— Automatic Distance Meter : Audister, type 9D0OI1O 1 set.

— ¥cho Soumder : Type SR-60 I sel
The survey was carried out in the following manner: --

A control station was set on a flat barge, and the probes fixed onto a frame were suspend-
ed in the sea water by a rope, which was controlled by a winch, confirming the water
depth by an echo sounder, so that it may be kept all the time tobe | m over the seabed.
The flat barge was towed by a tugboat as shown in Fig. 2-3-1, of \w."hich position was
measured by an automalic distance meter.  Overall susvey length counts 16.04 kin along
L-1, 1.-2 and L-3 in Outer Shoal, and 29.93 km along 16 lines in Offshore Changi, as shown
in Fig. 2-1-1. For further details, s¢e Appendix A.

DETECTING BARGE SURVEY BOAT

AN/‘ENNA OF AHDISTCR

ECHO SOUNDER.

QAGNE M?MR

Fig. 2-3-1  The General Method of Magnetic Detection
Boring
The borings were carried out in the folloWing manner: —

First the steel scaffolding was pl-ﬁced by a Moating crane at the proposed borchole location,
which was lined by a set of automatic distance meter (Audister}. Then pipe casing of which_
diameter was 97 .nm, was lowered. Boring was carried 6ut using a rotary boring machine to
a leve] of —20 hl to —-37 ni. Standard pcnélralion tests were made at approximately every
two meters. The soil samples obtained by the pénclration tests were taken to a laboralory

{or the soil test and a series of physical soil tests were made.
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The under-listed ecquipment was used for the boring: - -

= Steel Scaffolding -

-~ Rotary Boring Machine :

Maker :

Brrilling Depth :
Spindle Rotation :
Torque :

Power Unit

— Boring Pump :

Maker :
Discharge Capacity :
Working Pressure :

Power Unit :

15 m height 2 sets
Model OZ-2L 2 sels

Koken Boring Machine co., 11d.
200m

80-160-330-560 r.p.m.

50kgm

Yanmar engine, NS-1 10C

Model NG-5A 2 sets

Koken Boring Machine co., Itd.

25 2/min, 35 t/min, 65 ¢/min.

63 kgfem?, 40 kgfem? | 25 kgfem?
Yanmar engine, NS-65C









(3)

3-1

SEA BOTTOM SOIL IN SINGAPORE’S TERRITORIAL WATERS

- The Public Works Department of Singapore conducted an extensive geological survey

since 1972 and “Geology of the Republic of Singapore” was published by the Department
in 1976 together with geological maps. It provides comprehensive geological information
of the mainland of Singapore and her islands.

The geology of the sea bottom in the Singapore’s territorial waters has not yet been put

together systematically.

In this study, the Consultant has classified and discussed the borehole data of sea bottom
in the Singapore’s territorial waters provided by the Singapore government authorities

together with the data obtained from the present survey.

Classification of and Discussion on Available Boring Data from the
Authorities

In the past many borings have been carried out on the sea bottom in Singpore’s
territorial waters. Most of those borings have been conducted near shore-line, for they

have been made mostly for structures or reclamation along the coast line.

There are not so many baoring data that have been conducted to look for the fifl materials
for reclamation.

18 reports consisting of 205 boreholes altogether have been collected. They are listed in
Table 3-1-1. The locations of the boreholes are shown in Fig, 3-1-1. As scen in Fig. 3-1-1,
the locations of the boreholes are concentrated mainly in reclaimed lands already com-
pleted or under way and also around some islands and are not uniformly scattered over
the whole territorial waters. Fig. 3-1-2a to Fig. 3-1-2f show the borehole logs for various
areas. In Table 3-1-2 the depths of the boreholes can be seen. From the data collected

considerable difference in soil conditions between various areas is recognized.
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Table 3-1-1

Available Boring Data

No. - Repoit No. Location Year BS&:L . ?;:g?:l:{] Legend Renmarks
I 1 PSA/SIU/P4{F1{13 | Sembawang 1973 10 PSA ~ _Il_
2 | ES/SIP29f75 P Seie}ai 1975 5 P.S.A &
3 | PSAfSIUP2{FYf?2 quiggol,P.Sele:a}, Tt | 1 PS.A N
_ Coney sl N )
4 | ES/S/P8/76 v tibin 976 8 PSA A
s | Es/syPaj76 P.Ubin 1976 6 PSA | N
6 | ES/S¥PI16 P Tekong_ | 1976 | 13 psa | v |
7 P. Tekong e 7 PS.A ) & Soil -
: Investigation
S - th_ore Shoal a 1973 -8 HDB A
9 ES;’SIIP3(}[7;_V Terumbu Retan Laut | 1975 3 P.S.AW +
10 | ESO/SIU/PISIIZ | Sisters® Shoal 1973 4 PsA | F
(11 | —————— | P pesk 1969 7 1rc . Cotal
: : Investigation
12 {312 - P. Sakau, Sakra oz 31 1TC d
13 | J283 P. Busing Tie7sa 19 ite. | ®
14 | SI/886/76 P. Semakau 1976 6 PSA ® | SackiCo., Ltd.
15 | 5249 ' .i;:ds;emakau Reef 1975.8 o ' RET o
16 P. Semakau 1976. 9 6 PSA i é;;;gai-cpnai
_ L 0., Ltd_.
17 | ES/SYP19/74 Straits of Singapose 1974 5 PSA A 4
18 | Ji16 TFuas Jurong Town 197{.. ; 19 ITC .
West

Table 312

Depth of Boreholes

Depth of Boreholes

Number of Boreholes

A.CD. ~10m or less 20
—10m~~---20m 120
—20m -~ -30m 60
--30 m or déeper 5
" Total _ 2058
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The l'ollo'wi'ng is the brief description for cach area.

—Sembawang, Pulan Se!éla_r, Punggol, Coney Island
In this arca complicated stratification is scen and no ty;piCal profile can be grasped. In
general, loose sand and dense séndy materials of considerable quantity can be seen at
many boreholes.

= Pulau Ubin, Pulau Tekong
Under the s¢a’ bottom around Pulau Ubin is 2 marine clay layer S meters to 20 meters
thick, under which silty clay or clayey silt is seen. Below the silly clay or claycey sill layer

exisils a layer of loose sand with gravel in the south of Pulau Ubin.

On ihe marine clay or between marine clay tayers, a laycr of loose sand with a small

amount of clay is seen in the north of Pulau Ubin.

Under the sea boltom around Pulau Tekong is generally thick marine clay, which seens to

exist as deep as at least —20 m.

—dohore Shoal
Johore Shoal lies east of Offshore Changi where the present investigation was carried out,
Previous boring data shows (hat there existed a thick loose sand layer fram the seabed

(about —5m) to —17m. It is considered_tlmf most of this loose sand has been won for

past reclamation projecis and (here are not much sand left.

Below the loose sand is soft marine clay, underlain by dense sand or clayey sand layers

which are considered to be the upper part of the Old Alluvium,
—Sisters’ Shoal

A thick layer of loose sand more than 20 meters thick existed at the time of the boring
in 1973.

Although the upper part of this sand -has been cxploited since then, a farely large amount

of sand is still available. From the boring data, the deptir of the sand layer is not known.
~ Off-shore West Coast Reclamalio'n‘(Terumbu Retan Laut)

A top Iarycr of loose sand about $ meters thick underlain by marine clay layers exists in
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thls ana

' A hard stmlum of shale is encountend at a depth ot‘ "tl'(llllld --1? m.
- [’uta"rl Bakau, ﬁrl:r‘ti Sat{ra';: Pula_u .Pesek"_. -

Bormgs m thesv. areas were moslly made on Ihe coral around the lslands The tluckues:.
of the eoral is S m to 7 n, and below the coral are the layers oi‘ marme ctay, strﬂ to hard
clay and t“natly al —lSm to —20 n \ery hard shaly structure (partly sand stone) is’

cncountered
o 'Atr':“["'u_l‘éil_ Pef:se_t(: :_oiily shallow borings 'tiei\"e'r'beeil mﬁde._But the state of the sirata is.
" considered to be similar to that of Patau Sakra'or Pulau Bakau. -
B =Pulau Seiﬁakﬁtu,?intau Bu‘si.ng,'Pul'au Sttd'ohé; Pulsu Bitkuin.

Bormgs around these 1stands ha\e also been mostly concentrated on coral. The depths :
where shale :s encountered are .—lS m to —25 n. Seabtd between these lslands outside

' ot‘ coral penmeters consusts mamly ot‘ marme clay partly ov erlain by ]oose sand.
i—-Sinrga;_)ore Straif (Rat‘ﬂes Shoél)' '

At the bormg pomts m thls art.a !ayer:. of loose sand vafymg in thrckness from 5 m to 10m.
Cand. loose sand w:th elay (clay content 20 ~ 30%) are seen. The deepest borehole has gonc

as deep as —37 m but has nof reached a hard stratunt.
~ Tuas

Many bormgs ha\e been made m thls aréa for a reclamatron pro;ect
Tlus area lS covered wrlh marme ctay Varymg in threkness from 2 metera to lO meters
except the Westem part ‘of lhe proposed rec!amatlon area where a layer, the maxrmum .

tluckness of wh1ch is about 6 meters oftoose sand cOvers the fmarine clay.
Under the manne clay, there ate strff lo veiy strff clay and véry dense ctayey silt, wluch

o _ are cmlsrdered to be weathen.d qhalc The bed rack of this area is mamly shale, which is

. a part of Jurong Formatlon
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3-2 Classification of and Discussion on the Data Obtained from the Present
Investigation

3-2-1 Scope of soil investigations and laboratory tests

The lengths of the surveying lines of sonic prospecting and the numbers of boreholes are
shown in Table 3-2-1.

Table 3-2-2 shows the length of drilling and the nwmbers of soil laboratory tests.

Table 3-2-1 Sonic Prospecting & Magnetic Detecting Survey

Arcil Line No. engih Tutal Lengin
L-1 55 km
L-2 57 km
£9 km
ol [ 12 km
Quter Shos
(E-Asea) L8 LAk
[.-6 14 km
L7 1.4 km
) L-§ L4 km
i L9 1.3 km 6.2 km
e i i L-1 74 km
Sonic Prospecting
Survey -2 4.7 km
L-3 38 km
L4 33 km
Off-Shore of L5 3.2 km
Changi (1] 37 km
(F-Area) L-7 36 km
L-8 34 km
L4 35 km
L-10 35 Kkm
L-11 35 km 43.6 km
li-Area L-2 20,05 km 20.05 km
L6 7.2 km
e tic Detecting L7 48 km
Magnetic Detegting F-Atea
Survey . L-8 68 km
L3 84 km 9.6 km

Table 3-2-2 Boring & Soil Tests

Sile Works Eehuratery Suil Tests

N | T | e v | | e | St | Gansee | S

(m) Test Caontent ’ Limnits
1| 2545 3405 13 13 5 5 5 5
L2 2245 30.75 B | 5. 5 3 5
1 anis 3135 15 &3 S 15 LS 9
F-2 527 kIR0 13 13 13 I3 11 3
E3 fl.45 21.2% [ [ L] [ [} 2
F4 15.25 2055 9 9 9 b 9 o
I-5 12.00 2020 7 7 7 7 7 o
16 12.34 21.2a & 3 0 ] 0 0
F2 3.4 20,74 7 7 7 7 7 o
b8 el 35.52 R ) 8 i 8 3
¥e 14.27 2077 7 7 7 7 + 4
Total 208.19 - 102 102 a8 1) a8 a
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Resulls of sonic prospecting
Ouler Shoal '(E;arca)

It has been found in the pns-. it soil nmst;gatmn lhat llu, Outu Shoal area is covered wul
.a thlck Upp;r Marisic Membee {so-called new marme clay) bclongmg to Kallang Formation
~ Fig. 3-2-1 shows illustrative cross-swtlon ofllus arca. The beéaring stratum is Old Mluvum

of Pleistocene epoch, which underlies the Marne Member.

SEA LEVEL(COL)

{ Upp=r Marine Member) Marine Clay . | —_

1
‘.va | Stitt Clay

Marine Clay

Otganic Clay or

‘Lower ManneMember) L ,
Sandy Clay

\t'\ AN
v

"[Oid Alluvium
' or Pre Quaternary

Fig. 3-2-1  IMustrative Crosssection of Ouier Shoal

- 0Ol Altluvium

As described in 3-4, this is a formahon that is wndely distnbuted i the eastem part of

Smgapon, It consnsts mainly of sand and gravel and cIayey sand with gravel. '
The upper part of the layer forms many val[uys {waste-filled vallcys), on which sandy
s0il (basal sand) and orgamc clay are deposited. The top level of the Old Alluvium is lower
than A.C. D —30 m. Thc dlstnbu(ion of this layer has been recognized but not confirmed

by bormgs
. —hlafille Member of Kalang Formation
This member is divided into two facies.

According to “Geology of the Repubhc of. Snlgapor”’ they are Lower Marine Clay

{so-called old marme clay) and Upper Marine Member (so-called new marine c]ay)
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3-2-2-2

Lower marine clay cons!sls of sand s:mdy clay, organic clay, sht‘l clay, etc.
Bound'lry between lower and upper manne clay is gtmrally formed by a smT clay layer.
In this acea it hes at a level of A.C.D. —20 i ~-25m. The layet has been recognized by

the sonic prospecting 'md confirmed by the borings.

It is said that it usually lics at a'level of A.C.D. —15 ~ —23 m ncar the shore line. This
stiff clay layér,'which is generally 2~ 6 m thick except at some places where there is tone,

is relatively well distributed.

Upper marine clay is very soft and relatively homogeneous. The distributed area of this

tayer and its depth ar¢ clearly recognized by sonic prospecting.

Offshore Changi (F-arca)

- The ground in this mus’ngahon area is composed of slrata of sand, clayey sand’ w:th '

gravel corre spoudmg to the old alluvivm and the so calied Manm Members cornspondmg
to the alluvium. This difference is clearly seen in the records of sonic prospecting.
However, where a thick newly deposited sand steatum forms the top layer, records of the
underlying marine member becomes not clear. The geological cross section of this area is

recorded as in the schematic illustration in Fig, 3-2-2.

2 Sea Level | -

st Upper Marine Member _
3]

?HP:C"“":;‘ -_._, - -
" LowerMarine Old Aluviu.m

Member Sandy Sitt ~ Clayey Sand

Fig. 3-2-2 Hlustrative Crosssection of Offshore Changi

The geology of the investigation area is discussed below referring to the available data

of previous investigations and the resulls of present boring tesfs.
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- Old Alluvium

This soil stratum makes the hard bearing stratum of this area and is widely distributed
throughout the whole area, As shoWn in Fig. 3-2-3, it is partially covered with marine clay
in the north easfern — eastern areas, The main constituent of this stratum is clayey sand
with gravel, while sandy clay and sandy silt are distributed in this stratum in a dis-
continuous manner, The sand is coarse with a grain size of 0.5 ~ 2 mm, The clay which
fills the voids between the sand particles is a brownish clay with an extremely high
cohesion, The gravel is mainly of quartz and angular in shape, In addition to this gravel of

feldspar is also seen. Gravel with diameter as large as 2 cm also could be seen.

In the sonic prospecting, sonic waves have reflected at the upper surface of this stratum
and. the records are not clear for the underlying strata. In the zone of Marine Clay,

irregularities on its surface are remarkable forming waste-filled valleys.
— Alluvium

The allovium distributed in this area corresponds to the Marine Member in the Kallang
Formation as classified in the “Geology of the Republic of Singapore” published by the
P.W.D.

According to the resulis of sonic prospecting, a large number of valleys are formed in the
old alluvium due fo erosion and the alluvium has deposited filling these valleys. This soil

~stratum is discussed from the lowest layer upwards with the aid of the results of boring
tests.

® Lower marine member (old marine clay)

From the bottom of the waste-filled valleys, clayey sand, clay with organic matter,
clay (marine clay), silty clay and clayey sand or stiff clay are deposited in that order.
Out of these, stiff clay and clayey sand have responded with a refatively clear plane

of reflection in the sonic prospecting.

The stiff clay which makes the boundary with the alluvium is seen continuously at
a depth of A.C.D, —15 to —25 m. Sandy clay which fills the waste-filled valleys below
the stiff clay is distributed at depths below A.C.D. —18 m to —25 m. When the
thickness of this layer becomes larger, records of underlying strata sometimes become
not clear. Marine clay which is a Lower Marine Member, is very sticky and homo-
geneous and forms a typical soil stratum. In the sonic prospecting, this stratum

responds in a blank condition. In addition to this, a brownish gray clay containing
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organic matter is distsibuted just above the basal sand formation and below the

stiff clay or clayey sand.
¢ Upper marine member (new niarine clay)

This is a layer of very .soft cia'y and is deposited. to a depth of about A.C.D. ——lSIm
to —25 m from ihe sea bed. [t is distributed in the entire arca where Mariﬁc Members
are distributed. This is a uniform clﬁy grey to dark grey in colour. In sonic prdsbect-_
ing although it sho.ws an almost blank record, but at some places depositional su'r'faces

~ are recorded.
® Loose sand

This layer is a very new soil stratum distributed along Johore Shoal and where the soil
changes from old alluvium hill to Marine Members. The thickness of this layer is
about 2 m ~ 10 m. This loose sand is driven from the old alluvium and is c‘omposéd
of medium to coarse grained sand mixed with gravel. Where this layer is thickl'y
deposited, the sonic waves in the sonic prospecting are reflected at this tayer giving

ito clue to the undérlyirig soil strata,
--Geological Structure

In this region, soil strata older than the old alluvium arc not observed except for some
oulcrdps of Bukit Timah Granite seen on land at a point 22 miles ffom Changi. According
to the results of boring tests in other areas, the thickness of the old allnvium is recorded as
- 140 m. AHhough borings were made to a depth of A.C.D. —30 m in the present investiga-

tion, all of them have indicated the old alluvium,

In the past, a large number of eroded valleys were formed on this layer due to fluctuation
of sea level. The waste-filled valleys existing above A.C.D. 45 m level are recorded in the
present investigation (see results of sonic prospecting). All these valleys are filled with

Marine Members of Kaliang Formation.

The approximate arca where the old alluvivn is distributed at sea bed is as shown in
Fig. 3-2-3. Marine clay is distributed from the northern part to the eastern part of the
investigation area and widely distributed in the northeast dircction (in the direction of -

Tekong Istand ).

Therefore, the area where sandy soil is distributed is on to the west of the above area,

Further, according to the available data, waste-filled valleys which form a low lying area
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From the above discussions the area where sandy materials are distributed is estimated to

Town (Sungai Bedok) are distributed below the sea bed almost in the south direction,

(an alluvial low lying area where a soft clay layer is thickly deposited) near Bedok New
be the area shown in Fig. 3-2-3,
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3.2-3 ~ Results of borings

The results of 9 borings (7 borings in Outer Shoal and 2 in off-shore Changi) are described

hereunder.

—OQuter Shoal { E—area)
One of the two boring points made in this area has been selected at a poinlt (E-2) where
the record of the sonic prospecting was clear. The other has been selected at a point {E-1)

where the record was not clear,

According to the results obtained, the top layer in this area is of very soft marine clay
with N-values 0 to 1,'of which thickness is 9 to 11 meters. In the lower part of the layer,
organic clay is seen,

It is considered that this layer belongs to the Upper Marine Member. Below this, a clay
layer (N = 3) and a sandy silt layer (N= 11 ~ 14) are seen. They are considered to belong

to the Lower Marine Member,
Both at E-1 and E-2 any hard bearing stratum has not been encountered.

— Offshore Changi (F—area)

Nine borings have been carried out in this area. At all boring points but F-1 and F-8, the

old atluvium was found from the sea bottom. -

At F-1 and F-8, there is Marine Member which belongs to the Kallang Formation, On
the Marine Member, a layer of loose sand is seen. The Marine Member is divided into
Upper Marine Member and Lower Marine Member.

The Upper Marine Member in this area consists of a layer of soft marine clay to a level of
—13mto ~17m A.C.D. and a clayey sand layer which is very loose (N=3~ 5)and 3 ~

6 m thick.

The Lower Marine Member consists of a stiff clay layer (N = 18), marine clay (N =3 ~ 4),
clay with organic matters (N=6), and clayey sand (N=15~38) from the top layer down-

ward.
The Old Alluvium consists mainly of dense to very dense clayey sand, and locally with

stiff clayey silt and silty clay. The N-values of the old alluvium are 15 ~ 50 for the

weathered part and 100 ~ 150 for unweathered part.
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324 Resuits of lébom(ory tests

Data obtained from Jaboratory tesls are summarized below. All data are collected in

Appendix 1D,
- Resulis of Soii Tests for OQuter Shoal (E—ama)

The figure below shows the grain size distribution curves of the alluvial deposit (mainly

marine clay) which is found from the sea boitom to A.C.D. —30 m.
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The following are the physical propertics of the marine clay at Outer Shoal.

Natural water contén_t _ | 60 ~ 80%
Spéciﬁc gravity of the soil p:artic"lcs 2.62~ 270
Bulk dmisily ' _ _ 1.6 ~ 1.9 gfeu. cm
Grain size Gravel 0%

Sand I~ 10%

il 20 ~ 30%

Clay /Colloid 60 ~ §0%
Liguid Limat (L.L) 10~ 90%
Plasti¢ Limit (P.L.) 20 ~ 30%
Plasticity Index (P.1.) 40 ~ 60%

- Results of Soil Tests for Off-shore Chahgi ([;‘iArca')

Aniong the 9 boring points investigated in this area, only 2 points (F-1, F-8) show the
existence of marine clay.

Tire other 7 borings were made on the old aliuvial hill. Although N-values of the uppes part
of this old alluvium are less than 50, those of the main part of the old alluvium are above
50. The alluvium consists mainly of clayey sand and, in an ircegular manner, alluvial clayey

soil within the clayey sand.

The _folloiving are the grain size distribution curves and ph'ysical properties of the typical

sandy soil and clayey soil.

(a) Old alluvial sandy soil

Sieve
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L x
ol T

2t
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Craia diameter, =

gl € | Silt | " Sand I Gravel
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Natural water content

Specific gravity of soil particles

Bulk density

Grain size Gravel
Sand
Silt
Clay

(b) Old alluvial clayey soil

MOV CETELEG TR ]
- } Grain-Sise Disiribation Cary H
ST Slee D Lo

B N
. S

Parcent finer, % .

b~ 20%

260~ 265

2.0~ 2.2gfcu, cm,
0~ 30%

50 ~ 80%

1 ~ 15%

10 ~ 207%

L Clay 'L X "L k Sand B ,1. T -
] Natural water content 14~ 22%
Specific gravity of soil particles 2.60~ 2.70
Buik density 1.9~ 2.1 g/cu. e,
~ Grain size Gravel 0~ 5%
Sand 10~ 40%
Silt 25~ U
o . Cly 25~ 45%
Liquid limit (L:L.) 44 ~ 55%
Plastic limit (P.L..) 15~ 20%
Plasticity index (P.1.) 25 ~ 40%
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(¢) Alluvial soil

The alluvial deposit consisis of two marine clay layers (upper and lower) and an
intermediate fayer sandwiched by them.

The grain size distribution curves of the alluvium are shown below.
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The physical propertics of the marine clay of this arca are as follows:

Natural water content 60 ~ 80%

Specific gravity of seil particles 2.68 ~ 2.71

Bulk density 1.55 ~ 1.70 glem?
Liquid limit (L.L.) 70 ~ 0%

Plastic imit (P.L.) 20~ 30%

Plasticity index (P.1.) 50 ~ 60%
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3-3 Result of Magnetic Detection

Magne‘tib detection survey \i;as carried oul on three lines at Outer Shoal arca and on |
| !ineé at'the él‘f_-shore of Changi.

To'lal_lenglh of the lines was 45.97 km.

The resuh_s at Quter Sﬁoa! and at the off-shore of Changi are shown in Table 3-3-1 an.i

. Tablé 3-3-2 respectively.

_Table 3-3-1 Number of Points of Maguetic Anomaly in Outer Shoat Ares

lntensiiy. of | _ Goussfem? . . ,
anomaly : . : o B ~{ Total m?/
Lo S~ |04 | 5~20| 21~50] 51~100[101~200 | Over 201 | TS | Anomaly

LiG3om [ o | 3| 1o s | 17 16 54 939
L2¢s300m) | 1 | o2 12 1 3 noo| a0 1325 |
L3a00m) | 1 | 6 | 9 | 6 14 s | 6l - 885

In Outer Shoal 153 points of magnetic anomatics of more than 5§ Gaussfsq.cm have been

recorded. Total detected area was 160,400 m? since the width covered by one trip of the

detector used here was 10 mieters.
Thercfore, in average one anomaly has been found per 1,048 square meters. The density

of an anomaly of more than 21 Gaussfsq. cm is onc point per 1,130 square meters.
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j:ablc 3-3-2  Number of Magnetic Aﬁomaly Points (Off-shore Changi)

N Inlens.ily of Gauss/cm"'. o .
anomaly ) v . | Tetal m !

- 0~4 | 5~20| 21~50 | 51~100 | 101~200| Over 201 | FOMts | Anomaly.
1 4 @20m | | 7 q 4 0 0 16 | 1419
12 @20m | o 7 4 3 2 0 16 1388
13 (2,190 m) 1 6 | r 2 1 o 12 ”1,825‘“—
14 @370m) | o 3 ] 3 o | o | 7 3,386
15 (|700 myl o'} o 2 0 0 R 5,667
6 momy | 1 | 6 4 1 2 0 14 '"1,243_
kL-? (1,720 m) 1 ) 5 27___ 0 t O 0 9 - 1,911 _
ﬁL-S {1,780 m) 3 S 3 i 2 ] _l_‘i 7_m— .
L-9 (1,700 m) _B_ 7 O 2 l‘ 1 0 4 4,250
L10(1,69%m) | 0 2 1 1 1 0 5 3,380
L-11 (.1,710.11)' _0— 1o o | Color kﬁo 3 5,700
L12(1,680m) | o© I 2 0 0 1 4 4,200
L3a720m | o 2 9 0 v o | s | san
L-|4(1,32bm}' 0 . 1 0 o 0 s 3,640 |
L15¢,790m) | 0 | o 2 0 0 0 2 | so9s0
L-le‘.(l,sso'm) o | 2 0 y 0 0 3 6,100 7

In oftshore Changi the densities of anomalics more than S Gaussfsq. ¢m, and niore

than 21 Gaussfsq. cm, have been oie point per 2,433 m? and one p(ﬁﬂt per 4,605 m?.

In general a lacrge bomb lying on a sea bed gives a .magnetic anomaly ‘of more than 21
Gaussfsq. cm, If the bomb is buged in mud 6r satid, the intensity of the magnetic anoma-
Iy can be diminished to around lO Gausélsq. cin.

Therefore the intensity of {he magnctic anomaly that requires detection by divers is

generally considered as follows:

21 Gaussfsq. em when the seabed is hard

10 Gauss/sq. cm when the seabed is soft

Since the above values, however, afe_ dependent on the type of explosive object and the
buried condition, they must be decided lhroilgh a careful study prior to the dredging
operation.
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3-4 Study of the Data

3-4-1

General descriplion of Singapore’s geology
The three typical geotogic formations in Singapore are granite (Bukitima Granite of ca ly
Mesozoic era), which is widely distributed in the middle patt of Singapore, old sediment: ry
rock {(Jurong lormallon depos:ted in the nndd[c to late \l‘.sozom era), which is seen in
the western part, and old alluviem (sandy layer of gramlc origin deposited in ecaly
Quatemary permd) which is distributed in the eastern part (see Fig. 3-4-1).
'Thcre_is a small area where a 1ialaeozoic rock is sceir around Bukit Timah Hill,
In Jurong area, lowlands along Kallang River and coastal line, alluvial deposit is widely
distributed.
Table 3-4-1  Quaternary Stratigraphy of Singapore
Age Foymation Rock Facies (Content) Remarks
Reef Member coal, unconsohdaled calcanous
N sand.
é - . _ I
= Transitional Member uncensolidated esturaine mud,
% mudy sand or sand
: 8 Littoral chmber well sorted unconsohdated
o -esturaine mud, mudy sand or
Holocene % _ sand,
% L -
%; :tJ Alluvial Member pebbie bcd sand, mudy sand
3 a4 clay to peat.
o3 i - —
& ) Marine Member clayey mud, peatard sand. site deposite
TEKONG FORM:\_T[ON unconsolidated marine and
_ littosal well sorted sand.
HUAT CHOE FORMATION white kaolin clay and minor
o quaitz gravel.
. I RN N N i i I e NPl N <
Pléis toceric OLD ALLUVIUM loose coase quartz stone/f site deposite
_ conglomerate
A S - B N I N N N ol S e

Pre-Ter[:ary

Mc=0701c & Paleozoic Sediments, BUKIT-TIMAH granit

( Refercnce Data. PW.D. 1976 )




Heolocene

Old Alluvium

Juro'ng Formation
Bukit Timoh Gronite
Pafdeonic Foermations
Foﬁlt

’ . mim
':!:’
Fig. 34-1  Simplified Geological Map (after PW.D. 1976)

‘The geologic formation of the two areas where the present survey has been conducied

consists of old alluvium of pléistocene cpoch overlain by the fater deposits.

Sea bottom soil in Singapore’s territorial waters
From the data collected from the governmental anthorities and obtained from the present
mv»shgahon the sea bottom soil seen in the Singapore’s territorial waters are mamly

Jurong Formation, Old Alluvium, and Kallang Formahon

Jurong I ommuon is widely distributed in the weslern sca bottom [t cons;sts of alteratmg
layers of shale (mudstone), sand stone, and conglomerate But upper part of it is mosﬂy
weathered and seen as stiff clay or hard clay. Hard rock is generally reached at —i5m (o
—30 m. Near shore tine or below coral around the western islands the hard rock is réached

at a sather shallow level. On the seca bottom between the istands thc tevel becomes very :

. deep. On Raffle’s Shoat or Sisters’ Shoal it has not been reached.

Old Altuvium is widely distributed in the eastern part of the territorial waters.
It is a deposit of land origin or a delta deposit. It consists of coarse quartz — feldspar
sand, gravel and lightly centented sandstone -conglomerate. Manmum size of the gravel

is about §mm. As seen from the present soil investigation, the upper part of the QM
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Atluvium bas many valleys, which are filled with afluvial deposit. The borings made in of; -
shore Changi show that the upper part of the Old Alluvium coasists mainly of clayey san

with gravel. while sandy clay, sandy silt, and silly clay are distributed.

Kallang Formation is most widely seen over the sea bottom in the territorial waters amos 2
three Hotocene formations scen in Singapore, while the other two formations, Feko
F{_)rmalion and Huat Choe Formation, are seen in rather limited arca. In Tekong Form: -
tion, Marine Mewber is the most commonly seen sea bottom deposit.

Marine Member which has been described in 3-2 is considered typical for all marine clay

“under the Singapore’s sea bottom.

The result of soil tests indicate tll:ﬁ marine clay has a very high colloid/clay content of 60
to 80 % and a high natural water content of 60 to 30 %, which is closc to tlie liguid limii.
Ihe soil tests also show that no large differences in the soil characteristics belween old
marine clay and new marine clay are recognized except in N-values and natural water

conteats. The plastic limit of the both marine claysis about 27 % at the two arcas.

The results of the particle size analyses of the clayey sand obtained at Offshore Changi
indicate that it has commonly_ a very high sand content of 80 % and has a very low silt
content.  The clayey sand at the old alluvial hill at Glfishore Changi is very dense wilh
N-values more than 50, excepl for the upper part 5 meters or so in thickness, whicl has N-
values less than 40.  Clayey sand in other areas, where it is overlain with thick layers of

marine member, wowdd have the similar particle size distribution and density.

At some places at Offshore Changi, silty sand and sandy silt Jayers are seen.  They are
similar to the clayey sand in density but has higher silt content (30 to 40 %) and lower
sand content (30 to 40 %). There are also seen stiff to hard layers of silty clay and clayey

“silt at some borehotes at Offshore Changi.  The N-valuc of the layeris mostly over 50.

Loose sand which is scen on the marine clay can be found at various places. But it is
believed that the sand which was found in the past borings has been mostly used for many
projects. '
A fairly large amount of sand may be available on Sisters’ Shoal and Raffle’s Shoal, but the

anount is not known. Further investigation will be necessary in these arcas,
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(4 STUDY ON METHODS & COSTS OF DREDGING & RECLAMATION

It goes wilhout saying that the hill-cut soil and the marine sand are the most suitable fill
materials for reclamation, but it scems that sccuring such materiats in large quantily is
becoming more and more difficult in Singapore, or it will also be impracticable to procure
them from any foreign sources for the reasons both of volume required and of cosi

incurred, which would result in quite expensive reclamation costs.

It is therefore important to look into the possibility of utilizing other materials that are

obtainable from the sca bottom within Singapore’s territorial waters.

Studies, together with cost estimation, are made below on the dredging and reclamation
methods utilizing such fill materials in order o search For the most suitable way of

reclamation in Singapore.
4-1 Study of Dredging Equipment

Among the various types of dredgers, listed below are main cquipment commonly used

in dredging:—

D-1  Cutter Suctian (Pump) Dredger

D2 Cuiterless Suction (Pump) Dredger

-3 Drag Suction Diedger (Teailing Hopper)
D-4  Deep Dredger (Suction)

-5 Grab (Clamishell) Dredper

D6 Dipper Dredger

D-7  Bucket Dredger

D-8 - Back-hoc Dredger

The followings are the briefl description of the dredgers.
A cutter suction dredger has been most commonly used, by which almost all of the
dredged matel"ials, widely ranging from hard onc to soft one, can be utilized as the fill

materials.

A cutterless suciion dredger is snitable for dredging soft and loose materials, and is recently

employcd in order to remove polluted mud.



D-1

D-2

D-3

A drag suction dredger ‘(or ‘Trailing Hopper’) is also suitable for dredging soft sea-bottom

soil like mud or loose sand, Especially it is effective for the maintenance dredging of

navigational channels.

A deep dredger, which is a variation of the cutterless suction dredger, is quite useful for

winning sand lying at a stratum as deep as —80 m,

Grab-type dredgers are classified into several types by the shape of the grab, among which

Clamshell grab is most widely used but is not suitable for dredging hard soils. Dipper and

Backhoe dredgers are suitable for hard soils, while Bucket dredgers are commonly

employed for dredging and Winning gravel and sand.

Table 4-1-1 presents the equipment in comparison:—

Equipment

Cutter
Suction
Dredger

Cutterless
Suction
Dredger

Drag
Suction
Dredger

Table 4-1-1  Comparison of Dredging Equipment

Merit

Large capability of dredging
available, except for hard soil.

Rock cutter type capable of
dredging the hard soil.

Unit cost being usually cheaper
than with other dredger.

Sea-bottom to be completed
rather plain,

Suitable for soft soil dredging.

Effective against sea pollution
with devices of mud intake.

Suitable for isolated dredging
areas and navigational channel
dredging.

Great capability available for
muddy soil and loose sand.

High work efficiency expected
because of self-propelling.

Capable of dredging int high mud
content.
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Demerit

Unsuitable for rock and hard
soil dredging.

Dredging of rock and hard soil
incurs expensive ¢ost.

Unsuitable for hard soil dredging.

Capability of dredging to be
relatively small.

Costing expensive.
Continuous dredging operation
incapable.

Unsuitable for hard soil.

Consiclerably specialized skill
required for plain finishing due
to linear movement.



Equipment

D-4 Deep
Dredger
D-5  Grab
Dredger
D-6 Dipper
Dredger
D-7 Bucket
Dredger

D-8 Backhoe
Dredger

Merit

Useful for winning of sand lying
very deep without removing
overlying marine clay.

Suitable for drecdging in narrow
areas,

Suitable for small-scale dredging.

Relatively simple mechanism,

High capability of excavation,
and suitable for hard-pan.

Relatively less machine troubles.

High capability of dredging

various kinds of materials.

Capable of relatively plain-
bottom completion.

Suitable for winning river gravel/

sand.

Suitable for seft rock and hard
soil,

4-2 Study of Reclamation Methods

Demerit

Unsuitable for hard soil.

Relatively expensive,

Small production due to inter-
mittent operation.

Unsuitable for hard soil,

Hard to complete plain  sea-
bottom.

Small production due to inter-
mittent operation.

High skill required for operation,

Unsuitable for rock.

QOccasional suspension of dredg-
ing operation during relocation
of anchor.

Dredging depth limited.

Expensive.

The reclamation method means the method of transportation and filling of the materials

dredged by dredpers described in the foregoing Section.

This is also classified into several

items, which consists of combination of both transportation method and filling method,

because the reclamation is carried out through two processes, i.e. transportation and fill of

the dredged materials,
Only typical ones will be briefed here :—

R-1
R-2

Direct Fill by Pump & Pipeline
Fill by Booster Pump

— 47—



R-1

R-2

R-3  Transportation & Fill by Trailing Hopper
R-4  Direct Dumping by Barge '
R-5  Fill by Unloader

Direct fill method is the method in which the dredged materials are pumped up by a cutter
suction dredger directly into the reclamation area through a pipeline. By this method a
large quantity of fill material can be transported economically because of its continuous
operation.

Therefore this method is most commonly used. It should be noted, however, that reclama-
tion cost will largely depend on such conditions as capabity of the pump delivering the
materials, distance of transportation, and quality of the materials to be dredged. A booster
pump is often used for rather long distance transportation to increase the delivering dis-

tance.

Trailing Hopper is useful for long distance transportation and used in combination with a

suction dredger for filling,

There is another method of filling, where the dredged material is loaded onto a barge,
is transported by a tugboat, or a pusher-boat, and is mechanically or hydraulically
unloaded into the filling area. The material may be placed by direct dumping at economi-
cal cost where the water depth allows such operation of the barge and the boat. In gene-

ral, the longer the transportation distance is, the more advantageous the barge method is.

Table 4-2-1 presents these methods in comparison:—

Table 4-2-1 Comparison of Reclamation Method

Method

Direct Fill
by Pump &
Pipeline

Fill by Booster
Pump

Merit

1. Capable of transporting
a large amount of soil
through a pipeline.

2. FEconomical because of
continuous operation.

[

Possible to casily
increase distance
of delivery.
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Demerit

Operation unpracticable
in rough sea conditions

Distance of delivery of the
dredged materials to be limited.

Rather expensive cost,

Simultaneous cottrol
with dredger required.



Method

R-3 Transportation
& Fill by
Trailing
Hopper

R-4 Direct Dumping

Merit

Capable of long distance
transportation.

Direct dumping and
delivery possible.

Capable of direct dumping

Demerit

Capacity of hydraulic
delivery limited.

Water depth of operation

R-5

4-3

431

by Barge in less wet condition. limited.

2. FEconomical.
Fill by 1. In mechanical unloading 1. Expensive costs incurred.
Unloader capable of unloading in

less wet condition.
2. In hydraulic unloading
capable of easy spreading.

Recommendable Methods in Singapore

Sea bottom soil

The sea bottom soil in Singapore’s territorial waters is more or less dependent on its lying
area, but in general the surface layer of the sea bottom is of marine clay which is partially
covered with loose sand, and thereunder exist clayey sand of the old alluvium (clayey sand,
sandy clay, silty sand, ete. —hereinafter called as ‘clayey sand’), and partly the old alluvium

of stiff clay and hard clay.

As the present quantity of the loose sand is extremely limited, it is recommended that
the remaining loose sand, one of the precious natural resources, sould be restrained in its

utilization only for such purposes as revetment and artificial beach.

The underdisted soil other than the loose sand may be the potential fill materials according

to the results of this investigation. —

I, Mauarine Clay

2. Clayey Sand (Old alluvium inclusive of sandy clay and silty sand with Nevalue less
than 40.)

3. Stiff Clay (with N-value less than 40)
4, . Hard Clay (with N-value more than 40)
5.  Others

Among the above, the useful fill material will be limited to clayey sand and stiff clay with

N-value less than 40, as well as to marine clay, in consideration of the economical dredging

capability of the current equipment. Hard clay and other materials with N-value more
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4-3-2

than 40 will not be an economical material because its hardness results in rapid decrease of

operational efficiency.

Judging from the results of the soil investigation described in Chapter 3, the clayey sand
has high sandy content sutiable enough to be usefully filled as the material of good quality,

The stiff clay can also be used as the fill material, as it may be dredged and transported

in lumps, though rather inferior in its characteristic to the clayey sand.

The marine clay exists in a large volume and has possibility of being utilized as the fill
material despite of its unfavourable characteristic (A discussion will be made in detail in

later chapters on the soft ground consisting of soft marine clay and its improvement).

It would be much desirable to dredge the clayey sand and the stiff clay alone for reclama-
tion, however, they are covered with marine clay as already mentioned, Therefore,
discussion is made hereinafter on the possibility of utilizing the marine clay for reclama-

tion by collectively dredging it together with the clayey sand and the stiff clay.

In the meantime, these discussions will sufficiently cover the sea-bottom in the territorial

waters other than the present investigation sites,

Recommendable method of dredging and reclamation in Singapore

In consideration of each method studied in Sections 4-1 and 4-2, and of the useful material
described in the aforementioned section 4-3-1, the following combination and comparison

of dredging, transportation and reclamation are given in Tables 4-3-1 and 4-3-2 and Fig.
4-3-1.
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Based on these combination and comparison, most suitable method of dredging and

reclamation in Singapore will be determined herebelow:

In general, the elemental factors for determination of the suitable methods will be such
as volume of fill material, thickness both of the material to be dredged and of the fill,
soi! characteristics, distance of delivery, space for operation, capacity of dredgers, period

of reclamation, and economy.

Properly speaking, the comparison of the suitable methods would be impracticable unless
these factors were fixed to determine the proposed borrow area(s) and the proposed
reclamation area, however, it is to be made herein based on such factors as are considered
to be generally effective to dredging and reclamation in Singapore, where it must be noted

that the suitable methods and the costs would be still affected by such factors,

At first, regarding Method-A group of Suction Dredgers, Cutterless Dredger (Method A-2)
and Deep Dredger (A-5) will not be suitable because of their economical efficiency and
adoptability to the soil. Booster method (A-3), where a booster is combined to a cutier
suction dredger (A-1), is a variation of Method A-1 which will incur rather expensive cost,
though the material can be transported a longer distance. Drag Suction (A-4) will not be

adoptable for relatively stiff material with N-value about 40,

Thus, cutter suction {A-1) would be advantageous to a short distance transportation, or
Method A-3 with a Booster jointed to Method A-1, to a long distance one, among the
Method-A group,

As for Method-B group of Barge lines in the tables, Dipper (Method B-5), Bucket (B-6),
and Back-hoe (B-7) will not be adoptable to the soil. From the economical point of view
the foltowing methods are all inferior to the Method B-4" (Barge Direct dumping), that
is, Cutter Suction Dredger ptus Hopper Barge (B-1); Method B-1 plus Unloader (B-2);
Grab Dredger plus Hopper Barge plus Unloader (B—4); Grab Dredger plus Hopper Barge
plus Suction Dredger (B4");and Drag Suction plus Cutter Suction (B-3). Method B—4 will

receive the restriction of operational water depth depending on draft of the vessel.

Thus, Method B-4” (Grab Dredger plus Hopper Barge) would take advantage among the

Method-B group.
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- Tentative cost estimation

Tentative estimation of .lpprowuatu costs is o be \sorkccl oul hcrun fegarding the recom-
muld'lbh‘ Mecthod A-1, A-3, and B- 4", mclusive of (hc pracucablu Mclhod B4 above.
I must be noted, hom.\-.r that the costs so Lshmated will be ﬂucluahd when some
conditions such as the borrow areafs) and the reclamation area in Singapore, among Dthers,

are practically fixed, as described hereinbefore.

Now it is assumed that the materials to be dredged and filled i is marine c!ay, stiff ciay and'
clayey sand; that N-value of each material is about N = - 2 on marine clay and N = 40 on

sl clay and clayey sand; and that unit cost of marine clay per cubl_c meter is one (1)

unit as the standard for the cost estimation.

® Reclamation cost by cutter suction dredgers

At first, cost of reclamation by means of a cutter suction dredger (Mcthods A-1 and A-3)
will be examined —

" IF the dredger is workable in full operation all the year round, the expenses of operation

per month will be as shown in the following table:--

Pump Capacity 4,000PS. 6,000PS. 8.000PS. with Booster

Expenses

480 x {0« 705 x 10°%« 874 x 10% 1,225 x 10Px
per month

Where, « (alpha) stands for a unit.

The following is the transporting capacity of pump dredgers for each material under

the economical products,

Pump Capacity 4,000PS. G,OOOPS- 8,000?8. w/booster

Marine clay 3,000 m 4,000 m _ 6,000.m _ $,000 m

Stiff clay_ 1,500 m | — 2,600 m | 3,000 m | C5,000m |
— Clayey saﬁjr - 2,500 m . 3,500 m h " 4,000 m 6,000 m

The volume of each material per month to be drcdgé_'d and fransported within the above

distance would be as shown in the following table:—
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{Unit : cu.m.)

Pump Capacity 4,000PS. 6,000PS. 8.000PS, w/Booster
Marine clay 480,000 600,000 680,000 680,000
Stiff clay 225,000 300,000 350,000 350.000
Clayey sand 290,000 350,000 400,000 400,000

From the values in the above tables, the unit cost of reclamation in each transportation

distance, obtained from the following calculation, will be as shown in the table below:—

Expenses per month

Unit cost =

Dredged volume per month

Marine Clay Stiff Clay Clayey Sand
Distance Unit cost Distance Unit cost Distance | Unit cost
3,000 m 1.0x 1,500 m 22w 2,500 m 1.7
4,000 m 2w 2,600 m 24w 3,500 m 2.0
6,000 m 13w 3,000 m 25 4,000 m 22w
9,000 m 1.8« 5,000 m 35 6,000 m 3.0«

Judging from the above table, the dredging cost of clayey sand is about two times that

of marine clay, and the cost of stiff clay about three times that of marine clay, when the

fill material is hydraulically transported by a cutter suction dredger from a distance of

3,000 m to 5,000 m.

o Reclamation cost by grab dredger

The cost of reclamation by means of the Grab Dredger will be examined herebelow, where

the dredged material is transported and is either directly dumped (Method B-4™) or un-

loaded by the unloader (Method B-4), into the reclamation area—

The following table shows the costs in case the gtab dredger with 13 cu.m. grab being used

in line with barge/unloader:—
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Direct dumping Unloading

Expenses per month 360 x 10% | 500 x 103y
B Mar_inc C}ay - 200,(;66 cu.t.n.. _ ___‘
Product S : S —
per month f,:;r;:yia;ain d 100,000 cu.m. ' 100,000 ClLaIk.
\ianmv(‘iay - 1.8 i ) -
Cost Stiff Clay/ 16 S O

Clayey Sand

Wiere, it is assumed that the transporfation distance Shal_l be about 12 ~ 13 km with

mitimum distance of 7 km to 8 km. The cost will be fluctuated by 10‘-‘% for every 6 ~

7km. It will be unpracticadle, howewr to unload marine day by mecans of unloader

and employment of the same will be useful only for calyey sand and stiff clay.

- Comparison of reclamation cost

2

The following shows the graphycal curves of the unit costs and distance both for the

hydraulic filt and the barge line il examined hercinbefore for each material,
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