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ABSTRACT: The centre of Singapore Island is underlain by the Singapore granite. The granite is generally
deeply weathered; the rock grades are typically encountered 5 m to 30 m below ground level. A number of recent
and current major infrastructure projects pass through the granite, including parts of two subway lines, Downtown
Line 2 and the Thomson Line, and the North-South cable tunnel. For cut-and-cover works and shaft construction,
it is common in Singapore to use secant or diaphragm walls through any superficial soils and through the soil
grades of weathered rock. Where the rock grades of the granite are encountered above or close to the base off
the excavation, the strength of the granite rock makes it uneconomic to form a cut-off by taking the walls to any
significant depth into the rock. There are numerous rias, often filled with soft, highly organic clay, and stringent
control of pore pressures outside excavations is a common requirement, because of the high compressibility of
these deposits. Rock fissure grouting is becoming a common method of forming a cut-off below the secant or
diaphragm walls, as a protection measure to minimise consolidation settlements in the soft soils which can affect
adjacent properties. Two examples of rock fissure grouting using micro-fine cement grouts are summarised. One
was a trial involving 20 grout holes, with water testing before grouting on every stage. The trial was for grouting
below secant piles installed as part of the temporary works for an underground station. The second involved
grouting using two rows of holes placed just outside the diaphragm walls for another underground station. All
178 grout holes were water tested before grouting. By analysing the results of the water tests and the grout
injection at stages during the grouting, the progressive reduction in the permeability of the rock is assessed.

1

INTRODUCTION

The centre of Singapore Island is underlain by the rock
of the Singapore granite. The rock has been subject
to deep tropical weathering, with rockhead typically
encountered 5 m to 30 m below ground level. Numerous rias have been eroded into the saprolite; the rias
have subsequently been infilled with alluvial soils of
Holocene age. The superficial soils include organic
soft clays, and can be highly compressible.
The underground Downtown Line (DTL) of the
Singapore Mass Rapid Transit system (Fig. 1) is
being constructed in three stages. Stage 1 opened for
passenger service in 2013; stages 2 and 3 are currently under construction. The majority of stage 2
of the DTL passes through the Singapore granite. Other underground construction projects, which
have recently commenced, such as the Thomson Line
and the North-South cable tunnels, will also involve
extensive tunnelling and excavation in the Singapore
granite.
All of the stations for the DTL are being constructed
using cut-and-cover methods. In the Singapore granite, the depth to rockhead varies significantly within

each station site, typically from 10 m above final excavation level to 10 m below. Diaphragm wall or secant
pile retaining systems are commonly used in the soils,
but are very slow and expensive to advance through
the generally strong to very strong granite rock. Toe
penetrations into the rock are generally limited to 1 m
to 2 m, except in exceptional circumstances.
In order to limit dewatering and consequent consolidation settlement in the superficial soils, the use
of recharge wells is commonly specified. At some
locations, rock fissure grouting has been used to
form a curtain below the retaining wall, to supplement the recharge system. All of the work is
within the urban areas of Singapore, and the purpose in minimising consolidation settlement is to limit
building damage around the excavations. Although
consolidation settlement is generally regarded having limited effect on building damage, in Singapore
it is common for buildings to be founded on mixed
foundations, or to be constructed over locally varying depths of compressible soil. Buildings on mixed
foundations are particularly sensitive to any type
of settlement, including consolidation settlement
(Shirlaw et al. 2003).
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Figure 1. The Downtown Line, Singapore, showing the three stages of construction, and the locations of Bukit Panjang and
King Albert Park Stations of Downtown Line Stage 2.

2

Figure 2. Grouting in progress at Bukit Panjang Station, in
front of one of the buildings requiring protection.

Figure 2 shows grouting in progress at Bukit
Panjang Station in front of one of the buildings
requiring protection.
In this paper the use of rock fissure grouting at
two DTL station sites will be summarised. The two
sites are at Bukit Panjang Station, where the results of
a grouting trial are presented, and King Albert Park
Station, where the progressive reduction in permeability of the rock through the grouting sequence was
measured.

GROUTING TRIAL AT BUKIT PANJANG
STATION

The grouting at Bukit Panjang Station was carried
out through ducts tied to the cages of the secondary
secant piles. The piles were 1.2 m in diameter, and two
ducts were placed in each secondary pile. There was
a field grouting trial on a section of wall comprising
10 No. secondary piles (and the same number of
primary piles), with 20 No. ducts. The duct layout is
shown in Figure 3.
The piles extended to approximately 1 m below
rockhead. An initial phase of toe grouting at the base of
the piles was followed by forming a 10 m deep grout
curtain in the rock grades of the Singapore granite
below the secant piles. The piles in the test area were
approximately 14 m in depth, approximately 6 m above
the final excavation level of the station. The rock to
be grouted was Singapore granite that was generally
weathering grade III or better.
The RQD of the weathered rock, measured in two
boreholes in the trial area, varied from 0% to 65%.
The grouting on each hole was done in stages,
consisting of:
Toe grouting: drill 1 m below the base of the pile
and carry out toe grouting
Rock fissure grouting in three stages: 10 m to 5 m
(bottom stage), 5 m to 1 m (middle stage) and 1 m to
the toe of the pile (top stage)
The grouting was carried out in upward stages
where the hole was stable, but many of the holes in
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Figure 3. Layout of the secondary (male) secant piles and embedded ducts for grouting at Bukit Panjang Station.

Table 1. Grouting criteria for the trial at Bukit Panjang
Station.
Stage

Toe

Bottom

Middle

Top

Stage Length (m)
Max. pressure (bar)
Max Volume (litres)
Hold time (minutes)

1
10
200
5

5
25
400
2

4
15
320
3

1
10
80
4

Table 3. Grout testing results on the MFC grout, from initial
testing, and limiting criteria for routine QC testing.

Bleeding (%)
Marsh Cone (seconds)
Filter pump, 77 µ mesh (l)

Table 4.

Bleeding (%)
Marsh Cone (seconds)
Filter pump, 310 µ mesh (l)

Criterion

5 to 6
34 to 38
280 to 300

<10
<40
>250

Criterion

5 to 6
28 to 33
220 to 280

<10
<36
>200

Mean permeability data in Lugeon units.

Table 2. Grout testing results on the OPC grout, from initial
testing, and limiting criteria for routine QC testing.
Typical

Typical

Stage

the trial had to be grouted in downward stages, due to
problems with stability.
A split spacing grouting sequence was used,
involving carrying out A1, A2, B3, B4, C5 and C6
holes in order, as shown in Figure 3. The limiting grout
volumes and pressures are summarised in Table 1.
Initial grout testing resulted in two grout mixes,
an Ordinary Portland Cement mix and a micro-fine
Cement mix:
– OPC Mix: W:C 1:1 + 1% (by weight of cement)
bentonite
– MFC Mix: W: Microcem 650 1.2:1 + 1% Muraplast
120S superplasticiser. The mix water was chilled
to 15◦ C, or lower, before mixing, to improve the
‘pot’ life
For the trial, the OPC mix was used for toe grouting
and for rock fissure grouting on holes A1 and A2.
The MFC mix was used for fissure grouting on the
remaining holes.
The typical test results for these mixes are summarised in Tables 2 and 3, together with the limiting
values for acceptance during routine quality control
testing on site. During production grouting, samples
of each grout was tested at least twice a day.
The micro-fine cement mix had a slightly higher
Water:Cement ratio and bleed than originally planned.

A1 (before grouting)
A2
B3
B4
C5
C6
C6 (Final)

Bottom

Middle

Top

0.692
0.226
1.109
0.520
0.005
0.000
0.000

0.947
1.498
1.253
0.630
0.052
2.253
0.040

19.027
6.656
10.640
11.040
7.860
10.743
4.982

This change was made due to the high ambient heat
in Singapore; it was found that the originally planned
mix set too quickly to be practical for grouting.
A simple one stage lugeon test, at 5 bar pressure,
was carried out before each stage of the grouting.
The change in the lugeon values through the grouting
sequence is shown in Table 4.
Because of the relatively small number of tests at
each phase and stage of the grouting there is an element
of scatter in the data, reflecting the natural variability
of the rock. However, the general trend of reducing
permeability from start to finish is evident.
Despite injecting very large quantities of both OPC
and MFC grout immediately at the toes of the piles,
the residual permeability at the toes was still relatively
high after grouting. During grouting, there was evidence of detritus at the toes of the piles, as some of
this material was flushed up during the grouting. It is
considered that the residual permeability was due to
this detritus, which could not be effectively grouted
to reduce permeability, although significantly greater
quantities of grout were injected in this area than
anticipated.
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Figure 4. Typical grout hole arrangement at King Albert Park Station, the grout holes being placed outside the diaphragm
wall.

There was little evidence of any beneficial effect
from the initial OPC cement grouting in the A holes.
Following the trial grouting, significant adjustments were made to the toe grouting. The limiting
volume was increased to 1 m3 per pile, while the mix
was thickened to 0.5:1 water:cement. Following the
adjustment to the toe grouting, hole stability increased
significantly, and almost all of the production grouting
was done in upward stages. In retrospect, the stability
issues experienced during the trial were due to material entering from the toe of the piles, not inherent
instability of the bores in the rock.
It was also found that the initial phase of OPC
grouting in the rock (in holes A1 and A2) had little
beneficial effect, consistent with the relatively low
initial permeability of the rock. It was therefore
decided to use micro-fine grout for all of the rock
fissure grouting; the OPC based grout would only be
used for toe grouting. This change significantly
simplified the procedures for grouting on the site.

3

GROUTING AT PRINCE ALBERT PARK
STATION

3.1 Summary of the grouting
The grouting at Prince Albert Park was carried out just
outside fourteen of the diaphragm wall panels installed
as part of the retaining system for the station excavation. The diaphragm wall panels were installed to
approximately 1 m into rock, but in a number of locations the rockhead was above final excavation level.
The grouting was required to extend the cut-off to
approximately 1 m below the final excavation level of
the station.
The grouting was carried out using two lines of
grout holes drilled from the surface. On each line the
grout holes were at a centre-to-centre spacing of 1.2 m.
The grouting points were in two rows: the ‘A’ row
and the ‘B’ row, which were 0.7 m apart (Fig. 4). The
length of the grouting in the rock varied from 1.45 m
to 8.75 m. The holes were grouted in 1 to 3 stages,

depending on the total length of grouting required on
each hole. Typical stage lengths were top stage: 1 m
(rockhead to 1 m below rockhead), middle stage: 4 m
(1 m below rockhead to 5 m below rockhead), and bottom stage (remained). The ‘B’ row was grouted first,
using a split spacing sequence. Every alternate ‘B’
holes was grouted initially, then the remaining ‘B’
holes. The ‘A’ row was then grouted, also using a split
spacing sequence.
Pressure limits were 10 bar, 15 bar and 25 bar,
respectively, with an 80 l/m volume limit. All grouting was bottom-up, i.e. the hole was drilled to full
depth first, and then the hole grouted in upward stages.
All grouting was by a micro-fine grout using the mix
shown in Table 2.
3.2

Summary of the testing

In total there were 178 grout holes. After drilling, but
before grouting, each hole was water tested using a
simple one stage lugeon test at 5 bar pressure for 5
minutes. The water test was for the full depth of the
hole in rock. If the result of the water test was less
than 1 lugeon unit (approximately 1.3 × 10−7 m/s), no
grouting was carried out on that hole, on the instructions of the client. Because every hole was water
tested, the change in the permeability of the rock
could be tracked through the grouting sequence.
For each diaphragm wall panel there were 5 to 7
grout holes. The changing permeability of the rock
was assessed by summarising the results from:
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The first row ‘B’ hole at each panel – 14 results,
representing the ungrouted rock
• After completing every alternate row ‘B’ hole on
each panel, the results from the testing of the first
of the infill ‘B’ holes on each panel – 14 results.
This represents the permeability of the rock after
carrying out a single line of grouting at 2.4 m centres
• After completing all of the ‘B’ row, the results from
the testing of the first row ‘A’ hole on each panel –
14 results. This represents the permeability of the
rock after completing the ‘B’ row, i.e. a single line
of grouting at 1.2 m centres
•

Figure 5. Measured permeability at intervals through the grouting at King Albert Park Station; each line represents the results
of 14 tests expressed in terms of percentile.

Table 5. Reduction in Permeability at intervals through the
grouting at King Albert Park Station.
Percentile Half ‘B’ Row All ‘B’ Row Final holes Total
80%
50%
20%

•

1.2
2.2
11.8

1.5
6.0
6.8

10.6
18.2
6.7
87.1
No change 80.4

ratio between the initial permeability of the rock and
the permeability measured on the final row ‘A’ holes.
There is some discrepancy between the total change
and the product of each stage, due to rounding.

3.3 Observed results of the grouting
at King Albert Park Station

The final grout hole on each panel – 14 results,
representing the permeability of the rock after
completing all of the ‘B’ row and the majority of
the ‘A’ holes

The lugeon testing has been converted to permeability using the correlation given above and plotted
in terms of percentiles, in Figure 5.
No testing was carried out after completing all of
the grouting, so there is no information on the final
post-treatment permeability of the rock.
It can be seen that the pre-treatment permeability
of the Singapore granite at Prince Albert Park Station
was quite high, with a median value of 2.3 × 10−6 m/s.
This was over ten times the permeability of the rock
grouted in the trial at Bukit Panjang Station.
The reduction in permeability at the 80%, 50% and
20% percentile, at the various intervals through the
treatment, is summarised in Table 5. In Table 5, the
values are expressed as the ratio of the permeability
of the preceding interval to that measured on the
headlined interval. Thus, the reduction in permeability
between completing half of the ‘B’ row holes and
completing all of the ‘B’ row holes was a factor of 6
at 50 percentile. The values given under ‘Total’ are the

Much of the grouting at King Albert Park was carried out in an area where the excavation level was
below the toes of the diaphragm wall. As a result,
the grouted rock was exposed. The grouted rock was
adjacent to a section where the exposed rock had not
been grouted. There was a marked contrast between
the grouted and ungrouted rock, with little evident
seepage in the grouted area compared with significant seepage in the ungrouted area. This is consistent
with the typically two orders of magnitude reduction
in permeability of the rock following grouting,
evidenced in Figure 5.

3.4 Discussion of the results of the grouting at
Prince Albert Station
The grouting at Prince Albert Station was limited
by the instruction not to grout any hole when the
measured permeability of the rock was less than 1
lugeon unit; this, in effect, limited what could be
achieved with the grouting to about 1.3 × 10−7 m/s.
In the rock prior to grouting fewer than 10% of the
test results were less than 1.3 × 10−7 m/s. For the final
14 holes tested, almost 80% of the results were less
than 1.3 × 10−7 m/s. It is evident from Figure 5 that
the overall permeability of the rock was reduced with
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successive phases of injection. It is considered probable that, after these final 14 holes were grouted, the
target had been achieved consistently.
It is normally considered that grout fills the larger
fissures and more permeable rock initially, with subsequent holes tightening up the grouting by forcing
grout into the finer fissures. The results from King
Albert Park Station, as summarised in Figure 5 and
Table 5, appear to show the opposite result. The initial reductions were in the lower permeability rock,
with subsequent injection gradually affecting the more
permeable rock. It is not clear why this occurred;
however, possible explanations are that;
1. The limiting grout quantity was not sufficient to
achieve the target penetration in the relatively high
permeability rock at King Albert Station. The initial
permeability of the rock was significantly higher
than that measured in the trial section at Bukit
Panjang Station. The relatively more permeable
rock would imply that the unit volume of the fissures was higher, and greater volumes of grout were
required during the early phases of the grouting.
2. The small particle size and relatively low viscosity
of the micro-fine grout meant that the grout flowed
as easily in the smaller fissures as the larger ones.
3. The micro-fine grout exhibited about 5% bleed due
to the use of a 1:1.2 mix. The slow reduction in permeability at the high end of the permeability scale
may reflect the need to grout the bigger fissures
several times in order to achieve sealing, due to the
bleeding of the grout.
While the grouting at both of the stations was
adequate for the targets set, it is considered that
improvements in the grouting procedure can achieve
more efficient and more effective grouting. For future
rock fissure grouting in the Singapore granite it is
proposed that:

4

CONCLUSIONS

Field testing of the rock fissure grouting using microfine cement grouts at Bukit Panjang and King Albert
Park Stations in Singapore has shown that significant
reductions in the permeability of the rock, typically by
about two orders of magnitude, was achieved.
The major issue at Bukit Panjang Station was the
volume of detritus encountered at the base of the piles.
Significant changes had to be made to the planned
grout mix and the limiting quantity for toe grouting.
Although this had little effect on the post-treatment
permeability in the immediate area of the pile toes,
there was a major improvement in the stability of the
grout holes below the piles. This improvement in stability allowed more efficient grouting, by allowing the
consistent use of bottom-up grouting.
Analysis of the results of the grouting at King Albert
Park Station showed that there was less reduction in
permeability than anticipated in the early phases of
the work, particularly in the more permeable rock. It
appears likely that more efficient, and possibly more
effective, grouting could have been achieved by using
a larger limiting volume than the 80 l/m set at the site,
and by using a grout mix with lower bleeding than the
5% to 6% measured at the site.
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a) The limiting grout volume be increased, depending
on the permeability of the rock before grouting.
b) The micro-fine grout mix is altered, to reduce the
bleeding.
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