are recorded maximum drop in groundwater level / 

pressure head, in metres.  

3  CASE 2: SOUTHBEACH DEVELOPMENT 

THE SOUTH BEACH DEVELOPMENT features two mixed-
use towers of 45 and 34 storeys, 4 podium blocks and retail 
spaces and 4 numbers of conservation buildings to be conserved 
and renovated together with the development. Occupying a 
complete street block of approximately 3.5 hectares wide, the 
proposed site is bounded by major public roads. To the west of 
the development site is the existing underground Esplanade 
MRT station.  

3.1  Ground Condition and Key Challenges 

The site is located in reclaimed ground comprising a mixture of 
fill materials from two different phases of reclamation. 
Generally, the site is underlain by very dense silty sands, silts 
and hard clay of the Old Alluvium (OA). Overlying the OA are 
the recent deposits of the Kallang Formation comprising of soft 
marine clays, fluvial clays, estuarine, and fluvial sands. At the 
deepest “valley” of the OA, Kallang Formation was observed to 
be up to 40m-thick. Such deep deposits of soft clays could 
cause substantial ground movements during the excavation. A 
deep valley of fluvial sand (F1) as thick as 18m was also 
present to the west of the site. The presence of soft clays and 
fluvial sands posed geotechnical risks, such as ground water 
drawdown and consolidation. The complex and variable 
relationship between the fluvial sands, marine clays, which 
interchange laterally facilitates consolidation settlements.  This 
risk was compounded by the presence of the adjacent one to 
two storey conservation buildings located with the distance as 
close as 0.9m to the basement and the existing Esplanade MRT 
station which is located next to the west end of the basement 
excavation area. The longitudinal profile of sub-soil 
stratigraphy across the site is presented in Figure 6. 
 

 
Figure 6. Sub-soil profile across the site (Case 2) 

3.2  Engineering Solution 

Being located within the railway protection zone of Esplanade 
MRT station which requires stringent control over the ground 

movements and considering the site constraints, it was proposed 
to use two circular diaphragm wall cofferdams of 85m diameter 
and 90m diameter connected by linear T-shaped diaphragm wall 
panels. The use of diaphragm walls arranged in triple circular 
configuration enabled the 18m deep excavation to be carried out 
in poor ground conditions with minimal deformation without 
any steel strutting or soil improvement works. The two complex 
circular diaphragm walls are 1m thick and the adjacent 
diaphragm wall facing the MRT station is 1.2m thick. The 
excavation phases were split into two. Excavation was done 
within the 1m thick circular diaphragm wall in the first phase 
(Zone 2 and Zone 4) and was followed by that in 1.2m thick 
circular diaphragm wall and the linear T-shaped diaphragm wall 
(Zone 1 and Zone 3). The arrangement and layout of diaphragm 
walls are shown in Figure 7. 
 

 
Figure 7. Proposed ERSS scheme for basement (Case 2) 

3.3  Field Performance  

The instrumentation layout plan for excavation monitoring is 
shown in Figure 8. In addition to the excavation monitoring 
clustered instruments (inclinometers together with water 
standpipes and multi-tips piezometers) and settlement markers 
were also installed along the roads surrounding the site, with 
average spacing of 5m along the site boundary and with 10m 
spacing on the middle road divider. 
 

 
Figure 8. Site layout and instrumentation plan (Case 2)  

Field monitoring data revealed that the triple circular 
diaphragm wall system performed satisfactorily in maintaining 
wall deformation within 0.2% to 0.4% of maximum excavation 
depth. The groundwater level had dropped by about 2m to 4m 
for the 18m deep excavation inside the cofferdam at Zone 2 and 
Zone 4 area. On the other hand, Zone 1 recorded no drawdown 
in groundwater table owing to a series of recharge wells which 
was implemented well ahead of the bulk excavation. The 
surface groundwater table drawdown and associated pore 
pressure drops registered at different instrument clusters are 
summarized in Table 2 below. 

 
 
 
 

Table 2. Summary of Recorded Groundwater Drawdown (Case 2) 

Location Reference Surface Tip-1 Tip-2 Tip-3 Tip-4

Zone – 4 C-5 -2 - -6.5 -8* -8.5*

C-6 -4 -5 -6 - -6.5*
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 C-7 -2.5 -3.5 -6 -9 -

C-8 -2 - -3.5 -5.5 -5.5*

Zone - 2 

C-2 -3 -4.5 -5.5* - -5.5*

C-3 -3 -4.5 -6 - -7*

C-10 -2.5 - -2 - -6.5*

C-14 - - -8* - -8*

Zone - 1 

C-11 0 0 0 - 0*

C-13 -2.5 -3.5 -4* - -5.5*

C-1 0 -5 -6 - -10*

Note: Values shown are recorded maximum drop in groundwater level / 

pressure head, in metres. (* piezometer tips in OA) 

 
The recorded pore pressure in Marine Clay varies over a 

wide range between 3m to maximum 9m. Generally in Marine 
Clay, the tips at shallow depth showed relatively smaller 
piezometric drop as compared to lower tips located closer to 
OA layers. The pore pressure drop registered in piezometer tips 
located in stiff Old Alluvium layer showed relatively more 
consistent trend with a range of -6m to -8m which is about half 
to one-third of the maximum excavation depth. It was also 
noted that the magnitude of pore pressure drop at the toe of 
retaining wall (Tip-4) was not necessarily improved with the 
deeper toe level or longer seepage path. It is also worth to note 
that the seasonal variation of groundwater table recorded in 
water standpipes was about 1m in average and can be as high as 
3m depending on the rainfall or other activities that affects the 
surface groundwater level. However, it was observed that all the 
piezometers tips whether they are located in soft marine clay or 
Old Alluvium down below formation level were able to capture 
and showed a responsive behavior towards individual changes 
in surface groundwater level. This response is more obvious 
and immediate in those tips located in fluvial sand (F1) and Old 
Alluvium. The recorded trend of groundwater behavior during 
the main excavation inside the two circular cofferdams (Zone 2 
and Zone 4) are illustrated in Figure 9 together with the nearby 
ground settlement readings.  
 

 
Figure 9. Recorded trend of field monitoring data (Case 2) 

Since the start of diaphragm wall installation works, 
maximum ground settlement about 15mm to 20mm was 
recorded in Zone 4 area where, much thicker layers of soft clay 
were present. The settlements measured at other areas before 
the commencement of excavation were less than 10mm, which 
is considered due to diaphragm wall installation works. 
Generally, increase in ground settlement of 45mm and 60mm 

was recorded after the 18m deep basement excavation works in 
the circular cofferdam of Zone 2 and Zone 4. Further 
increments in settlement were observed even after the 
completion of basement structures and recovery of water table. 
On the other hand, very small ground settlements were recorded 
in the vicinity of Zone 1, where Marine Clay layer was 
significantly thinner and water table was effectively maintained 
by the recharge wells.  

4  DISCUSSION ON GROUNDWATER BEHAVIOUR  

As observed in two case studies, the key risk with groundwater 
response to deep excavation works are mainly the associated 
ground movements (e.g. settlements) in the event of 
groundwater drawdown outside the excavation. The magnitude 
of piezometric drops behind the ERSS could be the result of a 
combination of several factors.  Some of which include 
groundwater drawdown due to seepage through the retaining 
walls or through the joints (often relates to workmanship) 
and/or relatively high permeability of retained soil which 
facilitates seepage flow underneath the toe of the retaining wall 
and reduction of horizontal stresses behind the wall.   

The two case studies above featured the groundwater 
response to 18m deep basement excavation in two different 
geological profiles. From the recorded field data, it was noted 
that groundwater drawdowns inevitably occur outside the 
excavated area, although the corresponding ground settlement 
response can be very different depending on the site specific 
ground conditions and some other reasons such as construction 
activities or leakage through the ERSS.  

In deep excavations, there may be several groundwater 
systems which can be affected by the excavation works. The 
most obvious is the lowering of the groundwater table triggered 
by daily seasonal changes (such as rainfall), reduced infiltration 
of rain water (such as concrete paved surface) or nearby 
excavations.  In Southbeach (Case 2) project, once the 
groundwater level in the top fill is lowered, dissipation of pore 
pressure from Marine Clay occurs starting from the interface 
boundary with Fill layer. This results in consolidation 
settlement of Marine Clay due to the increase of effective stress. 
Depending on the compression index of Marine Clay, a 
lowering of surface groundwater level by 1m can cause   
settlements of 50mm to 150mm. The magnitude would increase 
approximately linearly with the decrease of the groundwater 
level (Broms & Wong).  Another driver of the settlement is the 
underdrainage process caused by the piezometric drop in the 
underlying OA layer.  The pore pressure drop in these layers 
can be relatively large and the reduction in pore pressure can be 
several times that caused by a lowering of the superficial 
groundwater table. Large and rapid settlement can occur 
especially when the pore pressure reduction occurs in 
intermediate stiff clay layer which directly affects both upper 
Marine Clay layer above and Lower Marine Clay layer below. 
In addition, the existence of intermittent fluvial sand (F1) layer 
can accelerate the rate of consolidation once a piezometeric 
drop has occurred. All these conditions existed in Southbeach 
site which self-explains the recorded large settlements, despite 
of minimal ERSS deflection. 

  In the case of Tanjong Pagar project (Case 1), owing to 

the inherent properties as well as the comparatively high field 

permeability of residual soils, the groundwater system can be 

considered connected throughout and hence the mechanism is 

much simpler. The piezometer tips at different depths showed 

similar trend and magnitude which suggests that stiff residual 

soil from Jurong Formation generally behaves in a drained 

fashion.  In addition, stress relief due to ERSS deformation 

can cause the fissures and fractures to open and can 

significantly increase the overall permeability from its pre-

construction state.  In such cases, having a deeper penetration 
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of retaining walls as a form of cut-off may not be a solution for 

preventing the draw-down. Although pore pressure drops 

outside the excavation are undesirable, there was no evidence of 

subsequent large settlement recorded in the surrounding areas. 

It is also worth to note that recorded ground settlement purely 

due to daily seasonal variation itself can be up to 3mm in 

residual soils which should be allowed as a design 

consideration, especially for the damage assessment of sensitive 

structures. 

5  CONCLUSION 

In this paper, field performance in terms of groundwater and 
ground movement responses during basement construction were 
discussed based on the comprehensive instrumentation data 
collated. It was learnt that the correlation between water 
drawdown and resulting ground settlements broadly depends on 
the nature of the subsoil stratigraphy. Where compressible soft 
soils are present in combination with permeable soils (Case 1), 
groundwater drawdown and piezometric drops could result in 
subsequent consolidation settlements and if left unattended 
could be substantial.  In the other hand, where stiff residual 
soils are present (Case 2), although the magnitude of 
groundwater drawdown can be significant, the associated 
ground movements could be minimal due to the higher stiffness 
of the subsoil.   

It is therefore recommended that a risk approach be taken 
and stringent measures to control groundwater drawdown are 
adopted where soft soils are presents and where existing 
structures near the excavations are founded above the final 
excavation level.  Less stringent measures can be considered if 
a Greenfield environment abounds or where stiff soils are 
present.  
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