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Abstract 

2"he Bukit Timah granite exhibits a full range of weathering grades. Examination of these exposures shows that the weathering has been rapid. 
Field observations and geophysical surveys show that the rock has been weathered up to 70 meters depth, and that the main mechanism of 
weathering is chemical decomposition. The humid tropical condition in Singapore with high annual precipitation has produced secondary weathcring 
of the residua[ soil. The weathering profiles suggest that the weathering of the Bukit Timah granite is stratified with weathered layers and a 
sharp boundary between the residuaI ,~oil and the slightly to moderately weat[~ered granite. 
This paper (Part A) is a review of current weathering classification systems for weathered rock. Some results from field observations and geo- 
physical surveys are also presented in the paper. A weathering classification and determination method is proposed for the Bukit Timah granite. 
Results from field and laboratory investigations of the weathering of the granite and material properties will be presented in Part B. *~" 

Rdsumd 

[.e granite de Bukit Timah pr6sente tome une gamme d'&ats d'altdration. L'examcn montre que l'altdration a did rapide. Les observations sur 
le terrain et les 6tudes gdophysiques montrent que la roche a drd altdrde jusqu'5. 70 m~.tres de profondeur, le principal mdcanisme de l'alteration 
ayant dtd. la ddcornposition chimique, ges conditions tropicales humides de Singapour avec une pluviomdtrie trb.s forte ont produit une alteration 
secondaire du sol rdsiduel. Les profils d'altdration sugg;erent que I'altdration du granite de Bukit Timan est stratifide avec des niveaux altdr6s 
et une limite brutale entre le sol rdsidueI et le granite Idg~rement ou moddrdment alt6r6. 
Cot article f I re  partie) prdsente d'abord une bibliographie des diffdrents syst~.mes de classification des roches alt6rdes. Ensuite sont prdsentes des 
rdsultats des observations de terrain et des dtudes g6ophysiques. Une classification en termes d'alteration est proposde. Les rdsultats des dtudes 
ddtaill6es de terrain et de laboratoire sur les facies altdrds du granite et leurs propridtds seront prdsentds dans une seconde partie.** 

I n t r o d u c t i o n  

Weather ing of  rock caused  by physical  d is in tegra t ion 
and by chemical  decompos i t i on  affects  the physical  and 
the mechanica l  proper t ies  of  both the rock material  and 
of  the rock mass .  Physical  d is in tegra t ion involves  the 
mechanica l  b reakdown  of  the rock mass (usually con- 
trol led by d i scont inu i t i es  in the mass) and of  the rock 
material  (cont ro l led  by micro-d i scon t inu i t i e s  such as 
grain boundar ies  and mineral  c leavages) .  Chemica l  
decompos i t i on  affects  ahnos t  all minera l s ,  only a few, 
notably quartz,  are more  or less unaffec ted .  The 
processes  invo lved  in decompos i t i on  are oxidat ion,  re- 
duct ion,  hydra t ion ,  hydrolys is ,  carbonat ion  and solution.  

Under  tempera ture  humid c l imat ic  condi t ions ,  decom-  
posi t ion and d is in tegra t ion  occur  s imul taneous ly  and it 
is diff icul t  to separate  the direct  effects  o f  the two 
processes .  The i r  relat ive impor tance  is very much a 
funct ion of  the c l imate  (Peliter,  1950: Thomas ,  1974; 

Fookes ,  1991). In S ingapore ,  d eco mp o s i t i o n  is far more 
ef fec t ive  than d is in tegra t ion  (Zhao e t  al . ,  1992). A third 
group of  p rocesses  is also r ecogn ized  as the biological  
weather ing .  The organic  mat te r  f rom animals  and plants 
react  with the rock mass and cause further decompos i -  
tion of  the rock. 

The rate at which  the various wea the r ing  p rocesses  takes 
place depends  main ly  on the fo l lowing  three f a c t o r s :  
a) env i ronmenta l ,  domina ted  by the cl imate,  but also in- 
vo lved  are topography,  the hydro log ica l  condi t ions  and 
the biological  sys tems  are impor tan t ;  
b) the proper t ies  o f  rock mass ,  especia l ly  the h o moge -  
neity, and the nature, spacing and pattern of  the dis- 
cont inui t ies ,  i.e., the mac ro fab r i c ;  
c) the proper t ies  of  the rock material ,  inc luding compo-  
si t ion,  fabric,  texture  and permeabi l i ty .  

At present ,  the wea the r ing  c lass i f ica t ion  sys tem initially 
p roposed  by Fookes  et al.  (1971) and modi f ied  by Dear- 
man (1974, 1978) is widely used (e.g., Fookes  et  al . .  
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Fig. l : Relat ionship between cl imate and type of weather ing (after 
Fookes et al.. 197 I). 

1.971; Baynes et al., 1978; Forth and Platt-Higgms, 
1981; Hencher and Martin, 1982; GCO, 1988; Lee and 
de Freitas, 1.989), where the granitic rocks are divided 
into six grades from fresh rock (Grade [) to residual soi[ 
(Grade VI). The classification of the rock mass and of 
the rock material is with respect to fabric and colour, 
strength index, fracture spacing index, rock quality des- 
ignation (RQD), rock/soil ratio, elasticity, porosity, and 
micro-indexes (micropetrographic and microfracture). 

Relationship of rock weathering and climate 

The main factors which govern the weathering of rocks 
are the climatic and the geographic conditions during 
the weathering, the composit ion of the source material, 
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the groundwater condition, and the period of time over 
which weathering have been active. The weathering 
processes as affected by the ctimate has been studied 
in the past by Peliter (1950), [liev (1967), Sanders and 
Fookes (1970), Farjal lat  et al. (1974), Onodera et al. 

(1974), Wilson (1975), Baynes  and Dearman (1978a, 
1978b, 1978c), Baynes et al. (1978), Irfan and Dearman 
(1978a, 1978b), Saito (1982), Cawsey and Mellon 
(1983), Oilier (1984), Beavis  (1985), Martin (1986), 
Dearman et al. (1987), Fookes  (1991), Malone et al. 

(1992), Zhao and Broms (1993). 

The climate effects the weather ing both directly and in- 
directly (Peliter, 1950; Oil ier ,  1984; Saito, 1981). 
Temperature governs the rate of  the chemical reactions, 
but frost action, heating and cooling are important 
which can cause physical disintegration of the rock. 
Chemical decomposit ion is important  in a hot and humid 
climate, and of particular impor tance  is the solution of 
silica. 

The chemical weathering depends  both on the rainfall 
(frequency and duration) and on the temperature. The 
reaction rate doubles or t r iples for every 20~ increase 
of the temperature (Saito, 198 l).  Rainforest in the trop- 
ics are subjected to heavy rainfall ,  so that cracks and 
other voids in the rocks and in the soils are filled with 
water even close to the ground surface. The pH value 
is typically low between 3.5 and 5.5, due to the rapid 
weathering of the soil areas with a hot and humid cli- 
mate. The sodium, potassium, magnesium and calcium 
content of the residual soil is low (Oilier, i984). 

The relative importance of the various weathering 
processes for different temperature and rainfall conditions 
is shown in Fig. 1. It can be seen that the main weather- 
ing mechanism in Singapore is chemical decomposition. 

The chemical weathering of granite in h u m i d  
tropic regions 

The chemical reactions involve  such aggressive atmos- 
pheric agencies as water, oxygen  and carbon dioxide 
which affect the quartz, the alkal i  feldspars, the plagio- 
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Fig. 2 : The weather ing  series of  Goldich  and the reaction series of  Bowen.  



KAISi30 s + H ~ --+ K* ~" ,MSi308" § SiO z ~ HzO 

Or thoc la se  (decomposition in acidic solution) 

NaAISi30 s + H + --9 Na + ~ AISi30 s" + SiO 2 -r H 2 0  
Na-Plagioclase (decomposition in acidic solution) 

CaAI2Si!O 8 , H ~ __~ Ca 2~- ) A]2Si20~ 2" ~- S i O 2 ,  n 2 0  

Ca-Plag ioc lase  (decomposition in acidic solution) 

KAJ2(Si3AIOI0)(O[I)2 + H + -+ K* -+ AJ 3~ + ,edSi~Ot0 a" ~- SiO 1 + H 2 0  

~"r (decomposition m acidic solution) 

K(Mg, Fe)3(Si3AIOt0)(Ott)2 ~ H + --~ K + ~ (Mg z~ , AI ~ )  ~ AISi30]04- + SiO 2 ~ H20  
Biotite (decomposition in acidic solution) 

MgiS iO 4 + H + __+ Mg2 + + SiO 2 ~ t t 2 0  
Olivine (decomposition in weak acidic solution) 

F i g ,  3 : C h e m i c a l  r e a c t i o n  a n d  w e a t h e r i n g  o f  s i l i c a t e  a n d  s o m e  t y p i c a l  

i g n e o u s  m i n e r a l s .  
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Table I : Classification of weathered crystalline rocks (after lrfan and 
Dearman, 1978a). 
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clase feldspars and the micas in the granite. The chemi- 
cal weathering of the granite in a hot and humid climate 
can be intensive. Quartz usually remains unaltered, but 
feldspars are often converted into kaolinite and micas 
into various clay minerals (Wilson, 1975; Cawsey and 
Mellon, 1983). The decomposition products are clay 
minerals, insoluble iron oxides and hydroxides, and ca- 
tions and silica in solution (Oilier, 1984). The nature 
and the relative proportions of the weathering products 
depend on the rate at which soluble materials are 
flushed out of the system, "l-he different clay minerals 
can only deveIop if the cations essential to the formation 
of the mineral are present within the micro-environment. 
If only small amounts of cations are flushed out of the 
system, cation-rich species such as montmorillonite and 
illite are formed whereas intensive flushing, or con- 
tinued weathering, results in the complete loss of all 
but the most insoluble materials and kaolinite, and then 
gibbsite are produced (Baynes and Dearman, 1978a). 

Based on early weathering studies, Goldich (1938) has 
presented a weathering sequence for the common ig- 
neous minerals (Fig. 2). He pointed out that the 
weathering sequence is the reverse of Bowen's reaction 
series which lists minerals in their order of crystal- 
lization. However, the weathering series can also be re- 
lated to 'basicity ' ,  the ratio of silica and the other 
cations. The weatherability of rock increases with in- 
creasing content of cations which can be replaced by 
hydrogen. 

The weathering of silica in the form of quartz and silica 
minerals is generally insignificant. However, feldspars 
and micas are affected by the weathering. The basic unit 
of silicate minerals is the silicate tetrahedron where the 
silica atom is located at the centre of four oxygen atoms. 
The tetrahedra are arranged in discrete groups, chains, 
sheets, or three-dimensional structures. However, the Si- 
O-Si linkages are not very strong, and the stability is 
maintained by the complex interplay of geometrical and 
electrostatic factors. Feldspars are a group of alumino- 
silicate minerals and micas are basic aluminium silicates 
with a sheet structured crystal lattice. During the 
weathering of the silicates the cations are replaced by 
hydrogen ions. If M represents the metal ions and SiO 
represents the silica groups, the simplest expression of 

chemical weathering of the silicate minerals is {Oilier, 
1984) : 

MSiO + H -+ M + HSiO 
silicate + hydrogen --+ metal cation + silicon 

hydroxide 

Detailed chemical reactions during the weathering are 
presented in Fig. 3 for various minerals. 

C l a s s i f i c a t i o n  of w e a t h e r e d  g r a n i t e  

The classification of weathered rocks for engineering 
purposes should be based on characteristics of the rock 
which can be determined in the field, or in the labora- 
tory. Classification methods range from those which are 
based purely on visual inspection, thus subjective, to 
those based on the results of precise and detailed testing. 
Generally used classification systems are based on char- 
acteristics which can be determined by visual inspection 
and by a number of relatively simple index tests. 
Methods frequently used to evaluate the degree of 
weathering are presented in Table 1. 

The most frequently used rock classification system is 
that developed by Fookes et  aI. (1971) and later mod- 
ified by Dearman (1974, 1978). This classification sys- 
tem was initially developed for the granitic rocks from 
Dartmoor, southwest England. The authors warns 
against its use for other than granitic rocks. However, 
geologists and engineers have applied this classification 
system to all kinds of rock, in different parts of the 
world. The classification shown in Table 1 can be used 
for granitic and crystalline metamorphic rocks. 

There are few problems with the recognition of fresh 
rock, and of completely weathered rock. The separation 
of Grades Ii, Ill and IV can be difficult. However, for 
the classification of weathered rocks for engineering 
purposes, the following criteria should be used:  
a) description of rock, including colour, texture and 
rock/soil ratio (material and mass); 
b) slakability (material); 
c) strength indexes, including Schmidt hammer index, 
point load index, uniaxial compressive strength and mo- 
dulus of elasticity (material); 
d) porosity (material); 



Table 2 : Popular methods used to define the weathering grades of 
granite. (The length of the line drawn above the name of 
each method describes the effective range of use.) 
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Weati~cnng Fresh S[=ghtb' Moderately Highly Completely Rcs=dual 
class and rock weathered weaU1crcd wc.'lt herod wca(l~:rcd sod 

grade (I) (11) ( l id  (IV) (V) (VI) 

pfcscllcc of original Icxlurc 

i degree of discolou(auon altd physIcal dlSlllLegr,'lJlOg 

degree of chemical dccomposiuon of biotite and feldspars 

degree of discolouratio, along joint 

presence of huntu.~ aud cC<lLs 

presence of ongtna[ slnJcture 

rolzk/so d ratio 

opc ung a d weather g alongjoi . t  p[anc 

angularity of cor~tonc 

slakaolhty 

poin( load at~ Sc[!nlidt hatdaess i/~cxes 

r mid uniaxiai comWcssivc strcngl]l 

tensile strength 

~ breakabdity of drill core 

~ rock matcna[ pcru,cabllity 

,~ porosity, saturalian moislL~e content and saturated density 

-~ penetration value 

,n sonic velocdy 

microp~trograplur aud microfmctute indexes 

ca e ecovcrcv, fraclu~e spaciag and RQD 

e) fracture spacing index and rock quality designation 
(RQD) (mass); 
f) relative rock mass permeability (mass); 
g) micro-indexes, including micropetrographic index 
and microfracture index (material). 

Descript ion of rock mater ia l  and rock mass 

The description of rock and rock mass is essentially by 
visual recognition. The character and the range of use 
are described in Table 2. 

Degree of  discolouration : This diagnostic feature is 
used to classify the weathering of the rock material and 
of the rock mass. Discolouration is only one of several 
phenomena which can occur when chemical decomposi- 
tion commences. For example, in the Bukit Timah 
granite, discolouration along the existing joints is ex- 
tensive and widely distributed, which indicates the 
strong chemical weathering and the presence of ground- 
water. 

Degree of  chemical decomposition : Specific terms have 
been proposed such as 'gritty'  and 'clayey'  to define 
the degree of weathering of feldspars (Irt'an and Dear- 
man, 1978a). The effects of chemical weathering are 
usually visible, and these terms are adequate to describe 
the decomposition of granitic rocks. 

Degree of physical disintegration : Specific terms have 
been provided such as ' open ing  up of grain boundaries '  
and ' intensive microfracturing'  to describe the effects 
of physical weathering (Irfan and Dearman, 1978b). In 
granite, the effects of physical weathering are generally 
easy to recognize. Grain boundary conditions and 
degrees of microfracturing can be described using the 
terms suggested by Irfan and Dearman (1978b). 

Presence of  original texture and structure : The descrip- 
tion of the original texture and  of the structure can be 
used to distinguish between Grade V and Grade VI in 
the weathering classification scheme. If the original tex- 
ture (of material) and the structure (of mass) are present, 
a granite should be classified as Grade V or better. If 
they are absent the granite is referred to as a residual 
soil (Grade VI). With this concept granitic rocks of 
Grade V can be separated from those of Grade VI. 

Presence of humus and roots : It has been suggested that 
the presence of humus and roots can be used to distin- 
guish rocks of Grade V from those of Grade VI (Little, 
1969). The rock becomes a residual soil (Grade VI) if 
humus and roots are present. The rock remains Grade 
V if they are absent. However, this criterion may not 
be applicable to all residual soil as some residual soils 
do not contain humus and roots. 

Rock~soil ratio : It has been recognized than the ratio 
of rock to soil in weathered crystalline rock is an index 
of weathering Grade (Table 1). This ratio often refers 
to the percentage of corestone in a rock mass, and it is 
possible in the field to determine this ratio as ,,,,'ell as 
from core logs. This ratio is an essential index in the 
weathering classification of the granitic rocks, espa- 
cially in the separation of Grades III, IV and V. How- 
ever, recent studies indicated that the rock/soil ratio is 
not sufficient to describe the engineering properties of 
a rock mass. A better index is needed based on the 
weathering grades of the corestone and of their sur- 
rounding soil (Lee and de Freitas, 1989). 

Slakabil i ty of rock mater ia l  

The slake durability test is a common mechanical test 
method to identify the particular grade of weathered 
rocks. It is used by many to define the boundary be- 
tween Grades IV and V. If the specimen disintegrates 
in water the material is either Grade V or VI. If it does 
not disintegrate it is Grade IV or better. However, it has 
been suggested that slake durability should be used only 
as a classification test, and that the results must be in- 
terpreted in terms of the petrography of the rock since 
the test does not incorporate any aspects of decomposi- 
tion, as is distinct from physical disintegration. 

Strength indexes of rock mate r i a l  

The strength, hardness and modulus of elasticity 
decrease during the weathering of rocks. It is thus ex- 
pected for a particular granite that an increase in the 
degree of weathering will result in a progressive" reduc- 
tion of the strength. As indicated in Table 1. the strength 
index is one of the most important criteria in the classi- 
fication of the weathering grade. 



Schmid t  hardness  index  : Schmidt hammer is widely 
used to determine the in situ hardness and the strength 
Of rocks, and is a very rapid method. However, it should 
be noted that the Schmidt  hardness index is only appli- 
cable to fresh (Grade I) and slightly weathered 
(Grade II) rocks, and perhaps to Grade l l I  rock. For 
weathered rocks of Grades IV, V and VI, the hardness 
is too low to be meaningful. 

Poin t  load index  : The point load index has proven to 
be an extremely useful and reliable index for determin- 
ing the relative strengths of weathered rocks in the field, 
provided a large number of tests are made, since the 
point load strength is related to the weathering grade. 
The test, however, is of little value when the point load 
index is smaller than 0.1 MPa. 

Uniax ia l  compres s i ve  s t rength  ." Weathering cause an 
immediate, and often large reduction of the compressive 
strength of rocks. For high strength rocks, such as 
granites, the loss between fresh (Grade I) and mod- 
erately weathered (Grade l i d  can be as high as 70 %. 
When weathering proceeds beyond Grade III, the rela- 
tive strength loss is relatively small. The weakening and 
breaking of bonds between mineral grains, and the 
development of microfractures,  are thus characteristics 
of the transition from Grade II to Grade III. 

Elas t ic i ty  of rock  material 

The fracturing which accompanies weathering, and the 
replacement of brittle minerals by soft clays, result in 
a significant reduction of the modulus of elasticity 
(Beavis, 1985: Baynes et al., 1978). It has been noted 
that with increased weathering, the modulus of elasticity 
decreases linearly with decreasing uniaxial compressive 
strength (Irfan and Dearman, 1978a). 

Sonic velocity 

The changes of the modulus of elasticity and the poros- 
ity of the rock material and of the rock mass can be 
reflected in the changes of the sonic velocities, since 
the velocities are functions of the modulus of elasticity 
and of the porosity. A velocity index (Iliev, 1967), which 
gives a quantitative index of degree of weathering of 
rock material, has been proposed for granites. This index 
is useful laboratory determination of the weathering 
(Dearman et at., 1987). 

Penetration test 

The depth of penetration of a penetration test is related 
to the hardness and the strength of the rock material 
(JSCE, i980). A simple penetration test, therefore, can 
provide a useful index on the strength which can be used 
for the classif ication of rocks with respect to weather- 
ing. 

101 

Porosity of intact rock 

As weathering progresses, the general tendency is for 
the moisture content and the porosity to increase, while 
the density is reduced. The changes of the density and 
of the moisture content are a direct result of the increase 
of the porosity, caused by solution and the fracturing 
which accompanies the weathering. Porosity is an im- 
portant index property which is frequently used for the 
classification of weathering grades ('Fable 1). Porosity 
of a rock can be determined through microscope exami- 
nation, permeabil i ty test, sonic velocity and other geo- 
physical measurements. 

Fracture spacing index and rock quality 
designation (RQD) 

The spacing of the fractures normally decreases with 
increased weathering. The fracture spacing index can 
therefore be an indication of the weathering for a rock 
mass. The Rock Quality Designation (RQD) is widely 
used to classify the rock masses. It is a function of the 
fracture spacing and of the conditions of the fractures. 
RQD is therefore a measure of the degree of weathering 
and is one of the property indexes in Table 1. Very little 
data are available, but it is suggested that RQD 
decreases as the weathering grade increases from 
Grade III. For rock less weathered than Grade III, RQD 
is mainly dependent on the original fracture spacing, 
and independent of the weathering. It is not a sensitive 
indicator of the weathering in Grades I and II. 

Relative rock material and mass permeabilities 

The changes of the porosity which occur as weathering 
proceeds affect the permeabil i ty of the rock material and 
of the rock mass. However, particularly in the more ad- 
vanced stages of weathering, some factors, such as the 
development and dispersal of clay minerals, and the 
deposition of secondary cements, may reduce the per- 
meability. Such changes have been observed in the 
Bukit Timah granite. The rock mass permeabil i ty is the 
highest in the highly fractured and weathered zones of 
Grades IV and V. 1t is rediced in the residual soil 
(Grade VI). 

Changes of the permeabil i ty from 10 -6 to 10 -s cm/s for 
the slightly weathered (Grade II) granite, to l0 -~ crrds 
in the completely weathered (Grade V) rock material 
have been recorded (Beavis, 1985). 

Micropectrographic and microfracture indexes 
of rock  material 

Indexes such as rock/soil ratio, point load strength 
index, fracture spacing and RQD are determined in the 
field. It has been proposed recently that micro-indexes,  
which are determined in the laboratory on the rock 
material examined microscopically,  are also of consid- 
erable value. These indexes can be used to supplement 
and to refine the field classification. The two indexes 
are the micropetrographic index and the microfracture 
index. 



Table 3 : Micro-indexes of weathering for a granitic rock (after Irfan 
and Deraman, 1978b). 

Weathering class Grade Micropetrographic Microfracture 

Fresh rock I > 12 < 0.5 

Slightly weathered II 6-12 0.5-2 

Moderately weathered [II 4-6 2-5 

Highly weathered 1V 2-4 5-10 

Completely weathered V < 2 > 10 

The micropetrographic index is defined as the ratio of 
the percentage sound constituents to the percentage of 
unsound constituent. The 'sound constituent" are the pri- 
mary minerals, while 'unsound constituents' are second- 
ary minerals, produced by the weathering, such as 
sericite, clay and iron oxides, together with microcracks 
and microvoids resulting from alterations (Baynes and 
Dearman, 1978a, 1978b, 1978c; Irfan and Dearman, 
1978b; Zhao and Brown, 1992). 

The microfracture index is the number of microcracks 
in a 1 cm traverse of a thin section including stained 
grain boundaries, open grain boundaries, stained and in- 
filled microcracks in quartz and feldspars, pores and 
transgranular microcracks in the rock material (Baynes 
and Deraman, 1978a, 1978b, 1978c; Irfan and Dearman, 
1978b). 

These indexes can be determined readily for coarse tex- 
tured rock such as granites. The application to fine 
grained rocks is difficult (Irfan and Dearman, 1978b; 
Beavis, 1985). The range of values of these indexes is 
shown in Table 3 for a weathered granite. 

P r o p o s e d  c lass i f i ca t ion  fo r  the  Buk i t  T i m a h  
g r a n i t e  

A granitic rock weathering classification system is pro- 
posed as an attempt to introduce an engineering 
weathering description and classification for the granitic 
rocks in Singapore. It combines the uses of geological 
identification, engineering recognition and laboratory 
testing. The classification system presented in Table 4 
is proposed for both rock material and rock mass of the 
Bukit Timah granite. Its use for other rocks such as sed- 
imentary rocks of the Jurong Formation should be care- 
fully examined. 

The proposed rock material weathering description and 
classification proposed is based on geological informa- 
tions obtained by visual inspection of the chemical 
decomposition and of  the physical disintegration of the 
rock at the site, and on the mechanical, hydraulic and 
physical information derived from field and laboratory 
tests, supplemented by the microscopic observations. 
The rock mass weathering description and classification 
proposed for the Bukit Timah granite is based on the 
identification of the various grades of weathering and 
on the volumetric proportions of these materials with 
respect to discontinuities. 
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Table 4 :  Proposed weathering scheme for the Bukit Timah granite 
material and mass. 
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Field observation on the weathering 
of the Bukit Timah granite 

The Bukit Timah granite is mainly an acidic igneous 
rock formed in lower middle Triassic period (about 230 
million years ago), and covers about one third of the 
area of Singapore Island (Fig. 4). The granite, in 
general, varies from granite through ademalite to 
granodiorite, and there is considerable hybridization of 
rocks within the formation and evidence of assimilation 
(PWD, 1976; Pitts, 1984). The rock is usually light grey 
and medium to coarse grained (2-5 ram). The pink 
variety of orthoclase is also present. The main minerals 
are quartz (30 %), feldspar (60-65 %), biotite and horn- 
blende. Due to the humid tropic environment in Singa- 
pore, the weathering of the granite has been rather rapid, 
and is primarily by chemical decomposition. 

Recently, a detailed site investigation has been con- 
ducted to study the granite for its potential use for un- 
derground construction (Zhou e t  al . ,  1992; Lee e t  al. ,  
1993) (Fig. 4). Coupled with site investigations, studies 
on the weathering of the Bukit Timah granite have been 
carried out to assess the engineering properties of the 
weathered rock as well as the extent of the weathering 
(Zhao e t  aI., 1992). 

Field observations at some granite quarries in Singapore 
indicate that the weathering of the Bukit Timah granite 
has been rapid and is primarily due to decomposition. 
The granite may be overlain by a thick layer of residual 
soil. The granite residual soil is mainly sandy clayey 
silt. In some locations, a layer of reddish brown sandy 
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Fig. 4: Generalized geology map of Singapore (after Pitts, 1984-). 

Fig. 5 : The Bukit Timah granite at Mandai Quarry. The vertical profile show's stratified layers with a sharp boundary between residual soil and 
slightly to moderately weathered rock. 

sil ty clay with a t h i ckness  of  a few meters  can be found  
above  the c l ayey  silt  as an ind ica t ion  the occu r r ence  of  
s econda ry  wea the r ing .  There  is li t t le var ia t ion  in 
w e a t h e r i n g  g rade  in the res idual  soil and co res tone  are 
rare.  However ,  the increase  of  the grain size with depth  
ind ica tes  that  the w e a t h e r i n g  b e c o m e s  less in tense  wi th  
depth .  The  res idua l  soil  also shows  a s teady but  marked  
dec rease  in the clay con ten t  with  depth.  The res idual  

soil  of  the Buk i t  T imah  grani te  is genera l ly  s t i f f  to hard, 
and  has total ly lost  its rock texture  and most  of  its 
s t rength .  In m a n y  low lying areas,  a sudden c h a n g e  f rom 
Grade  VI to Grade  III or poss ib ly  Grade  II is c o m m o n  
(Fig. 5). The res idual  soil is of ten s t ra t i f ied doe to re- 
depos i t ion  of  iron c o m p o u n d s  as hard  pans,  zones  of  
f ines e n r i c h m e n t  or f ines dep le t ion ,  and co n cen t r a t ed  or- 
gan ic  layers.  
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Fig. 6 : Typ ica l  w e a t h e r i n g  and b e d r o c k  qual i ty  p ro f i l e s  in te rpre ted  by (a) s e i s m i c  r e f rac t ion  and (b) e lec t r i ca l  r e s i s t i v i t y  me thods  a long  a se lec ted  
line. 

W e a t h e r i n g  p r o f i l e s  i n t e r p r e t e d  
by  g e o p h y s i c a l  s u r v e y s  

Geophysical  surveys using refraction and electrical re- 
sistivity profiling methods have been carried out to de- 
termine the thickness of the residual soil and the quality 
of the bedrock. Both geophysical  methods provide in- 
formation of the depth of the overburden and of the bed- 
rock quality. (Fig. 6 shows typical weathering profiles 
based on seismic refraction surveys and electrical resis- 
tivity profiling along a selected line. 

Until recently, it has been commonly bel ieved that the 
maximum depth of weathering in Singapore is 30 meters 
(PillS, I984:  Poh et al., 1987). However, weathering 
profiles interpreted from the seismic fraction and elec- 
trical resistivity surveys show that the depth of the re- 
sidual soil ranges from a few meters to 70 meters. In 
most areas the range is 20-50 meters. Profiles of both 
methods indicate two distinct layers in the residual soil 
with different seismic velocity and electrical resistivity. 
The boundary of the two layers in the soil is likely the 
groundwater table. A seismic velocity of  1,600 to 
2,000 m/s indicates that the soil is saturated. The sec- 
ondary weathering occurs next to the ground surface 
down to a few meters depth. The weathering profile is 
of  the skippingly stratified type rather than the corre- 
stone profile which is common elsewhere (Thomas, 
1974; Stallard, 1985). The statified type of weathering 
profile of the Bukit Timah granite has also been ob- 
served and reported by Pitts (1984) and by Poh et aL, 
(1985). 

Detailed field investigations and laboratory testing have 
also been carried out in order  to characterize the 
weathered granite and the residual  soil. The field inves- 
tigation involved drilling, borehole testing and logging 
(including geophysical  logging).  Physical and mechani- 
cal tests on the residual soil and on the weathered rock 
samples were conducted in laboratory. Results from the 
field and the laboratory invest igat ions are presented in 
Part B. 

C o n c l u s i o n s  

The process of weathering may be defined as that 
process of  alteration of rocks caused by the direct in- 
fluence of the hydrosphere and the atmosphere. The rate 
at which the various weather ing processes take place is 
a function of environmental  condit ions,  the properties 
of the rock mass and of the rock  material. In a humid 
and hot climate, decomposi t ion is far more effective 
than disintegration. 

The most frequently used classif icat ion system which 
was developed by Fookes er al., and later modified by 
Dearman, was designed for granit ic  rocks. Six grades 
of weathering from fresh rock (Grade I) to residual soil 
(Grade VI) have been proposed.  Criteria used for the 
classification include rock mater ia l  and rock mass de- 
scription, rock/soil ratio, s lakabil i ty,  strength indexes, 
sonic velocity, porosity, fracture spacing index and rock 
quality designation, rock mass permeabili ty,  and micro- 
indexes (micropetrographic index and microfracture 
index). 



A m o d i f i e d  w e a t h e r i n g  c l a s s i f i c a t i o n  s y s t e m  is p r o p o s e d  
in the pape r  as an a t t e m p t  to i n t r o d u c e  an e n g i n e e r i n g  

w e a t h e r i n g  d e s c r i p t i o n  and  c l a s s i f i c a t i o n  o f  the 

w e a t h e r e d  g ran i t i c  r o c k s  in S i n g a p o r e .  It is b a s e d  on 
g e o l o g i c a l  i den t i f i c a t i on ,  e n g i n e e r i n g  r e c o g n i t i o n  and 

l a b o r a t o r y  tes t ing .  T h e  p r o p o s e d  c l a s s i f i c a t i o n  s y s t e m  

can  be used  for  bo th  the rock  m a t e r i a l  and the rock  m a s s  

o f  the Buki t  T i m a h  gran i te .  

F ie ld  and l a b o r a t o r y  s tud ies  on  the w e a t h e r e d  Buki t  

T i m a h  g ran i t e  s h o w  that  the rock  has  been  w e a t h e r e d  

up to 70 m e t e r s  deep.  T h e  m a i n  m e c h a n i s m  o f  the 
w e a t h e r i n g  is c h e m i c a l  d e c o m p o s i t i o n .  The  h u m i d  t ropic  

c o n d i t i o n s  in S i n g a p o r e  w i th  h igh  a n n u a l  p r e c i p i t a t i o n  

have  caused  s e c o n d a r y  w e a t h e r i n g  o f  the r e s i sua l  soiIs .  
T h e  w e a t h e r i n g  p ro f i l e s  and f ie ld  o b s e r v a t i o n s  s u g g e s t  

that  the w e a t h e r i n g  o f  the Buk i t  T i m a h  g ran i t e  is 
s t ra t i f i ed  and wi th  a sha rp  b o u n d a r y  b e t w e e n  the re- 

s idua l  soil  and the s l igh t ly  to m o d e r a t e l y  w e a t h e r e d  
gran i te .  

De ta i l ed  field i n v e s t i g a t i o n s  and  l a b o r a t o r y  tes t ing  have  

been  car r ied  ou t  to c h a r a c t e r i z e  the w e a t h e r e d  gran i te  
and the res idua l  soil .  R esu l t s  f r o m  field and  l a b o r a t o r y  

i n v e s t i g a t i o n s  are p r e s e n t e d  in Par t  B. 
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