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Chapter 1: General Introduction 

1.1 Introduction 
Many countries in the world undergo rapid urbanization. This requires more 
or less flat areas for residential and commercial structures and for 
infrastructure. In hilly and mountainous terrain, this leads to extensive 
levelling and slope excavation work. In many countries with limited 
resources, design of excavation work and slopes is not according to proper 
engineering standards. In particular, future stability of slopes is often not 
considered. Slopes may then be stable at time of excavation but become 
unstable within the so-called “engineering lifetime” of the slope. The 
engineering lifetime is the period a civil engineering structure, e.g. a slope, 
should be usable, which is mostly in the order of 50 to 100 years after 
construction. Instable slopes are a risk in urbanized areas, for users of 
infrastructure, and often cause large economic losses. In the area around 
Kota Kinabalu, Sabah, Malaysia (Figure 1.1), the flat areas around towns 
and cities suitable for housing and infrastructure are exhausted. Further 
development is necessarily into hilly terrain. Development in these areas 
requires extensive levelling of the terrain and excavation of slopes. Often the 
slopes are excavated without following proper engineering standards and 
measures to ensure future slope stability. Similar situations are quite 
common in many developing countries. 
 

 
Figure 1.1 Location of the research area (modified from Tating, 2003). 
 
Studies on slope failure incidents in Malaysia show that most slope failures 
occur in man-made slopes mainly along highways and in residential and 
urban areas (Figure 1.2) (Komoo et al., 2011; Qasim et al., 2013). Most of 
the incidents are the result of human factors such as insufficient or poor 
slope design, incompetency, construction material failure, and lack of 
maintenance (Qasim et al., 2013; Jamaludin & Hussien, 2006; Gue and Tan, 
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2006). Inadequacy and poor slope design are often related to the lack of 
understanding and appreciation of the present and future mechanical 
condition of the materials in which the slopes are made (Gue and Tan, 2006). 
The future mechanical condition is influenced by the deterioration process 
that progressively effects the durability of man-made slopes due to the 
effects of weathering and stress relief (Huisman, 2006; Tating et al., 2013). 
 

 
Figure 1.2 (a) Slope failure of a man-made slope causing collapse of part of buildings 
and structures on the slope and damage of the road surface (Zen Garden Resort, 
Kundasang Sabah); (b) Slope failure along a major road causing traffic disruption and 
hazard to the road users (KM 82.2 Tamparuli - Ranau Road, Sabah). 
 
Weathering is defined as the alteration and breakdown of the groundmass1, 
i.e. soil or rock mass, under influence of Earth surface processes, such as 
ground- and surface water and temperature differences (Ollier, 1991) 
(Figure 1.3). Weathering is often a main agent in causing slope instabilities 
(Borelli et al., 2007; Hack, 1998, Miscevic and Vlastelica, 2014; Viles, 2013). 
Weathering causes a decrease of intact ground strength, an increase in the 
number of mechanical discontinuities2, formation of new discontinuities in 
intact material, and decrease of shear and tensile strength along 
discontinuities. It may also govern the development of different types of 
slope failure (Durgin, 1977; Calcaterra and Parise, 2005). Stress relief, which 
is the effect caused by the release of locked-in strain energy in 
groundmasses due to removal of overburden (Price, 1995), also results in 
opening and formation of new discontinuities and reduction of shear strength 
(Price, 1995; Hack, 1998; Hencher, 2013). The effects of weathering and 
stress relief on groundmasses can mostly not be differentiated, as both may 

                                                
1 The terminology for ground-, soil, and rock masses is in accordance with the 
definitions used by De Mulder et al., 2012. 
2 Mechanical discontinuities are planar features that act as a plane of weakness in a 
groundmass, such as bedding planes, joints, schistosity, cleavage, and faults. 
Mechanical discontinuities have a lower shear or tensile strength than the surrounding 
intact material. Groundmasses may contain integral discontinuities that are not yet a 
plane of mechanical weakness, such as bedding planes, but may change into a 
mechanical discontinuity under influence of, for example, stress changes or weathering 
(Hack, 1998, Price et al., 2009). 
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happen at the same time, may influence or enhance each other, and result in 
identical effects. For example, the formation of new discontinuities due to 
stress relief may increase weathering by facilitating the percolation of 
groundwater in the groundmass. Both, weathering and stress relief effects 
are a function of time (Colman, 1981; Fookes et al., 1988; Price, 1995; 
Hencher, 2013). Development of new discontinuities and displacements along 
discontinuities due to stress relief may be also time dependent, because of 
continuous removal of overburden by erosion processes. Understanding the 
deterioration processes and their effect in time on the properties of both 
intact ground and groundmass is essential for a design of safe man-made 
slopes for the entire engineering lifetime of the slope. 
 

 
Figure 1.3 Deteriorating rock masses in a man-made slope along Ranau - Tambunan 
road. 
 
In tropical humid regions, such as Kota Kinabalu, Sabah, Malaysia, man-
made slopes may expose groundmasses that are already weathered. Hence, 
a slope cut in such a groundmass should be stable in the weathered 
groundmass as encountered in-situ and be stable in the groundmass with the 
added weathering in the future after exposure. In the practice of slope design 
in Malaysia, the required design engineering lifetime is 30 years or more, 
which is called the “serviceable lifetime”. However, in Malaysia the design of 
slopes is based on using a suitable Factor of Safety (FoS) value, and on 
incorporating the existing weathering in a series of standards for slope 
design. The standards are based on the ratio of vertical height to horizontal 
length of a slope depending on the degree of weathering of the mass the 
slope is constructed in. For unweathered rock masses, i.e. weathering grade I 
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following British Standard 5930:1981, the preliminary slope design 
parameter is 4:1 (vertical : horizontal) which gives a slope dip of about 76°. 
For weathering grade II rock masses, a ratio of 3:1 (≈ 72°) is applied. If the 
slope shows signs of instability, it has to be redesigned to a lower slope dip 
and/or stabilization measures have to be applied (PWD, 2010). For 
weathering grades III to VI, the slope is designed based on a calculation of 
the Factor of Safety (FoS). A minimum FoS of 1.3 is generally required. 
Mitigation or stabilization measures can be applied where required. 
 
The design criteria in Malaysia thus do recognize the different degrees of 
weathering as are at time of excavation as important for the design, however 
do not anticipate on degradation of the groundmass due to future weathering 
and stress relief. Therefore in this study, quantitative factors are developed 
that can be used in the design of slopes to account for future degradation of 
the groundmass. These factors are developed for thick-bedded sandstone 
layers. Although developed in Malaysia, the factors can likely also be used in 
other parts of the world with similar climate and slopes made in similar 
materials. Related studies have been done on the mechanism and 
development of new discontinuity patterns as function of progressive 
weathering, and the mechanism of iron precipitation and its influence on 
slope stability. A secondary related study has been done to the possibilities to 
use the time of exposure of man-made rock slopes without signs of failure as 
a parameter in the assessment of (natural) landslides3 in the area of Kota 
Kinabalu. 

1.2 Scope of Study 
Sedimentary rock strata may undergo rapid weathering in humid tropical 
climates when exposed. This causes a rapid degradation of the rock mass and 
reduction of geotechnical properties. The degradation may be significant 
within the engineering lifetime of a slope; hence, a slope may be stable at 
time of excavation but may become unstable in the future. Therefore, any 
design of civil engineering structures, such as slopes, that expose a rock 
mass have to be designed accounting for a reduction of geotechnical 
properties during the lifetime of the slope. At present, no quantified relations 
between degradation and time for sedimentary rock masses exist for use in 
humid tropical environments. If future degradation is taken into account at all 
in design, it is incorporated in an often arbitrarily higher factor of safety 
based on experience or literature, or it is guessed by the design or 
construction engineers. Design practice would improve if quantified factors 

                                                
3 Slope failure and landslide are used often as synonyms in the literature. In this study 
the term “slope failure” is reserved for failure of a man-made slope and “landslide” for 
failure of a natural slope. 
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would be available incorporating the future degradation in the design 
calculations. Therefore, a study is done to relate the degradation of 
geotechnical properties to time for selected rock mass types in a humid 
tropical environment. 
 
The study is done in the area around Kota Kinabalu, Sabah, Malaysia, and 
only focused on the thick to very thick-bedded sandstone (SST) units. This 
unit is the dominant lithology and closely related to landslide and slope 
failure incidents in this area (Tating, 2003). The area has a humid tropical 
climate with a uniform and high humidity throughout the year. 

1.3 Problem Statement 
Many authors, e.g. Hack (1998), Huisman (2006) and Viles (2013), have 
suggested further research to relate weathering and slope stability and 
possibilities for quantification of weathering influence on geotechnical 
properties. Existing weathering classifications are mainly qualitative, e.g. 
BS5930 (1981, 1999), ISO 14689-1 (2003), ASTM D5878-08 (2008). Some 
attempt to quantify weathering by using the ratio of unsound to sound 
constituents’ of rock (Irfan and Dearman, 1978) and the ratio of weathered 
to unweathered minerals (Selby, 1993) have been proposed, however these 
cannot be applied directly to slope design. The factors developed by Hack 
(1998) and Hack et al., (2003) can be used for design but are not quantified 
in time. Huisman (2006) developed factors for deterioration in time in a 
Mediterranean climate. In the study described in this thesis, weathering of 
bedded sandstone is quantified in time and results in factors that can directly 
be used in slope design in a tropical humid climate. 
 
The formation of new discontinuities due to weathering and stress relief 
(Ehlen, 2002; Fell et al., 2012; Hack and Price 1997; Hencher, 2013) is well 
known in most type of rock; however, the formation mechanism and resulting 
variation of newly formed discontinuities throughout a rock mass especially in 
sedimentary rocks such as sandstone in a tropical environment are often 
poorly understood. In this research, the interrelation between weathering and 
mechanisms responsible for forming discontinuities have been investigated, 
motivated by the necessity to assess the engineering implications of 
mechanical discontinuity sets that are not a mechanical discontinuity set in a 
rock mass with lower weathering degree but will become a mechanical 
discontinuity set as a consequence of further weathering. 
 
During certain chemical weathering processes in rock masses, sequential 
interaction between percolating groundwater and rock will result in the 
development of oxidation and dissolved zones (Chigara and Oyama, 1999; 
Chigara, 1990). The development of weathering zones will influence the 
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precipitation of iron within the rock mass and also along the discontinuities. 
Weathering-induced iron dissolution and precipitation are important 
processes that govern the geotechnical properties of discontinuities and intact 
rock in some rock masses. Iron dissolution and precipitation are well known, 
but the influence on mechanical properties of rock masses is rarely reported 
in the literature. Therefore, the characterization, mechanism, and effect of 
iron dissolution and precipitation as consequence of weathering on properties 
of sandstone especially in tropical area are presented in this research. 
 
Rock masses in man-made slopes will begin to respond to the disturbance 
caused by the excavation and the new environment as soon as they are 
excavated. The disturbance often causes that the existing (natural) slope in 
which the slope cut is made, also is disturbed. This may cause deterioration 
of the mass and instability of the existing (natural) slope. Often this process 
is referred to as progressing “loss of structure” in the existing (natural) slope 
(Hack, 1998). Therefore, existing (natural) slopes with a man-made cut slope 
in it are often more susceptible to landslides outside the man-made cut area. 
The period between the excavation of the first man-made excavated slope 
and the time of investigation of landslides in the natural slope outside the 
man-made cut area may be used as an indicator for the forecasting of the 
stability of the (natural) slope. This time factor is used as one of the 
parameters in making of a Landslide Susceptibility Map (LSM) of the Northern 
Kota Kinabalu area. 

1.4 Research Objectives 
In order to be able to design slopes that are stable during the full engineering 
lifetime of the slope the objectives of the research are: 
● to develop quantitative factors for incorporation in design of slopes 

that account for degradation of natural materials due to stress relief 
and weathering 

● to determine the effect of weathering on the development of 
discontinuities in rock masses 

● to assess the effect of iron solution and precipitation; and its 
influence on the stability of man-made slopes 

● to assess the predictive power of several selected landslide causal 
parameter groups, which include the effect of deterioration process 
(road excavation time) in the analysis of landslide susceptibility map 
(LSM) for the northern part of Kota Kinabalu  

1.5 Research Questions 
In relation to the problem statement and the main objectives, the research is 
done to endeavour answers to the following questions concerning weathering 
and deterioration of sandstone rock masses in a humid tropical environment: 
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1. How to quantify deterioration processes of rock masses that can be 

incorporated into slope design? 
• How is the quantification to be established? 
• What are the rock properties important in quantification of 

deterioration processes? 
• How should the quantification be used in man-made slope 

design? 
2. What is the effect of deterioration processes on the development of 

new discontinuities in rock masses? 
• How do deterioration processes initiate formation of new 

discontinuities? 
• How do the new discontinuities develop in relation to progressing 

weathering? 
• Can the future pattern of newly formed discontinuities due to the 

deterioration processes be predicted? 
3. What is the consequence of chemical weathering on the rock mass 

and the stability of man- made slopes? 
• What is the effect of chemical weathering on the characteristics 

and properties of a rock mass? 
• What are the conditions for iron precipitation in rock mass? 
• What is the effect of iron precipitation on rock slope stability? 

4. What are the appropriate landslide causal parameter groups or 
factors that can be used in the development of landslide susceptibility 
map (LSM) at regional scale in the study area? 
• What is the relative importance of landslide causal parameter 

groups or factors in the development of LSM? 
• What is the appropriate combination of landslide causal 

parameter groups or factors for optimum accuracy of the LSM? 
• Can excavation duration time contribute to the reliability of 

landslide susceptibility assessment? 

1.6 Methodology 
The research deals with the assessment of sandstone deterioration 
(weathering and stress relief) in a humid tropical environment. Also are 
determined and evaluated deterioration - time relationships, development of 
discontinuities, assessment of iron precipitation in rock masses, and 
development of a landslide susceptibility map. Therefore, the thesis is 
organized into chapters that address these specific topics, especially related 
to problems, review of relevant literature and methodology. Except for the 
development of landslide susceptibility map, the field data for the other 
components are similar and collected based on extensive and detailed field 
observation. 
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1.6.1 Field data collection 
Most of the rock exposures are easily accessible and therefore data could be 
collected reliably and exactly at the intended locations. 
 
Characterization of rock mass is done following the Slope Stability Probability 
Classification (SSPC) method proposed by Hack et al. (2003). In this 
approach, the rock mass was firstly delineated into several geotechnical units 
(define as a certain portion of rock mass that exhibit similar mechanical 
properties), based on bedding thickness, lithological type, bedding thickness 
ratio between different lithology and weathering grade. 
 
Subsequently, the intact rock strength (IRS) and discontinuity sets are 
characterized for each geotechnical unit. IRS was estimated by “simple 
means” field test method, which used hand and geological hammer based on 
IRS estimation procedure described in BS5930 (1981,1999) and Hack and 
Huisman (2002) (see Table 3.2). Characterization of discontinuities is done 
based on the rapid face mapping approach (Slob, 2010). In this approach, 
the main or representative discontinuity sets are identified visually in the 
exposure and their mean orientation (dip/dip-direction) is determined by 
measuring several discontinuities for each set. 
 
The discontinuity sets are further characterized based on orientation, 
spacing, persistence, roughness, infill, and whether karst occurs along the 
discontinuity sets. The discontinuity surface roughness is characterized based 
on visual and tactile (feeling with finger tops) assessment. The large-scale 
roughness is estimated visually on a discontinuity surface area between 0.2 x 
0.2 m2 and 1 x 1 m2 in five classes; wavy, slightly wavy, curved, slightly 
curved and straight (following example traces given in SSPC). The small-scale 
roughness is described on an area of about 0.2 x 0.2 m2 in three classes; 
steeped, undulating and planar (also following the SSPC). The small-scale 
roughness is further described with tactile roughness and described as rough, 
smooth, or polished. Other parameters include the characteristics of infill 
material and the presence of karst structures. Further, the method of 
excavation (ME) and the degree of rock mass weathering (WE) are 
characterized. Weathering grade of rock mass is determined visually similar 
to methodology described in BS5930:1981. 

1.6.2 Laboratory data and analysis 
Intact rock samples from each weathering grade and zone, and samples of 
precipitated material in discontinuities have been collected to determine the 
major element concentrations and in particular the iron content. Samples are 
analysed with a portable X-ray fluorescence instrument (Niton XL3t) in a 
laboratory set-up with helium purging. The duration of the XRF 
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measurements is about 85 seconds per sample with filter settings specifically 
to determine rock-forming elements. After the XRF analysis, the dry specific 
densities of the rock samples were determined in each weathering grade. 

1.7 Outline of thesis 
The thesis comprises of a collection of research papers submitted or 
published in peer review international journals and conferences (chapters 3 
(Tating et al., 2013a; 2013b; 2013c); chapter 4 (Tating et al., 2015a); 
chapter 5 (Tating et al., 2015b)) with additionally an introduction, chapter 
on the description of the study area, and concluding chapter (chapters 1, 2 
and 7). Chapter 6 describes the use of an exposure time parameter in the 
assessment of landslide susceptibility. An article on this topic is under 
preparation. The thesis consists thus of: 
 
Chapter 1 (Introduction) introduces the research. It consists of the 

background of the research, research problem, and objectives. The 
research methodology especially for the data collection is also 
elaborated on in this chapter. 

 
Chapter 2 (Study area) describes the study area. It provides the 

description of the topography, environment, geology, and 
geotechnical characteristics of the rock masses. 

 
Chapter 3 (Quantification of deterioration processes influencing the 

stability of man-made slopes in sandstone) provides a review of 
material deterioration mechanisms,  rock mass weathering, and 
stress relief with time and its influence of the stability of man-made 
slopes in sandstone. 

 
Chapter 4 (Weathering effect on discontinuity properties) provides a 

review of weathering effects on the rock mass discontinuities that 
include the development of new discontinuities sets related to 
weathering degree of rock masses. 

 
Chapter 5 (Influence of weathering-induced iron dissolution and 

precipitation on sandstone properties) describes the influence of 
iron dissolution and precipitation on the condition of discontinuities in 
thickly to very thickly-bedded sandstone. The chapter also provides 
the processes controlling iron dissolution and precipitation in rock 
mass discontinuities in a tropical environment. 

 
Chapter 6 (Landslide susceptibility assessment using bivariate 

statistical method) provides the development of landslide 
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susceptibility maps for northern Kota Kinabalu area based on the 
appropriate combination of landslide causal parameters groups or 
factors at regional scale. The relative importance of landslide causal 
parameters groups was also determined for the study area. Apart 
from the common landslide causal parameter maps (slope, aspect, 
geology, land use, distance from structure, distance from road and 
distance from river), slope excavation time is used in susceptibility 
analysis which is the rock slope excavation time parameter related to 
the result of rock mass deterioration with time in chapter 3. 

 
Chapter 7 (Synthesis and Conclusions) concludes the thesis with a 

summary reflecting the research objectives and findings, and 
recommendations for future research are presented. 
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Chapter 2: Description of the study area 
This chapter describes the area, geographic setting, and geology, 
geotechnical and weathering characteristics of the sedimentary rock. It is 
based on the published articles: "Engineering aspects and time effects of 
rapid deterioration of sandstone in the tropical environment of Sabah 
Malaysia” (Tating et al., 2013a) and “Weathering effects on discontinuity 
properties in sandstone in a tropical environment: case study at Kota 
Kinabalu Sabah, Malaysia” (Tating et al., 2015a). Part of the text may be 
similar to the text in the articles. 

2.1 Introduction 
The research area is located to the North of Kota Kinabalu in Sabah, East 
Malaysia (see Figure 1.1). It is located approximately between longitude E 
116° 06' to E 116° 14' and latitude N 006° 02' and N 006° 07' in between the 
South China Sea to the west and the Crocker Range to the east. The study 
area covers approximately 140 km2. 
 
The Western part of the area consists of rather flat swampy areas, coastal 
plains, valleys, and some isolated hills (Figure 2.1). The coastal plains and 
valleys vary from 2 to 5 kilometres in width while the linear belt of hills is 
about a kilometre wide. The coastal terrains and valleys are underlain by 
Quaternary deposits that consist of unconsolidated to semi-consolidated 
sedimentary layers of sand, silt, clay, and peat. The Eastern part consists 
mainly of series of parallel linear ridges mostly oriented about NE – SW. The 
ridges range from 30 to more than 800 m in height toward the eastern part 
of the area. The highest peak of the ridge is about 850 m above Mean Sea 
Level (MSL). 
 
The accessibility within the study area is quite good. A good road network 
(sealed and unsealed) connects most of the towns and villages in the study 
area. The western part of the area has undergone rapid urban development, 
where many hilly areas are cleared from bush and woodland, and most of the 
lowland and swampy areas are reclaimed and filled for new housing 
development and infrastructure. This development provided many well-
exposed rock exposures for the study described. 
 
The majority of the data for the study has been collected from man-made 
slopes with different dates of excavation in the Kota Kinabalu Industrial Park 
(KKIP) area, which is located within the study area. This is a hilly area of 
about 1500 acres, cleared from vegetation since 1995. In addition to some 
already existing roads in the area and vicinity, many new roads with roadcuts 
have been made in the area between 1995 and 2011. Data of unweathered 
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rock masses has also been collected from three quarry sites in the vicinity of 
the KKIP area. The dates of excavation of the roadcuts are well documented 
providing a good time control for the data. The dimensions of the slopes 
range from less than one metre to more than 80 metres in height and three 
to over 50 metres in width. Data from 97 man-made slopes are used for the 
study. The data has been collected during two fieldwork campaigns; March 
through May 2010 and April through June 2012. 
 

 
Figure 2.1 Topographical map of the research area (modified from Tating, 2003). 

2.2 Climate 
The area is in a typical tropical climate, which has a uniform temperature and 
high humidity throughout the year; classified as “equatorial-fully humid (Af)” 
following the Köppen-Geiger updated climate classification (Kottek et al., 



Chapter 2 

13 

2006). The daily temperature ranges from 22° to 33°C (average 27°C) and 
the temperature variation throughout the year is small. The average humidity 
ranges from 79 – 85%. The annual rainfall ranges from 1,920 to 3,190 mm 
(average 2,075 mm). The temperature and annual rainfall are influenced by 
two prevailing monsoons. The north eastern monsoon during November to 
March results in cooler temperatures and less rainfall, while temperatures 
and rainfall are higher during the south western monsoon from May to 
September (MMD, 2013). 

2.3 Geology 
The geology in the area consists of a thick sequence of Eocene-Oligocene 
grey to bluish grey fine to medium grained sandstone and red and/or grey 
shale beds belonging to the “Crocker Formation” (Collenette, 1958) (Figure 
2.2). The strata are trending towards the north – northeast or towards the 
northeast (NNE or NE) and are steeply dipping either to the east or west. 
 

 
Figure 2.2 (a) Geological setting of the research area, (b) Detailed lithology of the 
study area (after Tating, 2003). 
 
The rock sequence can be divided in three main lithological units based on 
the bedding thickness, sandstone to shale ratio, sedimentary structure 
characteristics, rock type and color (Tating, 2003). These parameters were 
also used to determine the geotechnical units for the rock mass classification 
(Table 2.1 and Figure 2.3). The lithological units are a thick to very thick 
bedded (sometimes massive) sandstone unit (SST Unit), a unit consisting of 
sandstone interbedded with shale (IB Unit) and grey shale or red shale unit 
(SH unit). 
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Table 2.1 Description of rock units. The same units are used to define the geotechnical 
units (after Tating et al., 2013). 
Formation Units Description 
Crocker 
(Eocene to 
Oligocene) 

Thick to very thick 
bedded Sandstone 
(SST) 

Bedding spacing from 0.6 to over 2 m with 
some bedding spacing exceeding 8 m. Grey to 
bluish grey in color. Fine- to coarse-grained 
with locally sparse pebbles at the base. 
Intercalated with thin pelitic layers with ratio 
of 9:1. 

Interbedded 
Sandstone, Siltstone 
and Shale (IB) 

Interbedding between sandstone, siltstone 
and shale beds. Bedding spacing from 0.01 to 
0.6 m. Sandstone and pelitic layer ratio 
varies. Divided into three subunits based on 
ratio: Classical type (ratio1:1), Shaly type 
(ratio 1:3) and Sandy type (ratio 9:1). 

Red/Grey Shale (SH) Red and Grey shale bands. Thickness from 
0.6 to over 25 m. Red shale characterized by 
distinctive red to brownish red color and 
homogeneity. Occasionally interbedded with 
siltstone. Grey shale consists of thinly 
interbedded between grey shale, siltstone or 
fine-grained sandstone (1-20 cm). Shale and 
sandstone ratio from 3:1 to10:1. 

 
The stratigraphic succession of the thick sedimentary strata in Kota Kinabalu 
can be divided further into two main sequences based on the lithological 
dominance; i.e. “Sandy sequence” and “Shaly sequence” (Tongkul, 1987; 
Tating, 2003) (Figure 2.2b). The Sandy sequence consists predominantly of 
sandstone from the SST and IB units, whereas the Shaly sequence consist 
mainly of the SH units. The lithological units show a good lateral continuity 
and uniform thickness, and can be traced along strike for several kilometers. 
 

 
Figure 2.3 Exposure with typical geotechnical units in the Kota Kinabalu area. 
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Thin section petrographic analyses of the sandstone show that the main 
constituents are quartz grains with subordinate amounts of lithics, feldspar, 
calcite, and opaque minerals embedded in a siliceous matrix with few voids 
(Table 2.2). The sandstone is medium-grained and poorly sorted. The quartz 
is present as discrete detrital grains and as polycrystalline aggregates. Most 
lithic fragments consist of chert with minor quantities of fragments consisting 
of shale and other siliceous igneous rocks. Pyrite (FeS2) minerals are 
commonly associated with the sedimentary rock strata in the Kota Kinabalu 
area (Burgan & Ali, 2009; Hutchison, 2005; Stephens, 1956; Van Hattum et 
al., 2003). It normally occurs as framboidal pyrites, but also often in the form 
of larger minerals visible to the naked eye. 
 
Table 2.2 Petrographic analysis of sandstone of the Crocker Formation (after Tating, 
1997). 
Sample 
(& Location) 

Mineral Composition (%) 

Quartz Lithic Feldspar Calcite Matrix Opaque Voids 

S1 (Telipok)  60 15 4 - 20 1 rare 
S2 (Menggatal) 50 10 3 5 30 2 rare 
S3 (Penampang) 60 10 3 5 20 2 rare 

1.3.1 Structural geology 
Generally, the structural features in the western part of Sabah and 
particularly the study area are dominated by a series of northeast (NE) – 
southwest (SW) trending parallel linear lineaments. The lineaments are 
mainly representing major faults (thrust, normal and wrench faults) in thick 
sedimentary rock. The strata is subsequently imbricated into a series of fault 
blocks by tectonic activity during the Late Oligocene to Early - Middle Miocene 
and resulted in the present repetition of the lithological units at surface 
(Tongkul, 1990). 

2.4 Weathering profiles over sedimentary bedrock 
In general, weathering profiles over sedimentary strata in the area show a 
large lateral and vertical variability of weathered material and morphological 
features. This is due to changes in lithology, bedding thickness, and 
discontinuity orientation (Figure 2.4). The variability is increased by 
structural discontinuity planes, such as joint and fault planes. These 
discontinuity planes may govern the flow of subsurface water, which can lead 
to selective weathering and variability in the precipitation of minerals, in 
particular iron minerals. The thickness of the weathering profiles varies and 
ranges from 3 to more than 30 metres. The most obvious visual 
characteristics are the presence of two zones with distinctive colour. The 
upper part consists of brownish coloured weathered rock material (oxidation 
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zone) whereas the lower part is mostly grey to greyish (dissolved zone) 
(further discuss in Chapter 5). 
 
In the upper part, the most dominant feature is the precipitation of iron along 
the discontinuities due to oxidation. “Iron pans” or “duricrusts” may be 
present due to the accumulation of iron and aluminium oxide. Iron 
precipitation especially in the thick to very thick-bedded SST unit occurs as 
staining, coating, and cementing. The precipitation and mechanism 
responsible are described in detail in Chapter 5. 
 

 
Figure 2.4 Weathering profile of the thick sedimentary strata in the research area. 
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Chapter 3: Quantification of deterioration 
process in sandstone cut slope 
This chapter described the development of deterioration (weathering and 
stress relief) quantitative and their incorporation in slope design. This is 
based on the articles "Engineering aspects and time effects  of rapid 
deterioration of sandstone in the tropical environment of Sabah, Malaysia" 
(Tating et al., 2013a); "Weathering and deterioration as quantitative factors 
in slope design in humid tropical areas: case study Northern Kota Kinabalu, 
Sabah, Malaysia" (Tating et al., 2013b); and "Quantification of rock mass 
deterioration processes for cut slope design in humid tropical areas -  case 
study Northern Kota Kinabalu, Sabah, Malaysia" (Tating et al., 2013c), 
therefore to some extend the text are the same. 

3.1 Introduction 
Rock mass or ground mass can be defined as a volume of ground that will be 
affected by an engineering works (Price et al., 2009). Rock mass consist of 
an assemblage of rock blocks (intact rock) dissected by various sets of 
discontinuities. The presence of discontinuities will reduces the strength and 
increases the deformability of the rock mass; and may also influence the 
weathering mechanism and pattern within the rock mass. Any engineering 
works on rock mass such as roadcut may result in further deterioration 
(stress relief and weathering) of rock mass material that will lead into slope 
instability. 
 
Roadcut slopes in Sabah Malaysia are designed to be stable over a certain 
time span, normally more than 30 years, which is the “serviceable lifetime” 
(Chua, V.; personal comm. June 1, 2012). The “serviceable lifetime” of the 
slope is achieved by using a higher Factor of Safety (FoS) than required for a 
stable design at the time of construction. Although the design is supposed to 
result in a slope to be stable for more than 30 years, i.e. an engineering 
lifetime of 30 years, many slopes or parts of slopes fail within 30 years after 
construction. The reasons for failure sometime after construction but before 
the design “serviceable life” time ends are likely stress relief and weathering. 
Throughout the world, stress relief and weathering are often marginally 
quantified or simply neglected in slope design (Wong et al., 1998; Huisman et 
al., 2006; Gue and Tan, 2006).  
 
A proper design of a slope for the entire engineering lifetime of the slope 
should include quantitative factors accounting for the degradation of the rock 
mass over its lifetime. However, quantified relations over engineering periods 
are seldom in the published literature and do not exist for the tropical climate 
and environment of Malaysia. Most of the published studies on rock 



Quantification of deterioration process in sandstone cut slope 

18 

weathering concern the influence of weathering on the geotechnical 
properties of the intact rock in engineering applications, and the development 
of weathering profiles and soil layers over long (geological) time spans (e.g. 
Raj, 1985; Mohamed et al., 2007; Mohamad et al., 2008, 2011; Ghiasi et al., 
2009; Chigira et al., 2011). In this research quantitative factors are 
developed for incorporation in the design of slopes to account for stress relief 
and weathering in humid tropical areas. 

3.2 Material deterioration mechanism in slopes 
Stress relief and weathering are the dominant deterioration processes that 
affect the durability of a man-made rock slope after excavation. These cause 
the physical, geotechnical and chemical properties of the slope material to 
change in response to the new environment and are considered a major 
cause of future geotechnical engineering problems (Hack and Price, 1997).  

3.2.1 Stress relief 
The excavation of a slope causes a change in stress regime in the rock mass 
forming the slope; generally, stresses will become less due to the removal of 
material, however, stress increases and stress concentrations may occur as 
well. Stress reduction allows opening of existing discontinuities, and stress 
increase and changes in stress concentrations may lead to new 
discontinuities as may be stress relief fracturing in shaly type of rocks (Price 
et al., 2009). Moreover, the change in stress field may cause new 
discontinuities because of reduction of confining pressure (Anon., 1995; 
Hudson and Harrison, 1997; Hencher and Knipe, 2007). The new and more 
opened existing discontinuities allow for a higher permeability and hence an 
increase in water permeating into and flowing through the rock mass. 
Weathering will then increase and be faster as water is one of the main 
agents involved in weathering (Bland and Rolls, 1998; Huisman, 2006). 

3.2.2 Weathering 
Weathering is the chemical and physical break down of minerals due to 
physical, chemical, and biological processes. The weathering affects intact 
rock but also the fabric and nature of discontinuities in the rock mass (Gupta 
and Rao, 2001; Nicholson, 2004; Gurocak and Kilic, 2005; De Mulder et al., 
2012). Weathering depends on local conditions such as local climate, surface 
and groundwater conditions, chemicals dissolved in groundwater, and land 
and fertilizer use (Saunders and Fookes, 1970; Fookes et al., 1988; Semhi et 
al., 2000). The rates with which the processes take place are also very 
dependent on local conditions such as temperature and presence of water 
(White and Blum, 1995; Bland and Rolls, 1998). 
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3.2.2.1 Weathering at surface versus subsurface 
Weathering processes in the subsurface are different from those in an 
exposure at surface. In the first situation weathering is mostly governed by 
chemical weathering whereas physical weathering is largely absent, while in 
exposures where weathering takes place under the direct influence of the 
atmosphere, it is a combination of chemical and physical weathering. In an 
exposure, biological agents may be of influence too (Hinsinger et al., 2001), 
and stress relief may be more pronounced at surface than in the subsurface. 
Many parameters are of influence on weathering rates in the subsurface such 
as the stress regime, the depth of the rock mass below surface, the 
hydrological regime (Day et al., 1980; Katongo, 2005), and chemicals 
dissolved in groundwater. These parameters may change over time. Back-
calculating weathering rates in the subsurface are mostly done from mass 
balances of chemicals dissolved in groundwater (e.g. Moreira-Nordemann, 
1980; White et al., 1998; Olvmo, 2010), although many studies include 
necessarily also weathering at surface, as it is mostly impossible to 
differentiate between chemicals derived from surface and subsurface 
weathering. 

3.2.2.2 Intact rock weathering 
Many studies have been done to the weathering of intact rock (Figure 3.1). 
Most concern ornamental stone, which mostly implies that the rock is freely 
exposed to weather influences. For example, many studies have been done 
on tomb- grave- or head-stones (among many studies: Dragovich, 1987; 
McNeill, 1999; Inkpen and Jackson, 2000; Williams and Robinson, 2000; 
Wells et al., 2008), natural rock blocks mounted on the outside of buildings 
(Warke et al., 2006; Ruiz-Agudo et al., 2007), or natural rock in and on 
monuments, such as Cleopatra's Needle in New York (Winkler, 1980; 
Storemyr, 2012), Medieval castles and churches in Spain (Sancho et al., 
2003; Sebastián et al., 2008), and ancient temples and monuments in Asia 
(Lee et al., 2005; Siedel et al., 2010). The weathering effect on construction 
materials especially rock aggregates has been discussed in detail by Fookes 
et al. (1988). Rates for weathering vary widely depending on rock material 
and climatic environment. A decrease of weathering rate is observed by many 
authors when the weathered material ("residue") stays on the surface, and 
then protects the underlying material. If the weathered material is removed 
i.e. falls off by gravity or is flushed away by water, weathering starts again 
with a weathering rate comparable to the weathering rate of the original 
material. In the Mediterranean area, the rates of weathering for building 
stone depend strongly on the way the building stone is used, i.e. in how far 
the building stone is isolated from coastal i.e. marine, influence (Al-Agha, 
2006). Measured weathering rates for similar types of intact rock can be a 
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factor 3.5 times faster in a humid tropical area compared to a cool humid 
temperate environment (Day et al., 1980).  
 

 
Figure 3.1 Weathering of intact rock. Note the formation of residual layer that will 
inhibit the weathering process towards the inner part of intact rock 

3.2.2.3 Rock mass weathering 
Natural rock masses contain intact rock but this rock is neither exposed to 
the atmosphere at all or only one site of a block if it is on the outside of an 
exposure. The influence of the atmosphere has to be transferred through 
other blocks or through discontinuities by water or air. This temporizes and 
moderates the effects of the outside environment on the inside of the rock 
mass. Deterioration in rock mass may effects the intact rock strength, 
spacing of discontinuities and the shear strength along discontinuities 
(Figure 3.2 and Figure 3.3). This is further discussed in chapter 4 and 
chapter 5. 
 
Rock mass weathering in tropical environments has been described for most 
intact rock and rock masses that occur in Malaysia, i.e. granite (Komoo, 
1985; Raj, 1985; Ghiasi et al., 2009; Chigira et al., 2011; Mohamad et al., 
2011), sandstone/shale (Mohamed et al., 2007; Mohamad et al., 2008), 
limestone (Pauzi et al., 2011) and schist (Zauyah and Stoops, 1990). Most of 
the studies are related to the weathering effect on the physical and 
geotechnical properties of rock (such as durability, modulus of elasticity, 
compressive strength), mineralogical changes, and characterization of the 
weathering profile. Generally, they conclude that weathering has a significant 
effect on the rock geotechnical and physical properties, and results in deep 
weathering profiles. Relations between weathering and time are not 
mentioned in these studies. Mohamed et al. (2007) compare physical 
deterioration differences between sandstone and shale, and Rodeano et al. 
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(2006) and Ismail et al. (2009) describe engineering properties of fresh and 
weathered sandstone in the Kota Kinabalu area. 
 

 
Notes: Data of various sources and rock masses; averaged after normalization with values for fresh equal 100 %. 
Standard deviation around 15 to 23 % (points) for slightly through highly weathered; data for completely weathered are 
few and average not reliable. Fresh, slightly, etc. refer to rock mass weathering following ISO 14689-1;2003. "Spacing of 
discontinuities" based on rock block size and form following Taylor (1980) in Hack et al. (2003) or on discontinuity spacing. 
‘Condition of discontinuity’ (determining the shear strength) following sliding criterion (Hack et al., 2003) or friction and 
cohesion properties for discontinuities. Data: A: 1, 5, 6, 7 & 10; B: 2, 3, 4 & 5; C: 5, 8 & 9. (1) Begonha & Sequeira Braga 
(2002); (2) Ehlen (1999); (3) Ehlen (2002); (4) GCO (1990); (5) Hack & Price (1997); (6) Marques et al., (2010); (7) 
Pickles (2005) (8); Reissmüller (1997) (9); Snee (2008); (10) Tugrul (2004). 
Figure 3.2 Influence of weathering and stress relief on intact rock and rock mass 
properties (after Hack, 2011). 
 

 
Figure 3.3 Weathering of rock mass. Weathering take place along the discontinuities 
and affected the discontinuity shear strength. 
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3.3 Rock mass weathering with time 
Rock mass weathering affects the durability of a rock slope after excavation 
(Hack and Price, 1997; Yokota and Iwamatsu, 2000; Hack et al., 2003; 
Borrelli et al., 2007; Hencher and Knipe, 2007). Weathering in man-made 
slopes is controlled by internal, external and geotechnical parameters (Bland 
and Rolls, 1998; Huisman, 2006). Internal parameters are referring to the 
properties of rock materials, whereas external parameters are the 
environmental conditions, fluid chemistry, hydrodynamics of the site and 
biogenic activities. Slope design parameters (e.g. slope aspect, angle and 
height), method of excavation and drainage measures also influence the 
degradation of geotechnical properties. 

3.3.1 Weathering intensity and weathering intensity rate 
The relationship between rock mass response to the process of weathering 
and exposure time is expressed in two different terms; i.e. “weathering 
intensity” and “weathering intensity rate”. Weathering intensity refers to the 
degree of decomposition or amount of alteration from the original state 
shown by rock mass material at a certain point in time, whereas the 
weathering intensity rate refers to the amount of change in this weathering 
intensity per unit time (Bland and Rolls, 1998; Huisman, 2006). The 
weathering intensity and weathering intensity rate of a rock mass respond to 
the particular combination of conditions controlling weathering at the site of 
the exposure. This may be referred to as the susceptibility to future 
weathering of the rock mass (Hack, 1998). Moreover, the weathering 
intensity rate is dependent on whether the material already weathered 
("residue") is removed or forms a cover protecting the underlying material 
(Colman, 1981), an effect that is similar to protecting intact rock by 
weathered material (see Section 3.2.2.2). 
 
As mentioned before, the rock mass weathering in a man-made slope is 
controlled by various parameters. These parameters are also governing the 
intensity and rate of weathering. Both internal and external weathering 
controlling conditions are functions of time and may have considerably 
changed from conditions in the past during the history of the site. 
Geotechnical conditions may possibly change in the course of time by 
modification of the slope profile (Huisman, 2006). Intensity rate of 
weathering may also be affected by the degree of imbalance between 
weathering and erosion or other surface activities. Erosion and shallow slope 
failure processes remove the weathering product from the rock surface, 
which will expose a new fresh or partially weathered surface. Thus, once 
again increases the weathering intensity rate. This process will result in 
frequent failures in a man-made slope and tend to repeat over time (Yokota 
and Iwamatsu, 2000). 
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Weathering intensity rates may be expected to decrease with time, as the 
state of rock mass becomes more and more in equilibrium with its 
surroundings (Huisman, 2006). Bland and Rolls (1998) have discussed 
several approaches for determining weathering intensity rates, whereas 
several publications (e.g. Hachinohe et al., 2000; Huisman et al., 2006; 
Nishiyama and Matsukura, 2009) report various methods to determine the 
rates of weathering in different rock types and climatic environments. 

3.3.2 Quantification of weathering in time 
Several methods are used to quantify weathering or weathering intensity 
rates. These methods may be divided into "uncontrolled" and "controlled" 
(Colman, 1981) based on the availability of time control and quantification of 
weathering variables. The "controlled" methods are further divided into three 
main groups (Fookes et al., 1988); "experimental", "man-made structures", 
and "geological materials group" based on the method used and the type of 
time control. Selection of the appropriate study method depends on the 
objective of and relevance for the object studied. For instance, for a man-
made slope, the time control is within engineering times and it is controlled 
research as being a man-made structure. 

3.4 Rock and rock mass properties 
Various rock mass properties that are modified by weathering are used to 
determine the weathering intensity rates (e.g. Hachinohe et al., 2000; Yokota 
and Iwamatsu, 2000; Nishiyama and Matsukura, 2009). The common method 
is by determining the change brought by the processes of weathering to 
these properties. It is done by comparing the initial property value before and 
after weathering has occurred.  
 
In a rock slope, the initial property value may be the value at the time of 
excavation whereas the weathered property value is the observed value at a 
certain time after the excavation (Irfan and Dearman, 1978; Selby, 1993; 
Hack and Price, 1997; Huisman, 2006). Irfan and Dearman (1978) used the 
ratio of unsound to sound constituents' of rock, which they defined as the 
Micropetrogaphic Index (Ip). Selby (1993) suggested using the ratio of 
unweathered to weathered minerals, defined as the Weathering Index (WI). 
Hack (1998) used the ratio of weathered to unweathered rock mass 
parameter (the weathering quantitative reduction value, WE) for quantifying 
the weathering intensity in the Slope Stability Classification System (SSPC). 
These SSPC weathering values (WE) are used by Huisman (2006) in his 
research on rock mass decay in geo-engineering. 



Quantification of deterioration process in sandstone cut slope 

24 

3.4.1 Weathering intensity rate 
The weathering intensity rate can be determined if the exposure time for the 
rock mass is known. The time relation is corresponding to the expression 
proposed by Ruxton (1968) and Selby (1993): 

𝐶𝐶𝑡𝑡 =  𝐶𝐶𝑡𝑡𝑒𝑒−𝑘𝑘𝑡𝑡 (3.1) 

𝐶𝐶𝑡𝑡 is the property value at time t, 𝐶𝐶𝑜𝑜 is the initial property value (original 
value in fresh state), 𝑘𝑘 is a constant, and 𝑒𝑒 is the base of the natural 
logarithm. An alternative empirical relationship to describe change of the 
property value as a function of time is suggested by Colman (1981): 
𝐶𝐶𝑡𝑡
𝐶𝐶𝑜𝑜

= 𝑎𝑎 + 𝑏𝑏 log(1 + 𝑡𝑡) (3.2) 

In which 𝑎𝑎 and 𝑏𝑏 are constants, 𝐶𝐶𝑡𝑡 refers to the parameter value at time t and 
𝐶𝐶𝑜𝑜 is the initial parameter value (original value in fresh state). The equation is 
also used by Huisman (2006) in describing the function of weathering 
intensity with exposure time t, by replacing the ratio  𝐶𝐶𝑡𝑡

𝐶𝐶𝑜𝑜
  with the weathering 

quantitative reduction value (𝑊𝑊𝐸𝐸𝑡𝑡 ), constant 𝑎𝑎 with the 𝑊𝑊𝐸𝐸 value at the time 
of excavation (𝑊𝑊𝐸𝐸𝑖𝑖𝑖𝑖𝑖𝑖𝑡𝑡), and constant 𝑏𝑏 with the apparent weathering intensity 
rate (𝑅𝑅𝑊𝑊𝑊𝑊

𝑎𝑎𝑎𝑎𝑎𝑎): 

𝑊𝑊𝐸𝐸𝑡𝑡 = 𝑊𝑊𝐸𝐸𝑖𝑖𝑖𝑖𝑖𝑖𝑡𝑡 +  𝑅𝑅𝑊𝑊𝑊𝑊 
𝑎𝑎𝑎𝑎𝑎𝑎 log  (1 + 𝑡𝑡)  (3.3) 

The same equation is used to describe the change of rock properties as 
function of time. The ratio 𝐶𝐶𝑡𝑡

𝐶𝐶𝑜𝑜
  corresponds to the property change at a certain 

time after the rock mass is excavated with respect to the initial value of the 
property. Property refers to the geotechnical properties such as intact rock 
strength (IRS), and internal angle of friction and cohesion of a rock mass. 
These properties are preferred as these are directly related to slope stability. 
The constant 𝑎𝑎 in Equation 3.2 is replaced by the initial property value 
(𝐼𝐼𝑅𝑅𝑆𝑆𝑖𝑖𝑖𝑖𝑖𝑖𝑡𝑡), 𝑏𝑏 is replaced by the apparent rate of the change in IRS �𝑅𝑅𝐼𝐼𝐼𝐼𝐼𝐼

𝑎𝑎𝑎𝑎𝑎𝑎�, and 
𝐶𝐶𝑡𝑡 
𝐶𝐶𝑜𝑜 

 is replaced by 𝐼𝐼𝑅𝑅𝑆𝑆𝑡𝑡. The IRS value at exposure time t becomes: 

𝐼𝐼𝑅𝑅𝑆𝑆𝑡𝑡 = 𝐼𝐼𝑅𝑅𝑆𝑆𝑖𝑖𝑖𝑖𝑖𝑖𝑡𝑡 +  𝑅𝑅𝐼𝐼𝐼𝐼𝐼𝐼 
𝑎𝑎𝑎𝑎𝑎𝑎 log  (1 + 𝑡𝑡)  (3.4) 

The rate of change of the property value in this equation refers to the 
"apparent rate" which is quantified by the change in property value from the 
initial state divided by the total exposure time. The property value 
assessment made during a successive time series divided by the elapsed time 
between the assessments is the "dynamic rate" of the property value change 
at a particular time and location (Figure 3.4). 
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Figure 3.3 Definition of apparent and dynamic property change rates (Modified from 
Huisman, 2006). 
 
Non-linearity of the weathering intensity rate has been attributed to the 
formation of a metastable protective residual layer (Colman, 1981; Ollier, 
1984; Fookes et al., 1988) on an outer layer of fresh rock. The residual layer 
will impede the direct contact between the fresh rock material and the 
external weathering agents, such as rain, wind, humidity, and temperature. 
As the relationship between weathering and exposure time is expressed as 
property change at a certain time after the rock is excavated with respect to 
the initial value of the property, the delay in direct contact will decrease the 
weathering intensity rate. The thickness of this weathered material also 
increases with time (Hachinohe et al., 2000) and will further decrease the 
rate. If the residue layer is removed by any surface activities (e.g. slope 
failure or washed off by rain), a new cycle of weathering will start again. 

3.5 Methodology 
The main weathering agencies from the atmosphere affect the rock mass 
from the outside in a newly excavated exposure. The rocks on the outside of 
the exposure are first affected and later the rock mass deeper below surface 
will be affected (see Section 3.2.2.3). In this study, the rock mass in an 
exposure is divided in geotechnical units (see Section 1.6.1). Only the unit 
directly adjacent to the exposure face is used in this study. This guarantees 
that the exposure time is from the first onset of weathering after excavation 
until the moment of the field campaign. 
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The grade of rock mass weathering is determined visually following Table 
3.1 which is largely similar to the methodology described in BS 5930 (1981) 
and ISO 14689-1 (2003). IRS is estimated following Table 3.2, which is 
based on the IRS estimation procedure in BS 5930 (1981) and BS 5930 
(1999). This procedure is largely comparable to the procedure in ISO 14689-
1 (2003), but with different boundaries and slightly different descriptions. 
The methodology allows for estimating the intact rock strength by hand and 
geological hammer in the field. The methodology is also known as ‘simple 
means’ field test and has proven to be very effective in estimating 
representative values for the IRS (Hack and Huisman, 2002). At least five 
assessments of the IRS have been made for each unit. In addition and as 
verification, samples have been tested with the "L" type Schmidt Hammer 
(SH). 

Table 3.1 Rock mass weathering grades 
Gradea,b Gradec Termb Descriptionb WEa 
I 0 Fresh No visible sign of rock material 

weathering; perhaps slight 
discoloration on major 
discontinuity surfaces 

1.00 

II 1 Slightly weathered Discoloration indicates 
weathering of rock material and 
discontinuity surfaces. 

0.95 

III 2 Moderately 
weathered 

Less than half of the rock 
material is decomposed or 
disintegrated. 

0.90 

IV 3 Highly weathered More than half of the rock is 
present either as a discontinuous 
framework or as core stones. 

0.62 

V 4 Completely 
weathered 

All rock material is decomposed 
and/or disintegrated to soil. The 
original mass structure is still 
largely intact. 

0.35 

VI 5 Residual  soil All rock material is converted to 
soil. The mass structure and 
material fabric are destroyed. 
There is a large change in 
volume, but the soil has not 
been significantly transported 

- 

Notes: a) From Hack et al. (2003);  b) Based on BS 5930 (1981); and c) ISO 
14689-1 (2003) 
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Table 3.2 Field determination of intact rock strength (IRS) by "simple means" test. 
Modified from BS 5930:1981; BS 5930: 1999 
IRS 
(MPa) 

Field Identification Term 

< 1.25 Gravel size lumps can be crushed between finger 
and thumb 

Very weak 

1.25 to 5 Gravel size lumps can be broken half by heavy 
hand pressure or thin slabs break easily in hand 

Weak 

5 to 12.5 Only thin slabs, corners or edges can be broken off 
with heavy hand pressure 

Moderately weak 

12.5 to 
50 

When held in hand, lumps can be broken by light 
hammer blow 

Moderately strong 

50 to 
100 

When resting on a solid surface, lumps can be 
broken by heavy hammer blows 

Strong 

100 to 
200 

Lumps only chipped by heavy hammer blows Very strong 

> 200 Rocks ring on hammer blows. Spark fly. Only 
broken by sledgehammer. 

Extremely strong 

3.5.1 Rock mass cohesion and friction angle estimation 
Other rock geotechnical parameters such as cohesion and friction angle 
values are estimated by optimizing the Mohr-Coulomb failure criterion with 
intact rock strength (IRS), discontinuity spacing (SPA) and condition of 
discontinuity (CD) in the SSPC system (Hack et al., 2003). The equations are 
given by: 

 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑡𝑡𝐹𝐹𝐹𝐹𝐹𝐹𝑚𝑚𝑎𝑎𝑚𝑚𝑚𝑚 = 0.2417𝐼𝐼𝑅𝑅𝑆𝑆 + 52.12𝑆𝑆𝑆𝑆𝑆𝑆 + 5.779𝐶𝐶𝐶𝐶 (3.5) 

 𝐶𝐶𝐹𝐹ℎ𝑒𝑒𝑒𝑒𝐹𝐹𝐹𝐹𝐹𝐹𝑚𝑚𝑎𝑎𝑚𝑚𝑚𝑚 = 94.271𝐼𝐼𝑅𝑅𝑆𝑆 + 28629𝑆𝑆𝑆𝑆𝑆𝑆 + 3593𝐶𝐶𝐶𝐶 (3.6) 

Frcitionmass is the angle of internal friction angle of rock mass (in degrees) 
and Cohesionmass is the rock mass cohesion (in Pascal). 

3.5.2 Exposure time 
The time the exposure exists is required for establishing the relationship 
between weathering and time. The date of excavation is obtained from the 
agencies or operators responsible for the excavation, e.g. the Public Works 
Department of Malaysia (PWD) for most roadcuts and quarry operators for 
rock quarries. For privately excavated slopes the excavation dates has been 
obtained by enquiring the local residents residing in the vicinity of the 
excavations. Some exposures in the area have been eroded, re-excavated, or 
otherwise the rock mass forming the slope face at present is not anymore the 
same as exposed directly after excavation. Indications that something has 
happened with the rock mass in an exposure after first excavation are, for 
example, considerable quantities of material fallen from the exposure, 
(recent) fresh marks from excavation equipment, marks from excavation 
equipment differently from the equipment used for the first excavation, signs 
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of erosion in the exposure, and erosion above or below the exposure more 
recent than could be expected from the geomorphological setting before first 
excavation. The exposure time for the rock mass in such exposures is then 
not anymore representing the time from the onset of weathering after first 
excavation and therefore these exposures were disregarded for this research. 

3.5.3 Fresh rock 
In tropical areas, it is often difficult to find rock masses not weathered (i.e. 
fresh) because rock masses weather very rapidly and the weathering profile 
is very thick. The latter causes that the fresh rock is often not exposed in 
excavations because excavations are not deep enough horizontally nor 
vertically to expose the fresh rock mass. However, in the study area, the 
extensive new housing and infrastructure development requires many new 
excavations in and through the hills. The excavation of fresh rock mass by 
conventional excavation machines is difficult and blasting is often prohibited. 
The hill is then excavated until excavation becomes too cumbersome, which 
is often at a point where the bulk of the rock mass becomes un-weathered. 
 
This fresh rock mass can be examined. In addition, fresh rock mass (i.e. 
fresh at the time of the fieldwork campaigns for this research) is exposed in 
quarries made for building and construction material within or in the vicinity 
of the study area. Validating that a rock mass encountered in an exposure is 
fresh is done visually, similar to the characterization of the weathered rock 
masses. Signs of weathering are evaluated visually and then the grade of 
rock mass weathering is established following BS 5930 (1981) and ISO 
14689-1 (2003). 

3.5.4 Weathering before and after excavation 
The degree of rock mass weathering in the exposure directly after excavation 
differs. Some exposures show weathered rock mass that is thus already 
weathered before excavation, others show fresh rock mass. The exposure 
times for rock masses that are already weathered at the time of excavation 
do not refer to the onset of weathering of the non-excavated rock mass. The 
latter is impossible to obtain because the date of the onset of weathering is 
not known. Only for exposures that show the rock mass in fresh state at the 
time of excavation, the exposure time is the same as the time the rock mass 
is exposed to the processes of weathering in the exposure. 
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3.6 Results 

3.6.1 Correlation of intact rock strength determined by 
 testing and "simple means" 
The sedimentary strata in the study area are divided into three lithological 
units: i) the thick to very thick-bedded sandstone (SST), ii) a thinly 
interbedded unit with sandstone, siltstone, and shale (IB) layers and iii) thick 
bands of red or grey shale (SH) (see Table 2.1, Chapter 2). 
 
In previous studies, representative rock samples from each rock mass 
weathering grade have been collected and tested in the laboratory to 
determine the intact rock strength (IRS) by Unconfined Compressive 
Strength (UCS) and Point Load Strength (PLS) tests (Table 3.3). The IRS of 
fresh sandstone of the SST unit based on UCS tests ranges from 88 to 130 
MPa, and the average IRS estimated by "simple means" is 105 MPa. The 
correlation between the UCS tests and "simple means" test values per rock 
mass weathering grade (Table 3.2) is shown in Figure 3.5. 
 
In this article, only the thick to very thick-bedded sandstone unit (SST) is 
studied. The other two units are continuously eroding, exposing new fresh 
rock, which makes it difficult to determine the effect of weathering on the 
rock properties with time. The summary of the SST unit is shown in Table 
3.4. 
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Table 3.3 Point Load Strength (PLS) and Unconfined Compressive Strength (UCS) for 
sandstone of the Crocker Formation. 
 

Sample 
Rock mass 
weathering 

grade 

IRS 
(MPa) Density 

(kg/m3) 
PLS UCS 

 
BH8(C3)a 
BH4(C5)a 
BH1(C3)a 
BH4(C1)a 

III 
III 
IV 
IV 

- 
1 
0.04 
0.52 

15.5 
- 
- 
- 

2066 
- 
- 
- 

BH4(C13)b 
BH4(C16)b 
BH5(C9)b 
BH5(C11)b 
BH5(C13)b 
BH4(C7)b 
BH5(C7)b 
BH4(C4)b 
BH5(C5)b 

II 
II 
II 
II 
II 
III 
III 
IV 
IV 

- 
- 
- 
- 
- 
- 
- 
- 
- 

63.7 
50.9 
61.1 
38.2 
45.8 
22.9 
28 
7.6 
7.6 

2791 
2736 
2787 
2694 
2601 
2542 
2610 
2467 
2380 

12 Samplesc III - V 0.441 10.51 na 
179 Samplesd I - 1231 - 1302 - 
G3(C1)e 
G3(C2)e 
G3(C3)e 
G2(C2)e 
G2(C3)e 

I 
I 
I 
III 
III 

- 
- 
- 
- 
- 

88.1 
99.3 
88.1 
12.1 
21 

2607 
2458 
2479 
2420 
2445 

KK43f 
KK65f 
KK70f 
KK78f 
KK5f 
KK52f 
KK15f 
KK8f 
KK11f 

I 
I 
II 
II 
II 
II 
III 
III 
III 

- 
- 
- 
- 
- 
- 
- 
- 
- 

100 
105 
90 
70 
40 
70 
20 
30 
40 

- 
2649 
- 
2495 
- 
- 
- 
2350 
- 
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Table 3.4 IRS values for thick to very thick-bedded sandstone (SST) unit. 

Slope 
no. 

Rock mass 
weathering 

gradea 

Observed IRSb 
(MPa) 

Exposure 
timec 
(year) 

Adjusted exposure time 
(year) 

Logarithmicd Exponentiale 
KK2 IV 10 7 622 70 
KK4 IV 4 13 935 97 
KK5 II 40 26 26 26 
KK6 IV 4 26 935 97 
KK7 III 25 15 225 43 
KK8 III 30 35 35 35 
KK11 III 40 15 82 29 
KK14 IV 5 15 873 91 
KK15 III 20 15 316 50 
KK16 III 30 15 161 38 
KK17 IV 14 15 475 60 
KK19 IV 1.5 13 1107 126 
KK23 IV 10 0.5 622 70 
KK25 IV 6 15 816 85 
KK27 IV 3 15 1000 106 
KK29 III 14 7 475 60 
KK30 IV 6 7 816 85 
KK31 IV 14 15 475 60 
KK36 III 30 17 161 38 
KK38 III 13 17 508 62 
KK39 
KK40 

II 
IV 

75 
13 

7 
7 

7 
508 

7 
62 

KK43 I 100 1 1 2 
KK45 II 45 15 58 26 
KK48 III 18 15 362 53 
KK50 III 16 15 415 56 
KK51 III 16 15 415 56 
KK52 II 70 15 15 15 
KK53 II 65 15 15 15 
KK54 II 70 15 15 15 
KK57 III 40 15 82 29 
KK59 IV 10 0.1 622 70 
KK60 V 2 0.1 1070 118 
KK61 IV 14 2 475 60 
KK64 V 4 2 935 97 
KK65 I 105 1 1 1 
KK70 II 90 5 5 5 
KK71 IV 12 15 544 65 
KK75 IV 7 15 763 81 
KK77 IV 14 15 475 60 
KK78 II 70 17 17 17 
KK79 IV 10 1 622 70 
KK82 III 16 1 415 56 
KK83 I 105 1 1 1 
KK85 IV 6 18 816 85 
KK86 II 20 15 316 50 
KK87 IV 12 15 544 65 
KK88 III 25 1.5 225 43 
KK91 IV 6 1.5 816 85 
KK92 III 16 1.5 415 56 
KK93 IV 12 1.5 544 65 
KK94 III 12 1.5 544 65 

aBased on BS 5930:1981 (1981), b IRS estimated following Table 5, c Time from dated of excavation, d Calculated from 
logarithmic function (Equation 5), e Calculated from exponential function (Equation 6) 
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Figure 3.4 Comparison between unconfined Compressive Strength (UCS) tests (from 
various reports, Table 3.3) and "simple means" tests (Table 3.2) per rock mass 
weathering grade (Table 3.1). 

3.6.2 SST unit IRS and exposure time relation 
The relationship between the IRS and exposure time in the SST unit is shown 
in Figure 3.6. It shows that the IRS of the SST unit decreases non-linearly 
with time. This weathering effect can be expressed in both logarithmic 
(Figure 3.6a) and exponential functions (Figure 3.6b). The best fit by least 
squares is a logarithmic function: 

𝐼𝐼𝑅𝑅𝑆𝑆𝑡𝑡 = 105 +  34 log  (1 + 𝑡𝑡) (3.7) 

𝐼𝐼𝑅𝑅𝑆𝑆𝑡𝑡  (in MPa) is the intact rock strength of sandstone at the time (t), t is the 
time since exposure in years. The constant 105 is the initial value of the IRS 
in MPa of the fresh SST unit at the time of excavation (i.e. at exposure time 0 
year), and 34 (in MPa/log [year]) is the apparent reduction rate for this type 
of rock mass in the environment of the study area. This initial IRS value for 
the SST unit determined by this function is within the range of IRS of the 
fresh SST unit as determined in various studies before (i.e. in the range from 
88 to 130 MPa, Table 3.3). In addition, an exponential function is fitted by 
least squares: 

𝐼𝐼𝑅𝑅𝑆𝑆𝑡𝑡 =  108.7𝑒𝑒−0.034𝑡𝑡 (3.8) 

𝐼𝐼𝑅𝑅𝑆𝑆𝑡𝑡 (in MPa) is the intact rock strength of sandstone at the time (t), t is the 
time since exposure in years. The IRS of the SST unit in a fresh rock mass 
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estimated with the exponential function is 108.7 MPa, which is within the 
range of the IRS for the fresh SST unit (Table 3.3). The first order constant 
rate for apparent IRS reduction rate of the SST unit is about 3.4 × 10−2 
ln/[year]. 
 

 
Figure 3.5 IRS vs. exposure time of SST unit; a) logarithmic function; b) exponential 
function. 

3.6.3 Adjusted exposure time 
The time from the onset of weathering of rock masses that were already 
weathered when excavated is the "adjusted exposure time" and determined 
by Equations (3.7) and (3.8). Obviously, back-calculating subsurface 
weathering with a relation obtained from weathering at surface is highly 
tentative and likely not completely correct. Weathering processes in the 
subsurface are different from those in open exposure (see Section 3.2.2.1). 
Subsurface weathering rates for longer time spans are generally unknown, 
and therefore, the adjusted exposure time back calculation is included 
because it gives an idea of how long the weathering would have taken if it 
had occurred in an exposure. This adjusted exposure time could probably and 
speculatively be regarded as a minimum weathering time. 
 
The "adjusted exposure time" calculated with Equations (3.7) and (3.8) 
functions show a marked difference between the time dependency of IRS on 
weathering (Table 3.4 and Figure 3.7). Both functions show a high 
correlation (R2 = 0.82 for logarithmic and R2 = 0.95 for exponential, Figure 
3.6) hence this does not differentiate on validity and both may be applied in 
predicting the IRS deterioration of the SST unit (Figure 3.7). However, a 
logarithmic function is normally used to describe changes of rock properties 
over time (Colman, 1981; Bland and Rolls, 1998; Huisman, 2006) and 
therefore also used here. 
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Equation (3.4) can be converted to define the apparent rate for the 
reduction of rock properties:  

𝑅𝑅𝐼𝐼𝐼𝐼𝐼𝐼 
𝑎𝑎𝑎𝑎𝑎𝑎 =  𝐼𝐼𝐼𝐼𝐼𝐼𝑖𝑖𝑖𝑖𝑖𝑖𝑡𝑡𝑖𝑖𝑖𝑖𝑖𝑖− 𝐼𝐼𝐼𝐼𝐼𝐼𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜

log (1+𝑡𝑡)
 (3.9) 

The value of reduced IRS (i.e. IRSinitial - IRSat the time of observation) plotted against 
the logarithm of the exposure time shows a linear relation (Figure 3.7). This 
relation can be used to predict the reduction of IRS for the SST unit with time 
in the Kota Kinabalu area. The linear relation is given by: 

𝐼𝐼𝑅𝑅𝑆𝑆𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑡𝑡𝑖𝑖𝑜𝑜𝑖𝑖 = 34𝑡𝑡 + 0.36 (3.10) 

The reduced IRS is equal to the IRS value (MPa) difference between fresh 
and weathered SST at certain time, whereas t is log of the exposure time. 
 

 
Figure 3.6 Observed IRS vs. estimated exposure time of SST unit; (a) logarithmic 
function; (b) exponential function. 
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Figure 3.7 Linear relation of IRS vs. logarithmic estimated exposure time. 

3.6.4 Correlation between cohesion and friction angle of SST 
unit and exposure time 

Similar analyses are carried out for the cohesion and friction angle of the SST 
unit, which is estimated by using SSPC method (see Section 3.5.1). This is 
shown in Figure 3.9 and 3.10, respectively. 
 

 
Figure 3.8 Estimated cohesion vs. estimated exposure time of SST Unit. 
 
Based on the graphs (Figure 3.9), the SST unit cohesion reduction in time is 
expressed as: 
𝐶𝐶𝐹𝐹ℎ𝑒𝑒𝑒𝑒𝐹𝐹𝐹𝐹𝐹𝐹𝑡𝑡 = 27004− 6850.3 log(1 + 𝑡𝑡) (3.11) 
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𝐶𝐶𝐹𝐹ℎ𝑒𝑒𝑒𝑒𝐹𝐹𝐹𝐹𝐹𝐹𝑡𝑡 (Pa) is the intact rock cohesion of SST at the time t, and t is the 
time since exposure in years. 27004 is the initial value of the cohesion in 
Pascal of the fresh SST unit at the time of excavation, and 6850.3 is the 
apparent reduction rate in Pa/log [year]. For the SST unit friction angle 
(Figure 3.10), the relationship is expressed as: 

𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑡𝑡𝐹𝐹𝐹𝐹𝐹𝐹𝑡𝑡 = 56.1 − 15 log(1 + 𝑡𝑡) (3.12) 

𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑡𝑡𝐹𝐹𝐹𝐹𝐹𝐹𝑡𝑡 (Deg) is the intact rock friction angle of SST unit at the time t, and t 
is the time since exposure in years. 56.1 is the initial value of the cohesion in 
degree of the fresh SST unit at the time of excavation, and 153 is the 
apparent reduction rate in Degree/log [year]. 

 

 
Figure 3.9 Estimated friction angle vs. estimated exposure time of SST Unit. 

3.7 Discussion 
The quantitative factors for the design of slopes in the thick to very-thick 
bedded sandstone (SST) unit to account for stress relief and weathering after 
excavation have been established for the Kota Kinabalu area. The relationship 
is expressed as a logarithmic function (Equation 3.7). The change of the 
IRS value with time due to weathering is non-linear as expected based on the 
literature. Figure 3.6 and Figure 3.7, show that the IRS change rate 
reduces after a certain period (noticeably after 50 years of exposure) and 
eventually becomes constant when the rock mass is transformed into a soil 
mass. Similar pattern are shown by SST unit cohesion and friction angle 
results (Figure 3.9 and Figure 3.10). The decrease of IRS change rate is 
explained by the formation of a protective residue, which prevents the 
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weathering agent from direct contact with the fresh rock. The decrease of the 
IRS due to weathering applies to the outside of the slope where the rock 
mass is in contact with the atmosphere. For rock masses deeper under the 
surface, the IRS is likely also to decrease but at a smaller rate as the rock 
mass is protected from weathering by the mass above.  

In order to correlate and compare with other studies the residual strength 
ratio (as percentage) is used as defined by Hachinohe et al. (2000): 

% 𝑅𝑅𝑒𝑒𝑒𝑒𝐹𝐹𝑅𝑅𝑅𝑅𝑎𝑎𝑅𝑅 𝑆𝑆𝑡𝑡𝐹𝐹𝑒𝑒𝐹𝐹𝑆𝑆𝑡𝑡ℎ 𝑅𝑅𝑎𝑎𝑡𝑡𝐹𝐹𝐹𝐹 =  𝐼𝐼𝐼𝐼𝐼𝐼𝑡𝑡
𝐼𝐼𝐼𝐼𝐼𝐼𝑖𝑖𝑖𝑖𝑖𝑖𝑡𝑡

∗ 100  (3.13) 

𝐼𝐼𝑅𝑅𝑆𝑆𝑡𝑡  (in MPa) is the measured intact rock strength at the time of observation, 
whereas 𝐼𝐼𝑅𝑅𝑆𝑆𝑖𝑖𝑖𝑖𝑖𝑖𝑡𝑡  (in MPa) is the average intact rock strength of the fresh 
sandstone. Figure 3.11a shows the comparison between the results of this 
study and those obtained by Hachinohe et al. (2000). Both studies result in 
quite similar trends of residual strength ratio change over time. Both show a 
higher change rate of the residual strength ratio directly after exposure of the 
rock mass that gradually decreases with time. The change rates are different 
which is likely due to differences in lithological physical properties of the rock 
mass and in the climatic environment in which the studies were performed. 
Hachinohe et al. (2000) used a needle penetrometer to establish the 
relationship between strength ratio and time of two different sedimentary 
(sandstone and mudstone) rocks in a humid temperate climate in Japan. 
 
Correlation and comparison with the study by Huisman (2006) (Figure 
3.11b) is more difficult due to differences in rock mass parameters and 
methods used, and lithology and climatic environment differences. Huisman 
(2006) used the weathering quantitative reduction values (WE) to predict the 
weathering rate of different sedimentary rock masses in a Mediterranean 
climate in Spain. However, Huisman (2006) also show the non-linearity of 
property change in time due to weathering. 
 
Both logarithmic and exponential functions show rapid changes of the IRS at 
the onset of stress relief and weathering after excavation. This rapid 
reduction corresponds to the response of the rock mass to the removal of 
overburden stress and the effect of weathering agents on the newly exposed 
fresh rock mass. Overburden removal causes changes of vertical and 
horizontal stress, isostatic adjustment, and temperature changes (Bland and 
Rolls, 1998). This will lead to outward displacement and contribute to the 
formation of micro-cracks. Development of sheeting joints in steep slopes 
may also be related to these processes (Hencher and Knipe, 2007; Hencher 
et al., 2011), which subsequently increases the rock mass porosity and 
permeability. The porosity and permeability changes will influence the 
conductivity, circulation and flow path of weathering agents such as water 
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(Bland and Rolls, 1998), and thus, increase both the potential for chemical 
and physical weathering of the rock slope.  
 

 
Figure 3.10 Comparison with other similar studies on weathering over time; (a) 
Hachinohe et al. (2000) in sandstone at depth of 0.01 m below surface; (b) weathering 
intensity parameter (WE) over time (modified from Huisman, 2006). 
 
The reliability of the prediction of weathering with time depends on many site 
and location specific factors as discussed before. Thus, the prediction may 
only be applicable in an area where similar factors apply. All the weathering 
processes (i.e. chemical, physical, and biological processes) and stress relief 
are assumed to affect the IRS, cohesion and friction angle of SST unit 
simultaneously. Also it is assumed that the surface erosion of the rock mass 
(i.e. thick to very-thick bedded sandstone) is slower than the weathering 
processes. 
 
Many of the intact rock strength (IRS) values were determined by "simple 
means" field tests (Hack and Huisman, 2002). It can be argued that the IRS 
resulting from these tests is subject to bias and depends on the person doing 
the tests. The authors do not think this to be an issue as the high number of 
tests carried out by various persons, and the results of control tests by 
Schmidt Hammer and previously done laboratory testing show consistency 
(Figure 3.2). 

3.8 Conclusion 
In this research, the relationship of the reduction of intact rock strength 
(IRS), cohesion and friction angle for thick to very-thick bedded sandstone 
with exposure time in the rock mass has been established for the SST unit of 
the Crocker formation in Sabah, Malaysia. The relation allows prediction of 
intact rock strength, cohesion and friction angle reduction within the 
"serviceable lifetime" of the slopes made in the SST unit, and can be used for 
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better designing man-made slopes in the area. The weathering–time relation 
is likely also applicable for man-made slopes in other humid tropical areas, 
where similar weathering processes are the main reason for degradation of 
the rock mass after excavation. It should be noted that the weathering 
processes of the rock mass in the face of an exposure are different from 
those deeper below the surface. The rates for weathering of the deeper rock 
masses are likely lower than those presented in this article as the rock mass 
is more protected from the atmospheric weathering agents. The methodology 
used in this research to establish a weathering–time relation is likely 
applicable to areas in other climates as well. 
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Chapter 4: Weathering effect on discontinuity 
properties 
This chapter described the discontinuity development mechanism in thick to 
very thick bedded sandstone due to weathering and their implication in the 
engineering works on rock mass. This is based on the article "Weathering 
effects on discontinuity properties in sandstone in a tropical environment: 
Case Study at Kota Kinabalu, Sabah Malaysia" (Tating et al., 2015b). 

4.1 Introduction 
Rock mass discontinuities are one of the most important parameters to be 
assessed for engineering construction in and on rock masses. The 
discontinuities determine the overall structure (block characteristics) of the 
rock mass and also control its mechanical behaviour. Weathering processes 
affect the number of discontinuities in a rock mass as well as their geometric 
relationships and geotechnical characteristics. In some climatic conditions, 
rock masses respond very rapidly to weathering actions, thus causing rock 
masses to deteriorate before the end of the lifetime (say 50 or 100 years) of 
an engineering structure on or in the rock mass. In some finer-grained rock 
masses, i.e., fine-grained, sand-sized or finer, significant deterioration due to 
the rapid formation of mechanical discontinuities may happen within weeks or 
months after excavation. Understanding the effect of weathering on 
discontinuities in rock masses improves the options for better predicting the 
future geomechanical characteristics of the rock mass. Hence, the design of 
structures in or on rock masses can be adjusted such that the structure will 
remain stable over the full design lifetime or that suitable remedial measures 
can be applied to overcome adverse performance. 
 
The main characteristics of a discontinuity are the orientation, spacing, 
persistence, aperture, surface roughness of discontinuity walls (in some 
literature also referred to as ‘‘irregularities’’ or ‘‘asperities’’), and the 
presence and type of infill material. Engineering standards for 
characterization are given in standards such as BS 5930 (1999), ASTM 
D5878-08 (2008), and ISO 14689-1 (2003), and publications by the 
International Society for Rock Mechanics (ISRM) (Ulusay and Hudson, 2007). 
The term ‘‘discontinuity’’ refers to a wide range of mechanical breaks, 
separation planes or planes of weakness in a rock mass without any specific 
reference to their natural or artificial origin (Price, 1990). It includes joints, 
bedding planes, cracks, blasting cracks and fractures, faults and other planar 
surfaces that have a reduced strength, stiffness, strain softening, or higher 
permeability relative to the surrounding rock mass (Schultz and Fossen, 
2008). In past literature the term ‘‘joint’’ is often used interchangeably with 
discontinuity; however, in this article the term discontinuity is used 
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throughout to define a plane, separation, or break in a rock mass that may or 
may not have visible displacement. 
 
Natural discontinuities can be the result of periodic sedimentation (i.e., 
bedding planes), tensile stresses (caused by cooling, desiccation, tectonic-
related tension, or relaxation), shear stresses (caused by uplifting, faulting, 
folding), and metamorphism processes (such as slaty cleavage, foliation, and 
schistosity). Some discontinuities, especially shear discontinuities, are 
normally fully developed and visible in exposures and borehole cores, which 
allows characterization and measurement of parameter properties to be 
incorporated in engineering design. However, a vast number of 
discontinuities, especially those resulting from periodic sedimentation and 
from metamorphism processes, may be not fully developed and only visible 
as a flaw in a rock mass. These types of discontinuities will be only become 
fully developed after the rock mass is affected by weathering and changes in 
stress environment due to, for example, excavation and stress relief 
(Hencher and Knipe, 2007). These types of discontinuities are referred to as 
‘‘integral or incipient discontinuities’’, which have yet to exhibit a visible 
break or plane of weakness (Hack, 1998; Hencher, 2013; Price et al., 2009). 
Integral discontinuities, their possible change into mechanical discontinuities, 
and the influence of the origin of the discontinuities on the change from 
integral into mechanical, are often not properly appreciated in site surveys 
(Hencher and Knipe, 2007). 
 
In Malaysia, most of the studies on rock mass weathering action concern the 
influence of weathering on the geotechnical properties of the intact rock in 
engineering applications, and the development of weathering profiles and soil 
layers over long (geological) time spans (Komoo, 1985; Mohamed et al., 
2007; Tating et al., 2013). At present, there is no known study on the effects 
of weathering or time-related weathering processes on discontinuity 
properties of thickly bedded sedimentary rock sequences of Kota Kinabalu, 
Sabah. The purpose of this research is to determine the effect of weathering 
on the development of discontinuities in thickly to very thickly bedded 
sandstone in a humid tropical environment. The results of this study are 
likely to have major implications on design and management of cut slopes, as 
the behaviour of the rock mass in the future, i.e., during the lifetime of the 
engineering structure, can be better predicted.  

4.2 Rock mass discontinuities and weathering 

4.2.1 Integral versus mechanical discontinuities 
Discontinuities can be classified into two basic types based on their 
appearance and visibility within a rock mass: (1) mechanical and (2) integral 
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or incipient discontinuities (Hack, 1998; Hencher, 2013; Slob, 2010). 
Mechanical discontinuities are flaws or planes of weakness in a rock mass 
that have low or no tensile strength and lower shear strength compared to 
the surrounding intact rock material (Ulusay and Hudson, 2007). Most 
mechanical discontinuities develop from integral discontinuities as a response 
to changes in stress environment or due to weathering processes (Price et 
al., 2009). As such, mechanical discontinuities are visible in the rock mass 
especially if they are open with or without infill. Integral discontinuities have 
not been subjected to opening and their mechanical properties may differ 
only slightly from the surrounding intact rock. They are inherent 
inhomogeneities within intact rock, such as bands of different mineralogical 
or chemical content, variability in mineral orientation (Slob, 2010), or some 
partial break or series of breaks forming a weakness pattern (Hencher, 
2013). There are circumstances in which mechanical discontinuities become 
integral discontinuities, for example by the mineralization or cementation of 
the discontinuity. 

4.2.2 Discontinuity Formation 
Rock mass discontinuities are formed as a consequence of rock mass genesis, 
the effect of varying stress conditions in and at the earth’s surface due either 
to tectonism or the removal of overburden by erosion or excavation. They are 
also due to external forces imposed by tectonic processes or overburden 
weight or from internal forces, such as cooling of igneous rocks (Rawnsley et 
al., 1990). Therefore, the formation of discontinuities is not a random process 
(Aydan and Kawamoto, 1990). It is governed by set geological conditions, 
i.e., sedimentation sequence (McConaughy and Engelder, 2001), stress, fluid 
pressure, temperature, and fluid–rock interactions during the formation and 
the geological history of the rock formation up to the recent conditions in 
which the rock mass is exposed to weathering action at or near the ground 
surface (Hencher and Knipe, 2007). This is the reason that discontinuities 
exhibit characteristics such as regular geometric patterns and properties. By 
origin, Aydan and Kawamoto (1990) classify discontinuities into four main 
groups, to which Anon (1995) add a fifth: 
1. tensional discontinuities, 
2. shear discontinuities, 
3. discontinuities due to periodic sedimentation, 
4. discontinuities due to metamorphism, and 
5. discontinuities that develop as a consequence of chemical decomposition 

and/or physical disintegration due to weathering processes (section 
Effect of weathering processes on geomechanical properties of rock 
masses). 
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4.2.3 Discontinuity Sets and Properties 
Discontinuities are normally grouped in sets (or families), where this is a 
series of discontinuities that have the same genesis, broadly the same 
geometry, and much the same geotechnical characteristics. Shear zones and 
faults may also, and often do, occur in a set, but on the scale of engineering 
works, they usually occur as a single structure. The general methodology for 
quantitative description of discontinuities is presented by the International 
Society for Rock Mechanics (Ulusay and Hudson, 2007). Discontinuity 
properties important in relation to weathering in the context of this paper are 
geometry (orientation, spacing, and persistence) and shear strength 
(roughness and infill), where both are discussed in more detail below. 

4.2.3.1 Discontinuity geometry and pattern 
Orientation, spacing, persistence, and number of discontinuity sets are the 
main properties determining the geometry of discontinuities in a rock mass 
(Hack, 1998; Price et al., 2009; Ulusay and Hudson, 2007; Wyllie and Mah, 
2004). These determine the size and shape of discontinuity bounded rock 
blocks and the possibilities for relative movement along discontinuities. The 
orientation of discontinuities relative to the direction of imposed stresses is 
important in engineering. Its importance increases with the presence of other 
conditions conducive to failure such as low shear strength and suitable 
discontinuity sets. Discontinuity spacing is defined as the perpendicular 
distance between two adjacent discontinuities that belong to the same set 
and it is usually reported as the mean or characteristic spacing of a 
discontinuity set. Discontinuity persistence is the extent of a discontinuity 
along the strike and dip directions of a discontinuity. Three types of 
discontinuity persistence are distinguished: (1) Persistent discontinuities that 
are continuous across the exposed rock mass or geotechnical unit; (2) 
Abutting discontinuities that terminate against other discontinuities; and (3) 
Non-persistent discontinuities that terminate within intact rock. Movement 
along a non-persistent discontinuity can only take place after the intact rock 
(i.e., a ‘‘rock bridge’’) is broken. Studies regarding the determination of 
discontinuity geometry by different methods are presented by Hack (1998), 
Lemy and Hadjigeorgiou (2003), Priest (2004). 

4.2.3.2 Discontinuity shear strength 
Discontinuity roughness (or unevenness or size and number of ‘‘asperities’’) 
refers to the degree of irregularity of the discontinuity surface. It greatly 
influences the shear strength of discontinuities. Roughness can be classified 
into various classes depending on scale. A commonly used classification is for 
large-scale (on surfaces of the order of metre size), small-scale (on surfaces 
of the order of centimetre size), and material roughness (invisible) (Hack et 
al., 2003). Roughness affects the shear strength of the discontinuity and the 
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large-scale roughness (also named waviness or shape of the discontinuity) 
may affect the initial direction of shear displacement (Ulusay and Hudson 
2007). The role of roughness in controlling the shear strength of 
discontinuities has been the subject of extensive research (such as Bandis, 
1990; Barton, 1973; Hack and Price, 1995; Kulatilake et al., 1999; Patton, 
1966; Ulusay and Hudson, 2007; Yang et al., 2001), which has resulted in 
the development of various shear strength criteria for rock discontinuity 
roughness, such as SSPC system (Hack et al., 2003) that has been used in 
this research. 
 
Discontinuity infill refers to the material that separates the adjacent rock 
walls of discontinuities (Ulusay and Hudson, 2007). Infill material influences 
the shear resistance of a discontinuity by: (1) reducing the micro-roughness 
(reducing the effect of surface textural interlocking), (2) changing the basic 
frictional properties of the shear surface based on the relative values of 
particle friction of the infill and the discontinuity wall material, and (3) 
reducing the effective roughness by changing the morphology of the shear 
surface (Papaliangas et al., 1993). The shear strength of discontinuities with 
infill is completely or largely determined by the thickness of the infill and by 
the material properties of both infill and material of the discontinuity wall as 
well as its roughness (i.e., the height and shape of the asperities). 
 
Several studies have been done to determine the influence of infill on 
discontinuity shear strength, for example, Amin et al. (2008); Indraratna et 
al. (2010); Papaliangas et al. (1993); Pereira (1990); Phienwej et al. (1990); 
Zare et al. (2008). Generally, these studies have shown that shear strength 
of filled discontinuities is dependent mainly on the thickness of infill in 
relation to the amplitude of the roughness, the height and shape of 
asperities, and on the geotechnical properties of the infill material; i.e., the 
thicker the infill, the lower the shear strength, and presence of materials with 
low shear strength such as clay or talc, that result in a low shear strength. 
On the other hand, an infill comprising quartz grains would probably possess 
relatively high shear strength. 

4.2.3.3 Effect of weathering processes on geomechanical properties 
of rock masses 

Generally, weathering of rock masses causes reduction of intact rock 
strength, the breakdown into smaller fragments of larger blocks of intact 
material, and the forming of infill material in discontinuities. The breakdown 
into smaller fragments of larger blocks of intact material is usually due to 
integral discontinuities becoming mechanical (Ehlen, 2002; Fell et al., 2012; 
Hack and Price, 1997; Hencher, 2013). Fresh intact rock upon exposure to 
weathering agencies will undergo two main processes of alteration: 
discoloration and decomposition by chemical weathering and disintegration 
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by physical weathering. Often, biological processes are considered an 
additional agency, but this is disputable because the influences are also 
chemical and/or physical. Decomposition processes may produce weathered 
material with a composition entirely different from the original rock and also 
it may also result in pronounced colour changes to rock and rock surface. On 
the other hand, disintegration may result in the breakdown of rock material 
into progressively smaller fragments without any noticeable change in 
mineral constituents (Selby, 1993). The effects of weathering action on the 
geomechanical properties of various rock types have been studied by many 
researchers, such as Ehlen (2002); Gupta and Rao (2001); Hack and 
Huisman (2002); Hack and Price (1997); Jeong et al. (2005); Undul and 
Tugrul (2011). 

4.3 Methodology 
This study is primarily based on field data, the quality of which is dependent 
on how systematically the conditions were observed, collected, and arranged. 
Discontinuity data has been collected and organized following the systematic 
approach of the slope stability probability classification (SSPC) methodology 
(Hack et al., 2003) that encompasses field assessment of slope stability and 
quantified rock mass properties (see Section 1.6 for methodology details). 

4.3.1 Data Analysis 
All discontinuities (joints and bedding planes) were plotted as poles on an 
equal-area stereogram using Dips (2012) software, contoured on density, and 
analysed using Fisher distributions. The weathering grade was then assigned 
to each discontinuity set and each discontinuity in a set to facilitate analyses 
of the relationships between weathering and variation of discontinuity 
spacing. 

4.4 Results 

4.4.1 Discontinuity sets 
The discontinuity sets are split into subsets (Table 4.1) depending on the 
direction of dip of the different limbs of folds. In Figure 4.1, the 
concentration of poles for bedding planes and discontinuity Set 2 are close 
together and it could be argued that these form one concentration cloud; 
however, according to Tating (2003) it is more appropriate to regard these as 
two sets and, therefore, this division is maintained.  
 
Three main discontinuity sets have been identified in the SST unit (Figure 
4.2 and Figure 4.3), as listed in Table 4.1, where Set 1 is the bedding 
planes of the SST unit, Set 2 is conjugate joint sets, which are oriented more 
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or less parallel (NE–SW) to the dip directions of the bedding planes (Set 1), 
but with a less steep dip, (bedding planes 74o – 80o, discontinuities: 20o – 
37o). Set 3 consists of steeply dipping joints 75o –77o, either NE or SW that 
strike more or less perpendicular (NE–SE) to the bedding planes. 
 
Table 4.1 Discontinuity sets in SST unit. 
Discontinuity 

Dip/Dip-direction(o) Description 
Set Subset 

1 
1-I 74/311 Bedding planes. Steeply dipping either 

towards the SE or NW 1-II 80/133 

2 
2-I 20/310 Conjugate joint sets. Joint planes; strike 

more or less parallel to bedding planes. 
Gently dipping towards the SE or NW 2-II 37/134 

3 
3-I 77/048 Joint planes; strike more or less 

perpendicular to bedding planes. Steeply 
dipping towards  the SW or NE 3-II 75/227 

 
Figure 4.1 Equal area, lower hemisphere plot of discontinuity poles with Fischer 
distributions and mean discontinuity planes per set, all plotted on lower hemisphere in 
Dips (2012). 

4.4.2 Discontinuity spacing 
The influence of weathering action on the formation of new discontinuities is 
determined by comparing the mean and median spacing of each discontinuity 
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set per weathering grade. The results of the analyses are shown in Table 4.2 
and Figure 4.3 from which it is clear that the mean and median spacing for 
all discontinuity sets decrease with increasing weathering grade. Figure 4.4 
shows the formation of new mechanical discontinuities in the SST unit 
induced by weathering. The decrease of discontinuity spacing is due to the 
formation of new mechanical discontinuities that become visible (Figure 
4.4c). 
 

 
Figure 4.2 Discontinuity sets in the thickly to very thickly bedded SST unit in a cut 
slope. 

4.4.3 Discontinuity sequential development 
The sequential development of discontinuities with advancing weathering 
grade is shown in Figure 4.5, where Figure 4.5a–d show this in a 
stereogram, whereas Figure 4.5e–h show the same information as a 
schematic model. The analyses demonstrate that the discontinuity formation 
pattern is directly related to the weathering grade. In the fresh state, the 
noticeable discontinuities are the bedding planes (discontinuity Set 1) as 
clearly marked by the concentrations poles in the northeastern and 
southwestern parts of the stereogram (Figure 4.5a), and the very few 
discontinuities in different orientations probably result from the residual in 
situ stresses. In slightly weathered rock (Figure 4.5b), the intensity of 
planes of discontinuity Set 1 (bedding) increases while the concentrations of 
discontinuity Set 2 (conjugate joint sets) also start to become clearly 
marked. Few new planes belonging to a new discontinuity set oriented 
perpendicular to the bedding planes (discontinuity Set 3; also conjugate joint 
sets) are formed and become vaguely noticeable in Figure 4.5b. In 
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moderately weathered rock, the discontinuity intensity for all discontinuity 
sets significantly increases (Figure 4.5c), and these increase further in 
highly weathered masses (Figure 4.5d). The frequency distribution of the 
discontinuity spacing per weathering grade for all discontinuity sets together 
is shown in Figure 4.6, which demonstrates that, especially for discontinuity 
spacing < 0.5 m, the frequencies increase with higher weathering grades. 
 
Table 4.2 Comparison of mean and median discontinuity spacing per set and 
weathering grade. “All” means that the values are for all sets together irrespective of to 
which set the plane belongs. 
Discontinuity 
set 

Weathering 
gradea 

Number 
of planes 

Spacing (m) 
Mean Standard 

deviation 
Median 

1 (Bedding) Fresh 2 1.20 1.13 1.2 
Slightly 2 0.70 0.42 0.7 
Moderately 16 0.51 0.39 0.4 
Highly 22 0.28 0.33 0.16 
Completely 2 0.025 0.01 0.025 

2 (Joint) Fresh 4 1.03 0.55 1.05 
Slightly 13 0.50 0.29 0.45 
Moderately 27 0.36 0.30 0.3 
Highly 31 0.21 0.13 0.15 
Completely 2 0.035 0.21 0.035 

3 (Joint) Fresh 4 0.71 0.33 0.73 
Slightly 3 0.20 0.10 0.2 
Moderately 16 0.15 0.11 0.11 
Highly 17 0.10 0.07 0.07 
Completely 3 0.02 0.01 0.02 

All Fresh 10 0.94 0.57 0.8 
Slightly 18 0.48 0.30 0.4 
Moderately 59 0.34 0.32 0.3 
Highly 71 0.26 0.21 0.15 
Completely 7 0.03 0.12 0.02 

4.4.4 Discontinuity persistence 
The persistence of the bedding planes in the SST unit is controlled by the 
thicknesses of the original strata. The bedding planes that form a mechanical 
discontinuity are normally persistent. However, the transformation from 
integral into mechanical discontinuities may not be uniform in time over the 
whole extent of the discontinuity surfaces. Therefore, a bedding plane may 
have become in places a mechanical discontinuity, whereas it still is an 
integral discontinuity at other locations along the same plane. Over the whole 
unit, this effect is less important as the transformation of integral into 
mechanical discontinuities is often en echelon, hence the number of bedding 
planes being mechanical discontinuities at any one place in the same unit 
with the same weathering grade is about the same. Discontinuity Sets 2 and 
3 normally abut against Set 1 (bedding planes) because the bedding planes 
become mechanical before a joint has been transformed from integral into 
mechanical, and Set 1 serves to relieve tensile stresses (Figure 4.2). 
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Figure 4.3 a) Joint system in SST unit, some of the joints are cemented. SST unit 
bedding orientation is shown by the strike/dip symbol; b) Detailed joint system induced 
by weathering; c) Newly visible bedding plane in the SST unit (length of hammer ≈0.3 
m). 

4.4.5 Discontinuity roughness 
Most bedding or joint discontinuities have a large-scale roughness of 
‘‘straight’’ independent of weathering grade. The small-scale roughness is 
mostly ‘‘smooth undulating’’ in grade fresh masses and becomes ‘‘rough 
planar’’ in more weathered masses. This is contrary to what is expected as 
mostly, small-scale roughness becomes smoother due to the deterioration of 
asperities (Geertsema, 2003). However, roughness may be increasing with 
increasing degree of weathering in tropical areas, if chemical weathering is 
dominant and precipitation of iron hydroxide and other iron compounds along 
the discontinuities occurs. In the study area, such coatings are abundant and 
are a notable feature of the discontinuities in the SST unit. Precipitation of 
these coatings on the surfaces of the discontinuities results in very rough 
surfaces and sometimes in completely cemented discontinuities. These iron-
coated or cemented discontinuities are found more in moderately to highly 
weathered sandstone than in sandstone with a lower degree of weathering 
(Figure 4.7). The coating or cement is very hard and between 0.1 and 0.5 
mm in thickness. Discontinuities that are neither coated nor cemented with 
iron compounds are mostly filled with fine-grained clayey material that 
probably results from weathering. These discontinuities have a smoother 
small-scale roughness with a higher degree of weathering. 
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Figure 4.4 Mean (a - d) and boxplot (e - h) of discontinuity spacing decreases with 
higher weathering grades. M indicates median value in the boxplot. 
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Figure 4.5 a - d Plots of discontinuity poles per weathering grade; e - h schematic 
model showing the development of discontinuity sets in the steeply dipping SST unit. 
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Figure 4.6 Frequency of discontinuity spacing distribution per weathering grade for all 
discontinuity sets together. 

4.5 Discussion 
There are two important effects of weathering processes related to 
discontinuities in the thickly to very thickly bedded SST unit: (1) decreasing 
discontinuity spacing with increasing degree of weathering and (2) sequential 
development of three dominant discontinuity sets. The spacing decreases due 
to the change from integral into mechanical discontinuities. This is in 
agreement with the literature (Ehlen, 2002; Hack and Price, 1997). 
 
In the thickly to very thickly bedded sandstone unit, integral discontinuities 
may be in the form of laminations (either parallel or cross) or other 
sedimentary internal bedding features such as the ‘‘Bouma Sequence’’ 
(Bouma, 1962), trace fossils, nodules, concretions, and shale laminae. These 
features have been observed in the fresh intact rock of the SST unit and are 
likely initiation points for discontinuity formation in bedded clastic rocks 
(McConaughy and Engelder, 2001; Pollard and Aydin, 1988). In addition, 
integral discontinuities may also be formed due to the presence of invisible 
internal structures (Hencher and Knipe, 2007). For example, weathering 
processes may cause alteration or dissolution of specific minerals that form 
the integral discontinuities, which subsequently develop into new mechanical 
discontinuities. Moreover, new discontinuities may also develop due to 
different elastic response of adjacent minerals grain to changes in geological 
environment, such as loading and unloading during wetting and drying of the 
rock mass (Hencher and Knipe, 2007; Huisman et al., 2004). Such processes 
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also cause volume changes that may generate internal stresses in the rock 
mass. All these processes are liable to result in reducing the spacing of 
discontinuities as the degree of weathering increases as Figure 4.3 shows. 
 

 
Figure 4.7 Iron cemented joints in SST unit (length of hammer ≈0.3 m). 
Changes in stress distribution in magnitude and orientation may also contribute to the 
formation of new discontinuities. When a rock mass is excavated, the stress due to the 
overburden reduces or becomes nil, and residual; in situ horizontal stresses are 
reduced. This stress reduction and change in orientation of the stress axes may result 
in the formation of new discontinuity sets (Figure 4.8). 
 
In the study area, the in situ major principal stress (σ1) is probably 
horizontal and oriented at about NW–SE (Tongkul, 1990). The new (i.e., due 
to weathering processes) discontinuities do not develop with equal intensity 
in each set. When fresh, the discontinuities belonging to the bedding plane 
(Set 1) are dominant with some conjugate discontinuities due to the regional 
in situ stress. As the rock mass becomes more weathered, new 
discontinuities are developed particularly in Sets 2 and 3 with relatively less 
additional discontinuities in Set 1. Relationships between historical stress 
environments and the development of patterns and intensities of 
discontinuities have also been recognized by Fernandes-da-Silva et al. (2010) 
and used for drainage pattern and landscape recognition. 
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Figure 4.8 Development of joint sets under a three-dimensional stress regime. The 
conjugate joint sets (set 2) and extensional joints (set 3) may be developed from the 
main principal stress (σ1). 
 
Discontinuity roughness and infill also have a significant influence on the 
mechanical characteristics of a rock mass. In the current study, it was found 
that weathering did not have much effect on the large-scale roughness; 
however, it did have an influence on the small-scale roughness. Weathering 
of the discontinuity surfaces reduces the strength and number of asperities 
resulting in smoother surfaces that possess lower shear strength. Secondly, 
the material weathered from the discontinuity walls will become infill 
material. In many locations, the discontinuities in the moderately and highly 
weathered SST units are coated or cemented with iron oxides. Infill material 
is normally a reason for lower shear strength; however, strongly compacted 
or cemented infill may cause an increase in shear strength. The possibility of 
infill material having been washed into discontinuities near to the top or 
surface of an excavation cannot be fully excluded; however, this is unlikely to 
be the source of the infill material in the majority of the discontinuities 
assessed for this study. The openness of the discontinuities is rather small 
and evidence of material washing over the excavation surface was not 
observed at the locations where the data were collected. The influence of 
vegetation is likely to be small or absent. Root growth into discontinuities 
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from vegetation at the top of excavations prior to excavation is limited to the 
upper few metres of the rock mass and almost never at locations where the 
data for this research were collected. Excavation surfaces were mostly free of 
newly grown vegetation and if present, it consisted only of small plants up to 
maximum 10–30 cm high and occasionally fast growing trees such as acacia 
(see Figure 4.2, Figure 4.3, and Figure 4.7). 
 
The effects of weathering action on discontinuities as described are 
determined in a particular type of sandstone and for weathering in a tropical 
humid climate. The decrease in discontinuity spacing is also observed in other 
types of rock masses and climates. However, the sequential discontinuity 
formation and the orientation of newly developed discontinuities observed in 
this study may not be applicable to other types of rocks or in places where 
the stress history is different. Integral discontinuities present within a rock 
mass are the result of the internal structure of the rock mass and the stress 
conditions during its geological history. Furthermore, rock weathering is 
controlled by many factors (Bland and Rolls, 1998) many of which are site 
specific, and hence, even in the same climate, the effect on a rock mass may 
be different. Although this study is location-dependent it shows that if the 
geological history (e.g., sedimentation process and tectonic history) of a rock 
mass is known, in combination with a detailed study of the rock mass, it is 
likely possible to forecast the reduction of spacing with ongoing weathering of 
already existing mechanical discontinuity sets (as is also shown by Hack et 
al., 2003; Huisman et al., 2006) and the likely initiation of new sets. 
Moreover, it is unusual for one weathering grade to be present in an 
exposure, so in most cases it will be possible to find exposures, perhaps 
outside the actual construction site, where the same rock mass in the same 
geological environment is exposed at a higher weathering grade. Such 
exposures can be used also to study the possible development of new 
mechanical discontinuity sets. 

4.6 Conclusions 
Mechanical discontinuity sets are formed with increasing weathering grade in 
thickly to very thickly bedded sandstones from integral discontinuities that 
are invisible in fresh sandstone. Furthermore, discontinuity spacing decreases 
with higher grades of weathering as expected, and it is probable that new 
mechanical discontinuities are formed from integral (or incipient) 
discontinuities as weathering action progresses and in response to changes in 
the stress environment brought about by excavation and engineering work. 
In the case study, three main sets of discontinuities are developed: the 
bedding discontinuities, discontinuities that have about the same orientation 
as the bedding planes and a set of conjugate discontinuities with a strike 
parallel to the bedding but with a lower dip angle, and discontinuities with a 
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strike perpendicular to the bedding planes. The sequential development of 
these discontinuity sets is related to the weathering grade. In a fresh rock 
mass, the discontinuities are often non-persistent and terminate within the 
SST strata. In higher weathering grade rock masses, the discontinuities 
become more persistent and often abut against bedding planes. Discontinuity 
persistence parallel to the bedding is longer in higher weathering grades and 
discontinuities intersect discontinuities of other sets. It must be noted that 
the effect of weathering is observed in thickly bedded sandstone units in a 
tropical humid environment. As the effects of weathering are dependent on 
rock mass type, geological history, and local climate, the same effects may 
not always occur in other types of rock masses or other areas; however, it is 
likely that in similar rock masses similar effects will occur. 
 
There are important implications for engineering of newly developed 
mechanical discontinuity sets that were not visible at the design stage of 
construction because adjustments to the designs are needed that anticipate 
the formation of a less intact rock mass over the engineering lifetime. 
Generally speaking, such considerations are usually ignored; however, this 
research shows that the effects of weathering processes on rock mass 
properties can be predicted in terms of an increase in the number of 
discontinuity sets as well as an increase of the number of discontinuities in 
each set. It also demonstrates that it is possible to predict the future pattern 
and spacing of discontinuities from studies of the integral or incipient 
discontinuities present, although this possibility needs to be further tested in 
different geological and climatic situations. 
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Chapter 5: Influence of weathering-induced 
iron precipitation on sandstone properties 
This chapter described the influence of weathering in the development of 
weathering zones and the iron precipitation along the discontinuities in thick 
bedded to very thick-bedded sandstone. The influence of iron precipitation on 
the condition of discontinuities is also discussed. This chapter is based on the 
articles "Influence of weathering-induced iron precipitation on properties of 
sandstone in a tropical environment" (Tating et al., 2015b; submitted for 
publication). 

5.1 Introduction 
Bedding planes, cleavage schistosity, joints, and fracture planes, or more 
general, “discontinuities” have a major influence on the hydro-mechanical 
properties of rock masses. For example, roughness of the discontinuity walls 
and infill material in the discontinuity determine the shear strength of a 
discontinuity, but also influence the permeability and deformability of the 
rock mass. The properties determining the hydro-mechanical behaviour of a 
discontinuity are normally denoted the “condition of discontinuity” which is an 
aggregate term for all properties related to the hydro-mechanical behaviour 
of a discontinuity. The importance of the condition of discontinuities in rock 
masses is extensively discussed in the literature (e.g. Barton, 1973; Barton & 
Stephansson, 1990; BS 5930:1999 ; Goodman, 1989; Hack, 1998; Hencher 
& Knipe, 2007; Hoek & Bray, 1981; ISO 14689-1:2003 ; Laubscher, 1990; 
Lee & Hencher, 2009; Palmstrøm, 1975; Patton, 1966; Price et al., 2009; 
Tating et al., 2014; Ulusay & Hudson, 2007; Vincente Silvestre et al., 2002). 
 
The condition of a discontinuity is affected by weathering processes especially 
chemical weathering. The weathering starts from the discontinuity walls due 
to water with dissolved chemicals percolating through discontinuities. The 
weathering normally weakens the intact rock material forming the walls of 
the discontinuity and the asperities on the discontinuity walls. Moreover, the 
minerals of the discontinuity walls and asperities may be transformed into 
other minerals, which then may become, for example, clay infill in the 
discontinuity. Weathering may also cause the change of integral or incipient 
discontinuities into mechanical discontinuities (Hack, 1998; Hencher, 2013; 
Price et al., 2009; Slob 2010; Tating et al., 2014). Chemical weathering may 
have also a reversed effect on the condition of a discontinuity if particular 
minerals are precipitated by percolating groundwater. Especially in a tropical 
environment with an undulating morphology, iron may be dissolved or 
precipitated in specific zones or layers with fairly clearly defined boundaries. 
These zones or layers are not necessarily equivalent to the weathering grades 
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as defined by standards for rock mass weathering (e.g. BS 5930:1999; ISO 
14689-1:2003). 
 
The result of this study emphasises that forecasting the susceptibility to 
weathering of rock masses should take into account climate and morphology 
of the environment. Just assuming that weathering reduces, for example, the 
shear strength of discontinuities and intact rock strength, as is often done, 
may be incorrect. 

5.2 Condition of discontinuity 
The condition of a discontinuity is governed by five main parameters: (1) 
discontinuity wall roughness, (2) matching of discontinuity walls, (3) strength 
of the discontinuity walls and asperities on the walls, including alteration by, 
for example, weathering, (4) infill material in the discontinuity, and (5) 
discontinuity persistence, which is the length and continuity of a 
discontinuity. The discontinuity wall roughness can be further divided into 
large-scale roughness (often denoted “waviness”), small-scale roughness 
(“unevenness”), and the roughness of the discontinuity wall on microscopic 
scale (“material roughness”). The shear strength of a discontinuity with infill 
is governed by the thickness of the infill, the material properties of both infill 
and the discontinuity walls, the roughness of the discontinuity and shape and 
height of asperities on the discontinuity walls, and the stress condition on the 
discontinuity. Several studies have been done to determine the influence of 
infill and roughness on discontinuity shear strength (Amin et al., 2008; 
Archambault et al., 1990; Bandis, 1990; Barton, 2013; Barton, 1973; Barton 
& Choubey, 1977; Ghazvinian et al., 2010; Hack, 1998; Hack et al., 2003; 
Hencher & Richards, 1989; Indraratna et al., 2010; Indraratna et al., 2011; 
Karami & Stead, 2008; Kulatilake et al., 1999; Kulatilake et al., 1995; 
Papaliangas et al., 1993; Papaliangas et al., 1990; Patton, 1966; Pereira, 
1990; Phien-wej et al., 1990; Seidel & Haberfield, 1995; Ulusay & Hudson, 
2007; Yang et al., 2001; Zare et al., 2008). Various strength criteria for 
discontinuities were determined of which Barton’s inter-block shear strength 
(Barton et al., 1974) and the sliding angle following the sliding criterion (Hack 
& Price, 1995) are used in this study to show the influence of dissolution and 
precipitation of iron on shear strength. 

5.2.1 Barton’s discontinuity inter-block shear strength 
The Q - system of rock mass classification (Barton, 2013; Barton et al., 
1974) is an assessment of rock quality based on six parameters; Rock Quality 
Designations (RQD), number of discontinuity sets (Jn), discontinuity 
roughness (Jr), degree of alteration of discontinuity walls and type of fill in 
discontinuities (Ja), stress of water in discontinuities (Jw), and stress condition 
(SRF). The Q-value is defined as: 
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The first quotient (RQD/Jn) represents the overall structure of the rock mass 
and block size in the rock mass. The second quotient (Jr/Ja) represents the 
shear strength of the discontinuity between two blocks (“inter-block shear 
strength”). The third quotient (Jw/SRF) is related to the effective stress 
between the rock blocks. The descriptions and ratings for the various 
parameters are provided in extensive tables by Barton et al. (1974). The 
inter-block friction angle of the shear strength of a discontinuity between two 
blocks equals: 

𝜑𝜑𝑖𝑖𝑖𝑖𝑡𝑡𝑟𝑟𝑟𝑟−𝑏𝑏𝑏𝑏𝑜𝑜𝑟𝑟𝑘𝑘 = tan−1 �𝐽𝐽𝑜𝑜
𝐽𝐽𝑖𝑖
� (5.2) 

5.2.2 Sliding criterion 
The “sliding criterion” (Equation 5.3) was developed in the context of a 
classification system for rock slope failure (Hack & Price 1995; Hack et al., 
2003). The factors in the sliding criterion are partially based partially on 
earlier work by Laubscher (1990). The condition of a discontinuity is related 
to the maximum slope angle of a shear plane (𝜑𝜑𝑚𝑚𝑏𝑏𝑖𝑖𝑟𝑟𝑖𝑖𝑖𝑖𝑠𝑠) in a rock mass, that 
sustains a stable rock block. The principle is similar to the “tilt-test” but on a 
larger scale (Price et al., 2009). 

𝜑𝜑𝑚𝑚𝑏𝑏𝑖𝑖𝑟𝑟𝑖𝑖𝑖𝑖𝑠𝑠 (in degrees) = (𝑅𝑅𝑅𝑅 𝑥𝑥 𝑅𝑅𝑒𝑒 𝑥𝑥 𝐼𝐼𝐼𝐼 𝑥𝑥 𝐾𝐾𝑎𝑎)/0.0113 (5.3) 

The factors Rl and Rs are related to the large- and small-scale roughness and 
material friction of the discontinuity, Im is a factor for the infill material, and 
Ka for the presence of karst along the discontinuity. The Rs and Rl are 
estimated based on visual comparison of standard curves with the trace of 
the discontinuity and on tactile roughness (i.e. “feeling by fingers”). The 
curves and tables for determining the values of the factors in Equation 5.3 
are provided in Hack (1998); Hack et al. (2003). 

5.3 Iron precipitation 
The effect of iron precipitation in soil masses is well known from the 
formation of “hardened layers”, “iron pans”, and “iron duricrusts” in lateritic 
soils (Anon, 1990; Beauvais & Colin, 1993; Chesworth, 2008). In rock 
masses, iron is often present in rock-forming minerals, in staining on mineral 
surfaces, and as an infill material in various forms in rock discontinuities. The 
mechanism of iron precipitation in discontinuities in a rock mass is controlled 
by water and gases dissolved in water, i.e. carbon dioxide and oxygen. Other 
processes in rock masses near surface due to weathering are hydration, 
solution, oxidation, and hydrolysis. Carbon dioxide (CO2) dissolved in water 
decreases the pH of the water, which significantly influences its capacity to 



Influence of weathering induces iron precipitation on sandstone properties 

62 

dissolve minerals, such as calcite. Oxygen (O2) dissolved in water acts as 
oxidizing agent. 
 
In higher elevated areas, the sequential interaction between groundwater 
movement and rock masses of sedimentary origin results in development of 
four basic weathering zones: “zone I; surface oxidation”, “zone II; oxidation”, 
“zone III; dissolved”, and “zone IV; slightly weathered and fresh rock” (see 
below) (Chigira, 1990; Chigira & Oyama, 2000; and Chigira & Sone, 1991). 
In the oxidation zone, rock-forming minerals such as silicates and pyrite 
(FeS2) are oxidized. Oxidation of pyrites produces sulphuric acid (H2SO4) and 
releases iron as free ions that can precipitate as hydroxide Fe(OH)3 
(Equation 5.4) (e.g. McKibben & Barnes, 1986; Nicholson et al., 1988; 
Rimstidt & Vaughan, 2003; Sasaki et al., 1998). 

4 𝐹𝐹𝑒𝑒𝑆𝑆2 + 14 𝑂𝑂2  + 4 𝐻𝐻2𝑂𝑂 → 4 𝐹𝐹𝑒𝑒2+ + 8 𝑆𝑆𝑂𝑂42− (5.4) 

Dissolved Fe2+ oxidizes with dissolved oxygen in water to form Fe3+, which is 
very poorly soluble and precipitates as Fe(OH)3 or in the form of other 
hydroxides along the discontinuities in the mass or on the surface of rock 
forming mineral grains. If no sufficient oxygen is present, the sulphuric acid 
can further migrate through the rock mass downwards, dissolving rock 
forming minerals and cementing materials. This process will result in the 
development of the “dissolved” zone which is characterized by low rock 
density and higher porosity compared to the fresh rock. The increased acidity 
also enhances the formation of secondary clay minerals by weathering of 
feldspars, mica’s, and other silicates, which may become the infill material in 
the discontinuities. The simple oxidizing mechanism described here may be 
more complex in reality for which is referred to the literature (Bland & Rolls 
1998). 

5.4 Methodology 
This study is part of research on weathering of cut slopes in a tropical 
environment and the data collected during fieldwork are organized via a 
systematic approach following the SSPC methodology (Hack et al., 2003). 
Details on the methodology applied in this research are given in Section 1.6. 
Special attention is given to the presence of iron in discontinuities, its 
characteristics, appearance, fabric, and position with respect to the 
weathering profile and grade. The characterisation of weathering of intact 
material and rock mass following ISO 14689-1:2003 (see Table 3.1) may 
not be optimum (Hencher, 2008; Price et al., 2009), but it is widely available 
and used, and therefore applied in this research. Apart from the description 
in the field, chemical analyses were done on samples of intact rock, 
discontinuity coatings, and infill material (see Section 5.6.1). 
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5.5 Weathering zones 
The thickness of the weathering profile in the research area varies and 
ranges from 3 to more than 30 m (Figure 5.1). Visually, the most obvious 
feature that distinguishes the zones is the colour of weathered material. The 
rock material in the upper part of the weathering profile is coloured brownish 
to yellowish (weathering zone I and part of zone II) while the lower part is 
mostly grey to greyish (zone III). 
 

 
Figure 5.1 Typical weathering profile in sandstone in the study area. The boundaries 
between the zones are gradual. The arrows indicate the direction of flow of solution 
products; weathering grade follows (ISO 14689-1: 2003). 

5.5.1 Weathering zone I (“surface oxidation”) 
Weathering zone I (“surface oxidation”) is the upper part of the weathering 
profile and consists mainly of yellowish to reddish-brown residual soil (rock 
mass weathering grade 5) and completely weathered rock mass (grade 4), 
i.e. this zone consists of soil-type material. Relict iron coated or cemented 
discontinuities are common. Dark soil rich in organic material may be present 
too. The thickness of the zone ranges from 0.2 to 5 m. The dominant 
chemical weathering process within this zone is oxidation by carbon dioxide 
originating from the atmosphere and biological activity (Chigira & Sone, 
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1991). Iron pans or duricrusts are also often present within this zone due to 
cementation by iron and alumina hydroxides. 

5.5.2 Weathering zone II (“oxidation”) 
Weathering zone II (“oxidation”) is characterized by brownish to yellowish 
intact rock and is composed of highly (grade 3) to moderately (grade 2) 
weathered rock mass. The thickness of the zone ranges from 0.5 to 6 m. This 
zone is distinguished from weathering zone I by the soil-rock ratio, i.e. 
weathering zone II consists mainly of rock-type material while zone I mainly 
of soil-type. The dominant chemical weathering process in this zone is 
oxidation. Oxidation of intact rock minerals especially pyrites, produces iron 
oxide/hydroxide (Fe2O3/Fe(OH)3) that precipitates along the discontinuities as 
well as between grain boundaries (Figure 5.2). These iron minerals are more 
resistant to later weathering and erosion than the intact rock, and causes the 
discontinuities to become extruding from the surface of the rock mass with 
progressing weathering and erosion. 
 

 
Figure 5.2 Relict iron-precipitated discontinuities in sandstone; the arrows indicate 
examples of relict discontinuities extruding up to about 5 cm from the rock mass 
surface (length of hammer ≈0.3 m). 

5.5.3 Weathering zone III (“dissolution”) 
Weathering zone III (“dissolution”) is characterized by greyish intact rock. 
This zone is composed of moderately (grade 2) to slightly (grade 1) 
weathered rock mass. The thickness of the zone varies from 2 to more than 7 
m. This zone is formed by the dissolution and leaching of rock forming 
minerals through the acidic solution percolating through from the oxidation 
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zone above (i.e. weathering zone II). Iron precipitation along the 
discontinuities is rare and mostly only surface staining is present. Most of the 
discontinuities are smooth, and medium- to coarse-grained non-softening 
infill is often present. The boundary between zones II and III is the “oxidation 
front” however; the boundary is not marked by a sharp contrast but rather by 
a gradual transition, marked by a gradual change of colour from brownish to 
greyish. Weathering zone III may also show changes in the character of iron 
precipitation; from iron-cemented discontinuities in the top to iron-coated 
discontinuities towards zone IV. The thickness of the dissolution zone 
depends on the timespan dissolution occurred, drainage conditions, and the 
amount of buffer minerals such as calcite (Chigira, 1990). 

5.5.4 Weathering zone IV (“slightly weathered and fresh 
rock”) 

In weathering zone IV (“slightly weathered and fresh rock”), the rock mass is 
fresh (grade 0) or only slightly affected by weathering (grade 1). The rock 
material has still its original colour (which is bluish grey for the SST unit); 
however, iron staining of discontinuity walls is often present. This zone is 
distinguished from the dissolution zone above by gradual changes in rock 
strength and density. The transition is denoted the “dissolution front” above 
which rock-forming minerals are leached and dissolved by the acidic solution 
derived from the oxidation zone. The dissolution front moves downward with 
time. 

5.6 Iron precipitation characteristics 
Iron precipitation in the discontinuities is divided into three types; stained, 
coated, and cemented (Figure 5.3). Iron staining is often observed on 
discontinuity surface of fresh to slightly weathered rock. It will caused 
discoloration on the rock surface without exert much changes on the shear 
strength of the discontinuity. Iron coating is referring to the formation of thin 
layer (0.5 -2mm) of iron oxide/hydroxide either on one side or both side of 
the opposing joints surface along discontinuity surface. These features are 
often observed in discontinuity within the oxidized zone. Some iron oxide 
"bridges" may be developed. Cemented joint is referring to the welded or 
healed of discontinuity. Iron precipitation is completely filling and cementing 
the discontinuity on both opposing discontinuity surfaces. The cemented joint 
thickness is varied and ranges from 0.5 to more than 5 mm. These features 
are often observed within the oxidation zone in moderately to highly 
weathered rock. 
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Figure 5.3 Iron precipitation types in discontinuities. 

5.6.1 Chemical analyses 
Intact rock samples from each weathering grade and zone, and samples of 
precipitated material in discontinuities were collected to determine the major 
element concentrations and in particular the iron content. Samples were 
analysed with a portable X-ray fluorescence (XRF) instrument (Niton XL3t, 
2013) in a laboratory set-up with helium purging. The duration of the XRF 
measurements is about 85 seconds per sample with filter settings specifically 
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to determine rock-forming elements. The dry rock densities were determined 
after the XRF analyses. 

5.6.2 Intact rock 
Iron precipitation occurs in between the rock forming material grains in intact 
rock (re-) cementing the grains, thus strengthening the intact rock. However, 
the degree of cementation gradually decreases from the origin of the 
cementation source (Figure 5.4). A high degree of cementation is related to 
a high concentration of iron on short distance, which normally occurs along 
discontinuities. The colour indicates the concentration of iron from brownish 
(high concentration) to greyish (low concentration). An oxidation front 
consisting of parallel lines of lighter and darker colour indicates an oscillating 
concentration of iron, which are likely formed by the same processes as so-
called “Liesegang Rings” (Liesegang, 1896). Liesegang Rings are due to an 
interaction of reaction, precipitation, and diffusion, and are still subject of 
research (Scheel, 2009). The effect of increased strength and higher erosion 
resistivity due to iron precipitation is shown in Figure 5.4a-b in which the 
brownish areas are less susceptible to deterioration compared to the greyish 
areas (Figure 5.4c-d). 
 

 
Figure 5.4 Development of discontinuities in oxidation zone (a-b) and dissolution zone 
(c-d). The iron content gradually decreases towards the dissolution zone or inwards 
into the intact rock. 
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Table 5.1 shows the result of XRF analyses for some major elements in 
sandstone. The main element is silica (Si) as expected. If all sulphur content 
is assumed to be in the form pyrite (FeS2), pyrite forms 0.04 to 2.04 % of 
the constituents heterogeneously distributed throughout the rock mass. 
 
Table 5.1 Result of the X-ray fluorescence (XRF) analysis. 
Sample Rock mass 

weathering 
grade* 

Weathering 
zone** 

Mineral content (%) 
 
Si † Ca Fe Al K Mg S Ti 

KK65 0 IV 40.39 1.26 1.19 2.52 0.75 0.18 0.02 0.12 
KK83 0 IV 39.59 1.26 1.39 3.46 1.73 0.42 0.08 0.13 
KK56 0 IV 44.11 0.02 0.96 2.44 0.8 0.24 n.d.‡ 0.16 
KK78 1 III 40.86 0.03 1.43 2.93 0.91 0.31 0.03 0.13 
KK86 1 III 37.91 0.04 1.48 3.63 1.15 0.47 0.04 0.18 
KK81a 2 II 33.61 0.19 1.62 3.58 1.46 0.50 1.09 0.15 
KK39 2 III 36.37 0.03 0.99 3.09 1.08 0.29 0.08 0.13 
KK88 2 III 37.32 0.06 1.08 3.54 1.45 0.33 0.22 0.13 
KK81b 2 II 34.73 0.08 2.53 3.92 1.39 0.40 0.15 0.15 
KK15 3 II 36.31 0.04 1.75 4.48 1.17 0.52 0.08 0.15 
R1 3 I 31.96 0.1 2.86 4.87 1.50 0.46 0.25 0.16 
R46 3 I 35.89 n.d 0.80 3.68 1.19 0.20 <0.01 0.16 
Notes: * Rock mass weathering grade follow Table 3.1. ** Weathering zones based on Figure 5.1. † 
Calculated as SiO2 (quartz); total quartz content ranges between 68 and 94 %. ‡ n.d. = not detected. 
 
Table 5.2 and Figure 5.5 show the chemical composition and density of the 
intact rock per rock mass weathering grade. In general, it shows that the 
amounts of SiO2 and CaCO3 are decreasing with higher weathering grades. 
This may be attributed to the dissolution processes by acidic solution in the 
dissolved zone. 
 
Table 5.2 Major average chemical elements in intact rock per rock mass weathering 
grade. 
Weathering 
grade* 

Density 
(kg/m3) 

Major element content (%) 
SiO2 CaCO3 Al2O3 K2O MgO Fe2O3 FeO TiO2 

0 2,605 88.48 2.12 5.30 1.15 0.47 1.69 1.52 0.23 
1 2,484 87.61 0.09 5.67 1.00 0.57 1.85 1.66 0.26 
2 2,441 75.95 0.23 6.67 1.41 0.62 2.23 2.00 0.24 
3 2,383 74.26 0.11 8.21 1.35 0.65 2.58 2.32 0.26 
Notes: Chemical composition based on XRF analyses (Table 5.1). The chemical elements were 
converted into elements oxide and carbonate by multiplying with specific element oxide or 
carbonate conversion factors. “Average” denotes the average chemical content from different 
samples with the same weathering grade. Three samples were used to determine the average 
chemical contents for each weathering grade, except for weathering grade 3 for which only 2 
samples were used. * Rock mass weathering grade follow Table 3.1. ** Weathering zones based 
on Figure 5.1. 
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Figure 5.5 Average chemical element content and density vs. rock mass weathering 
grade; SiO2 and CaCO3 content decrease, while Al2O3 and Fe increase with higher 
grades of weathering. SiO2 content on left axis; contents of other elements on right 
axis. 

5.6.3 Discontinuities 
Table 5.3 shows the iron concentration in discontinuities for both iron oxide 
FeO and iron hydroxide (Fe2O3). As expected the iron content increases from 
stained to cemented. 
 
Table 5.3 Iron content in the form of Fe2O and Fe2O3 per precipitation type in 
discontinuities (average in brackets). 

Iron precipitation 
type FeO (%) Fe2O3 (%) Total Fe (%) 

Stained 1.4 – 3.8 (2.4) 1.5 – 4.2 (2.7) 1.1 – 2.9 (1.9) 
Coated 3.9 – 12.5 (7.1) 4.3 – 13.9 (7.9) 3.3 – 9.7 (5.1) 
Cemented 20.2 – 30.6 (25.6) 22.4 – 34 (28.5) 15.7 – 23.8 (19.9) 

5.7 Iron precipitation effect on shear strength 
The effect of iron precipitation in discontinuities on the shear strength is 
shown for different shear strength relations for discontinuities. For all 
discontinuities is assumed that the condition of the discontinuity visible at the 
exposure is similar to the condition deeper inside the rock mass, which is 
very likely because the exposures were excavated quite recent before the 
research. 

5.7.1 φinter-block 
The effect of iron precipitation is incorporated by assigning appropriate values 
for Jr and Ja based on the descriptions given by Barton et al. (1974) (Table 
5.4). A Jr with a value of 3 can also include the presence of iron-bridges 
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along discontinuities. The φinter-block shows that the friction angle of iron-
cemented discontinuities is higher compared to iron-coated and stained 
discontinuities (Figure 5.6). 
 
Table 5.4 Jr and Ja values for iron-precipitated discontinuities with φinter-block. Jr 
and Ja values and descriptions following Barton et al. (1974). 

Iron 
precipitation 
type 

Jr Ja φinter-block 
(degrees) 

Value Description Value Description 

Cemented 4 Discontinuous 
joint 0.75 Tightly healed, hard, non-

softening, impermeable filling 79.4 

Coated 

3 
Rough or 
irregular, 
undulating 

2 Slightly altered joint walls, non-
softening mineral coatings 56.3 

3 
Silty-or sandy clay coating, 
small clay-fraction (non-
softening) 

45 

1.5 Rough or 
irregular, planar 

2 Slightly altered joint walls, non-
softening mineral coatings 36.9 

3 
Silty-or sandy clay coating, 
small clay-fraction (non-
softening) 

26.6 

Stained 

3 
Rough or 
irregular, 
undulating 

1 Unaltered joint walls, surface 
staining only 71.6 

3 
Silty-or sandy clay coating, 
small clay-fraction (non-
softening) 

45 

2 Smooth 
undulating 

1 Unaltered joint walls, surface 
staining only 63.4 

3 
Silty-or sandy clay coating, 
small clay-fraction (non-
softening) 

33.7 

1.5 Rough or 
irregular, planar 

1 Unaltered joint walls, surface 
staining only 56.3 

3 
Silty-or sandy clay coating, 
small clay-fraction (non-
softening) 

21.8 

1 Smooth planar 

1 Unaltered joint walls, surface 
staining only 45.0 

3 
Silty-or sandy clay coating, 
small clay-fraction (non-
softening) 

18.4 

0.5 Slickensided 
planar 

1 Unaltered joint walls, surface 
staining only 26.6 

3 
Silty-or sandy clay coating, 
small clay-fraction (non-
softening) 

9.5 

5.7.2 φsliding 
The φsliding (see section 5.2.2) does not incorporate a specific value for iron-
precipitated discontinuities. However, the presence of iron can be simulated 
by adjusting the values for the small-scale roughness (Rs) and infill material 
(Im). The values for Rs and Im recommended for cemented discontinuities 
are 0.95 (rough stepped) and 1.07 (cemented infill). For coated discontinuity 
surfaces, an Rs value of 0.95 (rough stepped) is to be used, while the Im 
value is dependent on the actual infill, which varies per discontinuity, and the 
value is thus based on field observations. The contribution of iron bridges in 
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coated discontinuities is difficult to access as these may vary all over the 
discontinuity plane also inside in the rock mass which is invisible. Therefore, 
the sliding angle is calculated without incorporating the contribution of iron 
bridges. The resulting sliding angle should therefore be regarded as a 
minimum value. The value for the condition of a discontinuity for stained 
discontinuities is based on field observations. The results show that the 
presence of iron in coated and cemented discontinuities significantly 
increases the sliding angle of the discontinuities (Figure 5.6). 
 

 
Figure 5.6 Influence of different types of iron precipitation on the sliding angle 
(Equation 5.3) and inter-block friction angle (Equation 5.2) of discontinuities for 
moderately (grade 2) and highly (grade 3) weathered rock masses. 

5.7.3 Slope stability 
Visual observation and calculation of the stability of slopes show that rock 
exposures with iron-precipitated discontinuities are less susceptible to slope 
instability compared to similar rock exposures without (Figure 5.7). Even if 
the weathering grade increases, the relict iron-precipitated discontinuities 
give a reinforcing effect of the rock mass forming the slope. The susceptibility 
to weathering reduces as well because erosion of the rock mass surface is 
reduced due to the presence of the extruding discontinuities. A reduction of 
erosion allows a thicker layer of weathered material to act as protection of 
the underlying material against weathering (Huisman et al., 2006). 
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Figure 5.7 Iron precipitation in discontinuities reinforces the stability of a cut slope; 
susceptibility to slope degradation is low in rock mass with iron-precipitated 
discontinuities (IP) compared to rock mass without (NIP). 

5.8 Discussion 
Weathering zones and its association with particular types of iron 
precipitation have a significant influence on the properties of discontinuities 
and rock masses (Table 5.5). Iron precipitation increases the shear strength 
of discontinuities by stronger and harder discontinuity walls, more rough 
walls, and by forming bridges or continuous cemented infill as shown by the 
inter-block and sliding friction in Figure 5.6. This is consistent with the 
analysis by Hencher & McNicholl (1995) that shows that iron precipitation on 
discontinuity walls is rarely associated with a low friction angle. Iron 
precipitation also leads to a partial or complete recovery of the mechanical 
properties of previously weathered intact rock, discontinuities, and rock 
mass, as reported by Cuccuru et al. (2012) and Fell et al. (2012). 
 
Iron precipitation may also have mechanical effects depending on differences 
in intact rock texture. In the oxidation zone coarse-grained intact rock tends 
to be strengthened due to grain cementation whereas fine-grained rock 
becomes more susceptible to further deterioration (Chigira & Oyama, 2000). 
In the dissolution zone, cement between grains such as calcite and siliceous 
minerals, is dissolved resulting in more friable intact rock (Figure 5.7). 
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The characteristics of weathering zones in Kota Kinabalu, Malaysia found in 
the present research are similar to those reported for sedimentary rock in 
Japan (Chigira, 1990; Chigira & Oyama, 2000). Both are developed in high 
elevation or hilly areas in which the migration of water, oxygen fluxes, and 
acidic solution are downwards through the rock mass to a lower elevation. 
This results in a sequence of distinctively separated zones of oxidation and 
dissolution following the direction of fluid flow. In flatter areas the fluid flows 
are more mixed reducing the effect of differentiated zones (Chigira & Oyama, 
2000). The sequence may not always be due vertical as local differences in 
morphology and permeability of the rock mass, e.g. faults or fracture zones, 
may give preferred flow directions that are not vertically down. See for 
example Figure 5.7, where the different zones are inclined to the right. 
 
Table 5.5 Summary of characteristics of iron precipitation in sandstone rock mass. 
Type of iron 
precipitation 

Weathering 
zone 

Rock mass 
weathering*† 

Description Iron content (%) Shear strength 
Range Average 

Discontinuities 
Stained Slightly to 

fresh rock 
Fresh-slightly 
(grades 0 & 
1) 

Staining only 
(discoloured 
surfaces) 

1.1–2.9 1.9 Controlled by 
the roughness 
of the 
discontinuity 
walls and infill 
(if present) 

Coated Oxidation Moderately-
high 
(grades 2 & 
3) 

Thin layers 
(0.5-2 mm) of 
iron oxide along 
the 
discontinuity 
walls; may be 
present on both 
opposite 
discontinuity 
walls; locally 
iron oxide 
bridges 

3.3–9.7 5.1 Increased due 
to hardened and 
rougher 
discontinuity 
walls and 
bridges 

Cemented Oxidation Moderately-
highly 
(grades 2 & 
3) 

Healed 
discontinuities 
or welded 
opposing 
discontinuity 
walls (0.5 - > 
5 mm) 

18.8–
23.8 

21.3 Equivalent to or 
higher than the 
surrounding 
intact rock 

Intact rock Intact rock blocks discoloured to brownish or rusty in appearance; iron precipitation 
on and between rock forming material grains; iron concentration is high along the 
discontinuity surfaces and gradually decreases inwards 

Notes: * Rock mass weathering following Table 3.1. † Relict discontinuities of any type often 
present in highly and completely weathered rock mass (grade 4). 
 
The research was done on cut slopes that had been excavated for days to a 
couple of years before the investigation. The authors do not expect that the 
rock mass characteristics are seriously altered by weathering during the time 
of exposure. However, erosion certainly affected the surfaces as is shown by 
the extruding relict discontinuities (see Figure 5.2). 
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5.9 Conclusion 
The weathering profile of sedimentary sandstone rock masses in the area of 
Kota Kinabalu Sabah, Malaysia shows oxidation and dissolution of iron that 
governs the formation of weathering zones. Oxidation processes will cause 
iron precipitation in discontinuities as well as within intact rock, while in other 
zones iron is removed by dissolution. The presence or absence of secondary 
iron minerals has a marked influence on the properties of the rock mass and 
discontinuities.  
 
Three types of iron precipitation in discontinuities have been identified in the 
weathering profile, i.e. stained, coated, and cemented. Iron coating and 
cementing are often observed in moderately to highly weathered rock 
whereas staining is often observed in slightly weathered and fresh rock 
masses. Susceptibility to weathering of sandstone with iron-precipitated 
discontinuities is reduced. In stability analyses the presences of weathering 
zones should probably be added to the description of the “condition of 
discontinuity” in rock mass descriptions and classification systems because, 
for example the susceptibility to weathering depends on the weathering zone. 
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Chapter 6: Landslide susceptibility analysis 
This chapter describes the assessment and selection of suitable landslide 
causal parameter groups in the analysis of a landslide susceptibility map 
(LSM) for the northern part of the Kota Kinabalu area. The assessment is 
based on the value of area under the curve (AUC) of "success rate curve". 
The LSM was developed based on the information value statistical method 
utilising a suitable combination of landslide causal parameter groups. This 
chapter is partly based on the article "Landslide susceptibility assessment 
using information value statistical method: a case study at northern Kota 
Kinabalu , Sabah Malaysia" (Tating et al., 2015c). 

6.1 Introduction 
Landslides are one of the most frequent types of natural hazard in the hilly 
and mountainous areas of Malaysia. They may lead to not only loss of life but 
also to large economic losses due to property damage and indirect effects 
such as disruption of the transportation network. The total economic losses 
due to landslides reported for a period of three decades from 1973 to 2007, 
is estimated to be about 3 billion Malaysian Ringgit (about 1billion US$) 
(PWD, 2009). Landslide incidents and fatalities due to landslides have also 
increased during the same period. The increased numbers of landslides are 
mostly related to expansion of development into hilly areas because of 
increasing population, urbanization, deforestation, and development of 
infrastructure. 
 
Disaster and economic losses due to landslide hazard can be minimized and 
avoided in landslide prone areas if information about the frequency, 
magnitude and the characteristics of landslides within a particular area are 
identified in advance. However, in some countries including Malaysia, 
identification and delineation of landslide prone areas has not been done, 
partly due to government policy that is favouring a post disaster 
management rather than pre-disaster management (PWD, 2009). Landslide 
disaster management is often misunderstood as merely providing relief to 
victims, aiding recovery following an event and rebuilding damaged 
infrastructure; as a result only limited resources and funds have been 
allocated for landslides hazard identification and risk management strategies 
in areas prone to landslides. Awareness regarding the economic and social 
impact of landslides begun after the collapse of Block 1 of the Highland 
Towers on 11 September 1993 which claimed 48 lives (Jamaludin and 
Hussien, 2006; Qasim et al., 2013). Since then, interest in landslide 
investigation and management increased, as shown by the establishment of 
the slope engineering branch under the Public Works Department (PWD) in 
2004. In addition, geological terrain mapping is done by the Minerals and 
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Geoscience Department (DMG) of Malaysia throughout the country to make 
thematic maps that can be used as guidance for advice to local councils 
regarding constructions on hilly terrain. 
 
Identification of landslide prone areas through susceptibility assessment is 
essential in order to understand landslide phenomena and its relationship 
with various causative factors. Landslides occur as a combination of several 
factors which can be distinguished into preparatory factors (such as slope 
angle, geology, and land use) and triggering factors (such as rainfall and 
earthquakes). These factors can be utilized to develop a landslide 
susceptibility map, which delineates and ranks the slope stability in an area 
from low susceptibility to high susceptibility (Chacon et al., 2006). 
Susceptibility refers to the spatial future likelihood or probability for 
landslides to occur (Hervas and Bobrowsky, 2009). 
 
There are many susceptibility mapping methods published in the literature 
which generally can be grouped into two broad methods; qualitative and 
quantitative methods. Qualitative methods rely on expert opinion and may be 
subjective. Qualitative methods are commonly organized by directly 
weighting (indexing) the influence of, for example, geological and 
geomorphological features on the landslide susceptibility level (Soeters and 
van Westen, 1996). Quantitative methods are based on a numerical 
expression of the relationship between causal factors and landslide 
occurrence. The latter can be divided into two main methods: deterministic 
and statistical (Aleotti and Chowdhury, 1999; Ayalew and Yamagishi, 2005). 
 
These methods mainly use environmental factors (with slope angle as the 
main driver), land use, structural geology, material properties, and 
antecedent rainfall as more or less correlated factors. Some factors may be 
included depending on the area and scale of the analysis. Human-induced 
factors such as shifting cultivation are seldom included, except for distance to 
roads. Furthermore, the effect of deterioration processes in time (i.e. 
weathering) on the occurrence of landslides especially along roads and 
related to cut slopes are mostly not used in susceptibility analyses. 
 
The main objective of the research is to assess the predictive power of 
several selected landslide causal parameter groups in the analysis of landslide 
susceptibility map (LSM) for the northern part of Kota Kinabalu. In this 
research, man-induced parameters are separated to investigate their 
influence with respect to the other groups, on a regional scale. This can be 
done by exclusion of each landslide causal parameter groups in turn during 
the determination of landslide susceptibility index (LSI) using Equation 6.1. 
Furthermore, it may help in further understanding the role of the landslide 
causal parameter groups in improving the LSM. In addition to the main 
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objective, the research is also carried out to investigate if such a 
susceptibility map helps in developing a disaster preparedness policy for the 
northern part of Kota Kinabalu. The LSM is based on a statistical quantitative 
method; the Information Value method (Yin and Yan, 1988; Jade and Sarkar, 
1993; Zezere, 2002; Yalcin, 2008). This method is also known as landslide 
index method (van Westen, 1997). 

6.2 Previous landslide assessment study in Kota 
Kinabalu, Sabah 

Only few landslide assessments in Kota Kinabalu, Sabah in East Malaysia 
have been done. Among the earliest studies is the study by Tongkul (1989) in 
which “weak zones” in the vicinity of Kota Kinabalu were characterized, 
delineated and their implications on future construction discussed. Tongkul 
(1989) classified weak zones as zones of disrupted/deformed strata (e.g. 
fault zones), which predominantly consist of various sizes of sedimentary 
blocks embedded in fine grain sedimentary materials such as shale and 
mudstone. These zones are the results of the tectonic activities in the past 
and their presence may relate to landslide incidents in natural slopes and 
slope failures in road cut slopes. However, landslides and slope failures are 
normally caused by set causal factors that can be analysed using several 
methods to delineate susceptibility to landslides. 
 
About a decade later, Tating (2003) conducted a landslide inventory 
investigation in the northern part of Kota Kinabalu and related landslide 
occurrences with the lithology. The main controlling factors for landslides 
were determined based on a direct observation (heuristic) method coupled 
with extensive fieldwork. The result of the study shows that most of the 
landslides occur in areas underlain by interbedded sandstone and shale, and 
some are associated with weathered thick-bedded sandstone. Shallow 
translational landslides are the dominant type of landslides, especially in the 
sandstone and shale interbeds, whereas rotational landslides were mostly 
observed in thick-bedded sandstone. Landslide causative factors are mostly 
due to the disturbance of natural slopes by excavations or cut slopes, 
vegetation clearance for agricultural and residential purposes, and by 
weathering of the exposed rock. 
 
Recent landslide assessments in the Kota Kinabalu area are carried out by 
Alvyn (2011) and Rodeano et al. (2011a, 2011b, 2012a & 2012b) by using 
various methodologies. Alvyn (2011) carried out landslide assessment based 
on Probabilistic Frequency Ratio (PFR) model on a regional scale of 1:50,000 
and concluded that the main causal factor for landslides are 
geomorphological factors (slope angle, slope aspect, soil types, followed by 
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human factors (such as landuse and road construction) and geological factors 
(lithology, structural geology). 
 
Rodeano et al. (2011a, 2011b, 2012a & 2012b) compared various statistical 
methodologies for landslides assessment at a regional scale of 1: 50,000. The 
results of the various landslide susceptibility maps show considerable 
differences. Seemingly different landslide assessment methods may produces 
different susceptibility maps, which makes the correctness of the used 
methodologies and resulting maps questionable. The differences may be 
attributed to an inappropriate selection of the assessment methodology, 
erroneous use of causal factors, and varying level of detail of landslide 
inventory data used for the regional scale assessment. Nevertheless, 
landslide susceptibility model validation based on the area under curve value 
(AUC), which is about 0.75, shows that the landslides susceptibility models 
are statistically acceptable. It should be noted that the assessment is based 
on regional scale surveys. 

6.3 Research methods  

6.3.1 Landslide Inventory map 
In general, a landslide inventory map is a landslide database that records the 
location, the date of occurrence (if known), and the landslide type, 
parameters, and properties (Malamud et al., 2004, Guzetti et al., 2012). A 
landslide inventory map is a "prerequisite dataset" for landslide susceptibility, 
and hazard and risk assessment (Guzetti et al., 2012). It can be prepared 
using different techniques depending on the purpose of the inventory, the 
extent of study area, the scale of the base maps, the scale, resolution and 
characteristics of available imagery, and the skills and experience of the 
investigators (Guzetti et al., 2012; van Westen et al., 2006). 

6.3.2 Bivariate Statistical Analysis 
The fundamental concept of bivariate statistical analysis is to determine the 
relationship between spatial landslide distribution and landslide controlling 
factors (Guzetti et al., 1999). Only the location of landslide detachment area 
(landslide crown) is used in the analysis (Magliudo et al., 2008; Thiery at al., 
2007) (Figure 6.1). This is based on the assumption that factors controlling 
the occurrence of landslides in a region in the past are the same as those 
that will cause landslides in the future. The analysis is done basically by 
comparing landslide inventory maps with a series of landslide factor 
parameter maps, which results in a weighted class value (Equation 6.1). 
 
The weighted class value is determined on the density of landslides in each 
parameter map determined by using an Information Value method (Yin and 
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Yan, 1988; Jade and Sarkar, 1993; Zezere, 2003; Lin and Tung, 2003; Yalcin, 
2008). This method is also known as landslide index method (Wi), in which 
the weighted value for a parameter class is defined as the natural logarithm 
of the landslide density in the class, divided by the landslide density in the 
entire map (van Westen, 1997). The Wi method is based on the following 
formula: 

𝑊𝑊𝐹𝐹 = 𝑅𝑅𝐹𝐹 𝑅𝑅𝑟𝑟𝑖𝑖𝑚𝑚𝑟𝑟𝑏𝑏𝑎𝑎𝑚𝑚𝑚𝑚
𝑅𝑅𝑟𝑟𝑖𝑖𝑚𝑚𝑚𝑚𝑎𝑎𝑎𝑎

= 𝑅𝑅𝐹𝐹 𝑁𝑁𝑎𝑎𝑖𝑖𝑁𝑁 (𝐼𝐼𝑖𝑖) 𝑁𝑁𝑎𝑎𝑖𝑖𝑁𝑁 (𝑁𝑁𝑖𝑖)⁄
∑𝑁𝑁𝑎𝑎𝑖𝑖𝑁𝑁 (𝐼𝐼𝑖𝑖) ∑𝑁𝑁𝑎𝑎𝑖𝑖𝑁𝑁 (𝑁𝑁𝑖𝑖)⁄  (6.1) 

where Wi denotes the weight given to a certain parameter class; 𝐶𝐶𝑒𝑒𝐹𝐹𝑒𝑒𝐹𝐹𝑅𝑅𝑎𝑎𝑒𝑒𝑒𝑒 
denotes the landslide density within the parameter class; 𝐶𝐶𝑒𝑒𝐹𝐹𝑒𝑒𝐼𝐼𝑎𝑎𝐷𝐷 denotes 
the landslide density within the entire map; 𝑁𝑁𝐷𝐷𝐹𝐹𝑥𝑥 (𝑆𝑆𝐹𝐹) denotes the number of 
pixels which contain landslides, in a certain parameter class and 𝑁𝑁𝐷𝐷𝐹𝐹𝑥𝑥 (𝑁𝑁𝐹𝐹) 
denotes the total number of pixels in a certain parameter class. The natural 
logarithm is used to determine the influence of a certain parameter class in 
landslide development within the entire map. Negative values of 𝑊𝑊𝐹𝐹 indicate 
that the presence of that particular parameter class has less effect to the 
landslide development, whereas positive values indicates a relevant 
relationship between the presence of such parameter class with landslide 
development (Yin and Yan, 1988; Zezere, 2002). 
 

 
Figure 6.1 Ideal block diagram of landslide. The GPS reading for the location of 
landslide is taken at the landslide crown area (after Varnes 1978). 
 
The landslide density per parameter class in each thematic map is calculated 
from the map crossing result between landslide inventory map and each of 
the parameter maps in GIS environment such as ILWIS. The Wi value of each 
parameter class is calculated by using the Equation 6.1. Finally, the Wi 
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value of each parameter class is added together according to Equation 6.2 
to produce a landslide susceptibility index (LSI) map or simply landslide 
susceptibility map. 

𝐿𝐿𝑆𝑆𝐼𝐼 = 𝑊𝑊𝐹𝐹𝑆𝑆𝑅𝑅 + 𝑊𝑊𝐹𝐹𝑆𝑆𝑒𝑒 + 𝑊𝑊𝐹𝐹𝐸𝐸𝑅𝑅 + 𝑊𝑊𝐹𝐹𝐿𝐿𝐹𝐹 + 𝑊𝑊𝐹𝐹𝐿𝐿𝑅𝑅 + 𝑊𝑊𝐹𝐹𝐶𝐶𝐹𝐹 + 𝑊𝑊𝐹𝐹𝑆𝑆𝐹𝐹 + 𝑊𝑊𝐹𝐹𝐶𝐶𝑒𝑒 + 𝑊𝑊𝐹𝐹𝐸𝐸𝑥𝑥 (6.2) 

where 𝑊𝑊𝐹𝐹𝑆𝑆𝑅𝑅, 𝑊𝑊𝐹𝐹𝑆𝑆𝑒𝑒, 𝑊𝑊𝐹𝐹𝐸𝐸𝑅𝑅, 𝑊𝑊𝐹𝐹𝐿𝐿𝐹𝐹, 𝑊𝑊𝐹𝐹𝐿𝐿𝑅𝑅, 𝑊𝑊𝐹𝐹𝐶𝐶𝐹𝐹, 𝑊𝑊𝐹𝐹𝑆𝑆𝐹𝐹, 𝑊𝑊𝐹𝐹𝐶𝐶𝑒𝑒 and 𝑊𝑊𝐹𝐹𝐸𝐸𝑥𝑥 are weighted 
values for slope, aspect, elevation, lithology, land use, distance to road, 
proximity to river, distance to structural geology and road excavation time, 
respectively. The landslide susceptibility index (𝐿𝐿𝑆𝑆𝐼𝐼) is then reclassified into 
five classes (very low, low, moderate, high and very high) of landslide 
susceptibility zones map. The “predictive power” of the map is assessed by 
analysing their success rate (Chung and Fabbri, 1999). In this research, the 
prediction rate could not be produced because multi temporal landslide data 
were not available. Nevertheless, the success rate result itself could indicate 
the quality of the map; i.e. how good the resulting weight scores describing 
the landslide pattern in this area (van Westen et al., 2003). 

6.3.3 Validation of LSM and assessment of landslide causal 
parameters effects  

Landslide susceptibility maps without any validation are worthless and may 
not have any scientific significance (Chung and Fabbri, 2003). Validation is 
essential in order to ascertain that the model can be applicable for practical 
purposes. Several methods to validate the quality of susceptibility map are 
available in the literature (such as Chung and Fabbri, 2003; Guzetti et al., 
2006; Frattini et al., 2010). 
 
In this study the validation is based on the "success rate curve" (van Westen 
et al., 2003), which explains how well the model and controlling factors 
predict landslides. Success rate is calculated by ordering the landslide 
susceptibility index value of all pixels in the map in descending order, and 
then categorize it into 100 classes with 1% cumulative intervals. The 
cumulative percentage of observed landslides is plotted against the 
cumulative percentage area of the susceptibility map. Apart from the success 
rate, the spatial efficiency or global statistic accuracy of the susceptibility 
map can also be determined qualitatively by the area under the success rate 
curve value (AUC) (Pourghasemi et al., 2012; von Routte et al., 2011). AUC 
value lies between 0 and 1 and higher AUC value indicates higher prediction 
capability maps (Tay et al., 2014). 
 
The relative importance of landslide causal parameter groups in the 
development of a landslide susceptibility map can be determined by changes 
in the AUC value, if one particular parameter group is excluded in the 
calculation of the landslide susceptibility index (Equation 6.2). If the 
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exclusion of a selected parameter group results in a relatively lower AUC 
value, it indicates that the group is a relatively important causative factor 
(Tay et al., 2014; Lee and Talib, 2005). On the other hand, if the AUC value 
increases, that particular group may not have any significant effect on the 
occurrence of landslides. Therefore, this particular group should be excluded 
in the production of the final LSM. 

6.4 Data Preparation 

6.4.1 Landslide Inventory Map 
A landslide inventory map for the northern Kota Kinabalu area is made based 
on; (1) landslides interpreted on three series of aerial photographs flown 
during the period of 1969 to 1972 at scale 1:30,000 and on Landsat TM 
satellite images with 30 metre resolution; (2) landslides reported in 
investigations done by the Minerals and Geoscience Department of Malaysia 
(e.g. Tating, 2003; Alvin, 2011; Rodeano et al., 2011a), and (3) landslides 
mapped during the fieldwork campaign in this research. Landslide inventory 
data are plotted on a base map with a scale of 1:25,000 (Figure 6.2). Due 
to the differences in database inventory format, only the landslide location 
and types are used in this research. 
 

 
Figure 6.2 Location of landslides. 
 
A total of 105 landslides are recorded in the study area. Most of the 
landslides are of a shallow translational type and some are rotational. Most of 
the landslides occurred at the southeastern and middle part of the study 
area. Most of the landslides cover an area between 150 and 1,500 m2 with 
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the largest being about 36,000 m2. During the data collection fieldwork, 
landslides have been characterised according to the WP/WLI (1990) 
definition. If the date of landslide occurrence was known, the information is 
recorded in the landslide inventory. However, the dates of occurrence of most 
of the landslide incidents were unknown except for some catastrophic 
landslides that involved the loss of life. 

6.4.2 Selection of Landslide Preparatory Parameters 
Statistical methods in determining landslide susceptibility are based on two 
assumptions; (1) future landslides are likely to occur in the same area where 
a landslide has occurred before; (2) areas with similar geo-environmental 
conditions will likely have similar landslides (Guzzetti et al., 1999; Fell et al., 
2008). If correct these assumptions imply that the probability of the spatial 
location of landslides in the future is similar to the historical landslide 
distribution and the preparatory parameters for landslide initiation are similar. 
Generally, the selection of preparatory factors depends on the nature of the 
study area, landslide type, failure mechanism, the scale of analysis and a 
priori knowledge of the main causes of landslides (Guzzetti et al., 1999; 
Glade and Crozier, 2005; Jaiswal et al., 2010). The selected parameters 
should also be operational, measurable, well representing the whole study 
area and vary spatially (Yalcin, 2008). 
 
In this research there are eleven preparatory parameters used for the 
susceptibility analysis based on field observation, landslide characteristics, 
and information from previous studies and reports. These are the geological 
parameters (lithology, structural geology, and structural geology density) 
topographical parameters (slope angle, slope aspect, and elevation), 
anthropogenic factors (land cover/land use, distance to road, and road 
construction duration), and hydrological parameters (distance to river and 
drainage density). 

6.4.3 Geological parameters 
Geological parameters such as lithology and tectonic structure are important 
parameters in landslide susceptibility mapping. This is because lithological 
and structural variations may often lead to different susceptibility to 
geomorphological processes, resistance against weathering and variation in 
geotechnical properties (Das et al., 2010; Lee and Taib, 2005; Dahal et al., 
2008; Dai et al., 2001, Ayalew and Yamagishi, 2005). The geology of the 
area consists of thick sequences of fine- to medium-grained sandstone and 
red and/or gray shale beds belonging to the “Crocker Formation” (Chapter 
2). The sedimentary sequence is divided into two main lithological units i.e. 
Sandy Sequence and Shaly Sequence based on the lithological dominance 
(Tating et al., 2013) (Figure 6.3).  
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Figure 6.3 Geological factor maps used for the landslide susceptibility assessment; a. 
lithology; b. distance to structural geology; c. structural geology density. 
 
The Sandy sequence consists predominantly of sandstone, which is more 
competent and more resistant to geomorphological processes compared to 
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the Shaly sequence. Recent unconsolidated sediment (Quaternary Sediment 
in Figure 6.3a) occupies most of the coastal plain and valleys between the 
hills. It consists of coastal and fluvial deposits. 
 
The items in the parameter tectonic structures are mainly faults either thrust 
or strike-slip faults. Thrust faults are normally associated with highly 
fractured zones. The rock mass consists of rock fragments with varying size 
embedded in a shaly and sandy matrix. This zone may contribute to slope 
instability and foundation problems. Weathering in fractured and sheared 
rock zones may be very deep and the rock mass strength is lower (due to 
high number of discontinuities) than in surrounding areas. The influence of 
geological structures is related to the proximity to the structural features and 
to the density of the structures. About 50 lineaments have been mapped 
from aerial photographs and satellite images by visual interpretation and 
verified in the field. These lineaments were buffered with 25, 50, 75, 100, 
125 and 150 m distance from the lineaments mid-line (Figure 6.3b) to 
determine the effect of proximity to the structural geology features. The 
structural density, which is defined as the number of line elements of fixed 
length in a fixed area (Suzen and Doyuran, 2004) is classified into 3 classes 
(Figure 6.3c). 

6.4.4 Topographical Parameters 
Topographical parameters consist of elevation of hill, slope aspect, and slope 
angle. Slope aspect and slope angle are frequently used parameters in the 
landslide susceptibility analysis. According to Dai and Lee (2002), elevation 
may influence the susceptibility to landslides due to the differences in the 
characteristics of slope material at a certain elevation of hill. However, this is 
may be site specific and may not be true in the study area. In the study area, 
the magnitude and degree of disturbance due to construction of 
infrastructure especially the road network, on the side of a slope at a certain 
elevation of a hill is more applicable. Therefore, for the northern Kota 
Kinabalu area, elevation is included in the anthropogenic factors during the 
LSM analysis. Slope cuts are more extensive on the side of a slope compared 
to slope cuts at the hill ridge or slope toe. The elevation range in the study 
area is from 0 to 850 metres a.m.s.l. and was reclassified into 17 classes 
with an interval of 50 metres (Figure 6.4a). 
 
Slope aspect, which is the direction of the maximum slope dip of the terrain 
surface, also influences the occurrence of landslides. Aspect-related 
parameters such as exposure to sunlight, drying winds, and rainfall during 
the southwestern monsoon may influence the moisture content and 
vegetation, thus may affect the moisture content, soil strength, erosion 
potential, and susceptibility to landslides. The slope aspect was also derived 
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from the Digital Terrain Model (DTM) generated from topographic maps using 
Arc GIS 10 and reclassified into 9 classes with the interval of 45o (Figure 
6.4b). 

 
Figure 6.4 Topographical factor maps used for the landslide susceptibility assessment; 
a. elevation; b. aspect; c. slope angle. 
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The slope angle has a very large influence on the susceptibility to landslides. 
The influence of slope angle is related to the shear strength of the material of 
the slope. Generally, landslide frequency will increase with higher slope angle 
until maximum frequency is achieved, subsequently followed by a decrease of 
frequency (Dai and Lee, 2002). Slope angle was derived from a digitized 
topographic map with 20 metres contour spacing that was interpolated in a 
20 m regular DTM using Arc GIS 10. The slope map was reclassified into 6 
classes (Figure 6.4c). 

6.4.5 Anthropogenic Factors 
Anthropogenic factors are related to the effect on the environment resulting 
from human activities. It includes infrastructure construction and land 
use/land cover. Construction of roads has significantly increased the 
frequency of slope failure along the road corridor. Slope excavation will 
disturb the strength - stress equilibrium of slope, leading to instability and it 
may result in development of tension cracks that facilitate the infiltration of 
water into the slope material. It may also increase the rate of slope material 
and mass deterioration. Excavation may also expose the barren slope 
material and mass to weathering agents thus further enhancing the rate of 
deterioration. Man-made fills without vegetation are also prone to erosion 
and weathering increasing their susceptibility to failure. However, landslides 
may only be confined to a certain distance from the road line. In order to 
investigate the effective range of road construction activities to landslide 
susceptibility, it was buffered with 25, 50, 75, 100, 125 and 150 m distance 
from the road line (Figure 6.5a). 
 
Another important causal factor for landslides is the road excavation time or 
cut slope exposure time, which is related to the deterioration of rock mass 
with time. Even though man-made cut slopes have been designed to be 
stable for a certain period of time, the stability will decrease in the course of 
time. Some cut slopes may fail soon after the construction, due to stress 
relief and weathering (Tating et al., 2013; Huisman et al., 2006). Roads in 
the study area have been constructed from about 1 to 35 years ago. 
Therefore, road excavation time was classified into two classes, i.e. road 
construction less than 30 years and more than 30 years (Figure 6.5b). 
 
Land use changes especially conversion of virgin forest into plantations, 
shifting cultivation, and infrastructure construction activities may result in an 
area more susceptible to landslides. These activities may also result in barren 
slopes exposed to erosion that may eventually lead to landslides. 
Regeneration of secondary forest may have reduced root strength compared 
to the original vegetation, thus increasing the landslide potential (Razak, 
2014; Sidle and Ochiai, 2006; Sidle et al., 2006). Land use/ land cover factor 
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is prepared from digital topographic map of 1: 25000 and satellite imagery 
coupled with an extensive field survey. Land use factor is classified into 7 
classes (Figure 6.4c). 

 
Figure 6.5 Anthropogenic factor maps used for the landslide susceptibility 
assessment; a. distance to road; b. road excavation time; c. landuse/landcover. 
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6.4.6 Hydrological Parameters 
Hydrological factors refer to the proximity of slope areas to river systems and 
drainage density. Drainage density is the ratio of total drainage length per 
square kilometre area and calculated using line density tools in Arc GIS 10. 
The proximity to the drainage system may adversely affect slope stability by 
eroding the slope toe or/and saturating the toe material, whereas the density 
contributes to the regional hydrogeological properties of an area such as 
groundwater content. Six different buffer zones were delineated along 
drainage system to determine the effect of proximity to the drainage on 
occurrence of landslide. The buffer zones are 25, 50, 75, 100, 125 and 150m 
from the drainage centre line, whereas the density is classified into 4 classes 
(Figure 6.6). 
 

 
Figure 6.6 Hydrological factor maps used for the landslide susceptibility assessment; 
a. distance to river; b. drainage density. 
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6.5 Result 

6.5.1 Landslide parameter/factor class weight 
The relationship between landslide distribution and landslide controlling 
factors is shown in Table 6.1. The relationship is reflected by the weight 
value of parameter class. Negative weight value of any parameters class 
shows that their presence may not contribute to the occurrence of landslides. 
Positive weight value indicates that the particular parameter class 
characteristics or occurrence may enhance the probability of landslides. A 
weight value around zero (±0.1) contributes to the neither presence nor 
absence of landslides. 
 
Table 6.1 Weight values obtained from the bivariate statistical method for all 
parameter classes. 
Group Factor Class Landslide  Area Total Area in the 

Class 
Weight 

Pixel % Pixel % 
Geological Lithology Quaternary Sediment 75 17.56 96978 30.32 0.0000 

Shaly Sequence 79 18.50 62637 19.58 -0.4855 
Sandy Sequence 273 63.93 160272 50.10 0.2683 

       
Distance to 
Structure 

0 - 25m 19 9.41 22357 9.41 -0.6931 
25 - 50m 27 13.37 22680 13.37 -0.2877 
50 - 75m 42 20.79 22143 20.79 0.1719 
75 - 100m 35 17.33 21174 17.33 0.0606 
100 - 125m 39 19.31 20274 19.31 0.1719 
125 - 150m 40 19.80 19397 19.80 0.2719 

       
Structure 
Density 

0 - 2.5 #/km2 379 88.76 292482 85.07 0.0800 
2.5 - 5 #/km2 48 11.24 51308 14.92 -0.2877 
5 - 7.5 #/km2 0 0 21 0.01 -2.4849 

 
Topogra-phical Aspect North 127 29.74 42865 13.34 1.6363 

Northeast 31 7.26 34734 10.81 -0.3677 
East 36 8.43 43146 13.43 -0.4855 
Southeast 25 5.85 34099 10.61 -0.6190 
South 24 5.62 34349 10.69 -0.6190 
Southwest 43 10.07 34865 10.85 -0.0800 
West 19 4.45 46231 14.39 -1.1787 
Northwest 122 28.57 50997 15.87 0.6131 

       
Slope 0 - 5 Degree 47 11.01 137499 42.78 -1.4663 

5 - 15 Degree 112 26.23 60976 18.97 0.3254 
15 - 25 Degree 168 39.34 86405 26.88 0.3795 
25 - 35 Degree 95 22.25 34103 10.61 0.7673 
35 - 60 Degree 5 1.17 2461 0.77 0.4308 
> 60 Degree 0 0.00 0 0.00 -2.5649 

 
Anthropogenic Elevation 0 - 50 m 196 45.90 178454 55.51 -0.1671 

50 - 100 m 93 21.78 41300 12.85 0.5705 
100 - 150 m 14 3.28 25141 7.82 -0.7732 
150 - 200 m 2 0.47 17596 5.47 -2.5649 
200 - 250 m 18 4.22 9892 3.08 0.3254 
250 - 300 m 8 1.87 5792 1.80 0.0741 
300 - 350 m 2 0.47 6318 1.97 -1.4663 
350 - 400 m 15 3.51 6714 2.09 0.5261 
400 - 450 m 13 3.04 7003 2.18 0.3795 
450 - 500 m 22 5.15 6746 2.10 0.9316 
500 - 550 m 23 5.39 6112 1.90 1.0726 
550 - 600 m 14 3.28 3791 1.18 1.0460 
600 - 650 m 3 0.70 2399 0.75 0.0000 
650 - 700m 0 0.00 1797 0.56 -2.5649 
700 - 750 m 4 0.94 1276 0.40 0.8690 
750 - 800 m 0 0.00 825 0.26 -2.5649 
800 - 850 m 0 0.00 309 0.10 -2.5649 
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Landuse/Land
cover 

Agriculture 9 2.11 17239 5.39 -0.9555 
Built-up Area 30 7.03 75108 23.47 -0.9555 
Forest 372 87.12 180290 56.34 0.4796 
Barren Land and Shrubs 5 1.17 21512 6.72 -0.9555 
Bare Exposed Rock 11 2.58 11339 3.54 -0.9555 
Water Body 0 0.00 2226 0.70 -2.5649 
Swampy Area 0 0.00 12276 3.84 -2.5649 

       
 
Distance to 
Road 

0 - 25m 85 28.24 35753 22.47 0.2336 
25 - 50m 96 31.90 31223 19.62 0.4895 
50 - 75m 42 13.95 27219 17.10 -0.2364 
75 - 100m 31 10.30 24259 15.24 -0.3795 
100 - 125m 25 8.31 21435 13.47 -0.4595 
125 - 150m 22 7.31 19258 12.10 -0.5465 

       
 
Excavation 
Time 

Less than 30 years 69 31.65 41836 57.73 -0.6286 
More than 30 years 149 68.35 30630 42.27 0.4906 

        
Hydrological  

Distance to 
River 

0 - 25m 43 14.63 39463 20.87 -0.3747 
25 - 50m 58 19.73 37186 19.66 0.0000 
50 - 75m 53 18.03 34093 18.03 0.0000 
75 - 100m 56 19.05 30174 15.95 0.1719 
100 - 125m 48 16.33 26263 13.89 0.1178 
125 - 150m 36 12.24 21947 11.60 0.0000 

       
Drainage 
Density 

0 - 2.5 #/km2 219 51.29 204011 57.02 -0.0870 
2.5 - 5 #/km2 194 45.43 116947 32.69 0.3483 
5 - 7.5 #/km2 14 3.28 34344 9.60 -1.0986 
> 7.5 #/km2 0 0 2481 0.69 -2.4849 

6.5.2 Assessment of landslide causal parameters effects and 
validation of LSM 

The relative contribution of each group can be determined by the AUC value 
of "success rate curve" if one group was excluded in the LSI analysis (see 
Section 6.3.3). The percentage of the AUC indicates the relative accuracy of 
the landslide susceptibility map (LSM). Based on Table 6.2 and Figure 6.7, 
it shows that anthropogenic and topographical groups have a significant 
effect on the relative accuracy of the landslide susceptibility map (LSM). By 
excluding either anthropogenic or topographical groups, the AUC will reduce 
to about 5%; i.e. from 80.22% to about 76%. Whereas, by excluding the 
hydrological group, it only decreases less than 1% of the AUC to about 
79.5%. However, the exclusion of geological group increases the AUC value 
about 1% (80.2% to 81.1%), which indicates no significant impact on the 
accuracy of the LSM. 
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Table 6.2 AUC values obtained from different analysis scenario of landslide 
susceptibility index (LSI). 
Scenario Parameter groups 

excluded 
Area under 
curve (AUC) 

*AUC value 
differences 
(%) 

Landslide 
susceptibility map 
accuracy (%) 

1 None 0.8022 - 80.22 
2 Anthropogenic 

Parameters 
0.7617 4.05 76.17 

3 Topographical 
Parameters 

0.7630 3.92 76.30 

4 Hydrological Parameters 0.7947 0.75 79.47 
5 Geological Parameters 0.8108 -0.86 81.08 
6 Hydrological and 

Geological Parameters 
0.8038 -0.16 80.38 

Note: *AUC differences = Scenario 1 (all parameter included)- Successive Scenarios (specified 
parameter group excluded) 
 

 
Figure 6.7 The comparison between “success rate curve” by using all parameter group 
and without a particular parameter group. The areas under the curve (AUC) for the 
different scenario are shown in the parenthesis. 

6.5.3 Landslide Susceptibility Map 
The final LSM is produced by using the LSI with the highest AUC value (i.e. 
without the geological parameters). The calculated landslide statistical index 
(LSI) value ranges from about - 8.408 to 4.662. The index value is 
reclassified into five susceptibility classes (very low, low, moderate, high, and 
very high) by using natural break classification. The final susceptibility map is 
shown in Figure 6.8. The percentages of area classified as very low, low, 
moderately, high, and very high susceptibility are 16.94, 26.91, 20.74, 
22.54, and 12.88%, respectively. 
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Figure 6.8 Final susceptibility map obtained by using three landslide causal parameter 
groups, topographic, anthropogenic, and hydrological factors. The landslide inventory 
location is also shown in the map. 

6.5.4 Validation of Landslide susceptibility map 
The "success rate curve" for the susceptibility map is shown in Figure 6.9. 
Based on the success rate graph, it shows that the first 30% of the classes 
with the highest value in the susceptibility map can predict about 77% of all 
landslides in the area. The AUC value for the final LSM is 0.8108, which can 
be considered as excellent in discriminating area with landslide occurrence 
(Hosmer and Lameshow, 2000) and indicates overall success rate is about 
81.08%. 
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Figure 6.9 The “success rate curve” of the final landslide susceptibility map (green 
line). 

6.6 Discussion 
Even though geological parameters are considered among the important 
parameters in landslide susceptibility assessment, the inclusion of these 
parameters in the analysis reduce the accuracy of the LSM of the study area. 
This may indicate that geological parameters have a very small effect on 
landslide occurrence in the study area. The reasons may be due to the low 
variability in rock formation and simplification of the lithological units. The 
entire study area is underlain by only one rock formation i.e. Crocker 
Formation which comprises of three main geological units (see chapter 2). 
However, the lithological units could not be mapped at the current map 
scales, thus the geological units have been reclassified into two main groups 
i.e. Sandy and Shaly sequences. 
 
The weight analysis result shows that the sandy sequence has a positive 
weight value suggesting that it is prone to landslides. On the other hand, the 
Shaly sequence which occupies most of the low-lying area and between the 
sandstones beds shows a negative weight value suggesting that it is less 
prone to landslides. Even though, it seems that the sandy sequence is more 
susceptible to landslides, in fact due to the intercalation of these units, any 
disturbance on either one of the units may result in landslides. The weight 
value of quaternary sediment class suggests that it contributes to neither the 
presence nor absence of landslides. Most of the quaternary sediment 
occupies the river valleys and coastal area. 
 
A similar weight result is shown by the proximity to geological structural 
features. Negative weight values are observed for the distance from 0 to 50 
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metres which indicate the absence of landslides nearer to the structural 
features. This is also contrary to what could be expected as the disturbance 
by tectonic activities mostly contributes to the occurrence of landslides. 
Structure density parameter classes also show a similar result; a higher 
density of geological structures does not influence the occurrences of 
landslides. Landslides may not occur at areas adjacent to geological 
structures unless it is excavated and exposed to the deteriorating elements. 
The occurrences of landslide low-density area may be attributed to other 
factors such as land use activities. 
 
The significant landslide causal groups are the topographical parameters. 
Based on the analysis result (Table 6.1), the north and northwest direction 
slope aspect are more susceptible to landslide as indicated by the positive 
weight values. The high occurrence of landslides on these slopes is related to 
the rainfall intensity distribution patterns brought by the southwestern 
Monsoon. Landslide occurrences are also associated with the slope class 
between 25 - 35 degrees. Slopes gradient less than 5 degrees and more than 
60 degrees are less susceptible to landslides. 
 
In general, anthropogenic parameters are related to the effect on the 
environment resulting from human activities such as construction of 
infrastructure and land use activities. Based on the land use/land cover 
factor, landslides mostly occurred within the forested areas. However, this 
does not mean, that land use/land cover are the main causal factors for 
landslides. As the forested area coverage is the largest, the probability of 
landslides occurrence is also high. Factors such as the presence of most north 
and northwest slope aspects in combination with relevant slope gradients 
within the forested area may be more important. Furthermore, human 
activities such as shifting cultivation, road construction, and deforestation for 
private residential areas are mainly carried out at these areas. 
 
Most slope failures occurred within the range from 0 to 50 metres from the 
road routes. The landslides incidents are related to the disturbance and 
exposure to deterioration due to the construction of roads. The analysis 
results also show that landslides mostly occurred at roads constructed more 
than 30 years old. This is likely due to the deterioration or weathering of the 
cut slopes. The geotechnical parameters (intact rock strength, and rock mass 
cohesion and friction) of slope material and mass reduce with time and thus 
reducing the factor safety. Generally, roads constructed less than 30 years 
are less prone to landslides. 
 
Some literature claims that the rock mass deterioration (i.e. weathering) 
factor is less applicable and difficult to apply in regional scale analyses (van 
Westen et al., 2008; Corominas et al., 2013). Usually, weathering effects are 
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reported to be useful only in large and detailed scale assessment by using 
appropriate methods such as deterministic landslide analysis (Soeters and 
van Westen, 1996) and geotechnical methods such as Slope Stability 
Probability Classification (SSPC) (Das et al., 2010). However, in this study the 
effect of this factor is quite significant in controlling the occurrence of slope 
failures along the roads (positive weight value, see Table 6.1). This may 
indicate that the factor can be used at the scale as used in this study, if the 
excavation/construction time of roads is available. It should be realized that 
localized effects from the presence of discontinuities or mitigation measures 
influence the susceptibility classes of LSM. 
 
In relation to the elevation, most landslides occurred at the elevation classes 
between 350 to 600 and 700 to 750 metres. In the study area, most of the 
landslide incidents are not related to the properties of material at a particular 
elevation as was suggested by Dai and Lee (2002), but are mainly due to the 
concentration of anthropogenic activities at this elevation. Some villages and 
private residential structures are constructed at this elevation because of the 
beautiful scenery overlooking the coastal area and cooler weather conditions. 
Several private roads are also constructed to link these villages to the main 
road, enhancing the slope disturbance. The slope gradient at these elevations 
may also be of influence. At higher elevations, most of the study area 
consists of virgin forest and forest reserves in which any human activities are 
prohibited. 
 
The influence of the hydrological parameters group is based on 
distance/proximity from the parameter features and density of the parameter. 
Density functions attribute to the regional (km2) influence of particular 
parameters, whereas the proximity functions evaluate the local situation (m2) 
(Suzen and Doyuran, 2004). This group has little impact on the accuracy of 
LSM. The analysis shows that the proximity to the main river or stream does 
not show a very significant relationship. Negative weight value for the 
distance between 0 to 25 metres indicates that the proximity to main 
river/stream does not influence the landslide occurrences. This is contrary to 
what commonly is found in this type of analyses in which the effect of 
river/stream has an influence on the occurrence of landslides, i.e. due to 
slope undercutting and saturation effects. That this effect is not found in this 
study is likely because most of the main rivers are located in the lowland and 
flat areas where the riverbanks on both sides are covered with mangrove 
trees. In the hilly area, most of the riverbanks are also covered with trees 
that may prevent bank erosion. Another reason may be that the effect of 
trees thriving along the riverbanks may not be well captured in this scale. 
 
The drainage density factor map analysis shows that higher drainage density 
does not contribute to landslide incidents. Higher drainage density indicates 
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lower water infiltration and faster removal of surface water from the area. It 
will reduce the amount of infiltration, thus sustain slope material geotechnical 
properties (Mezughi et al., 2011; Yalcin, 2008). Contrasting to the low-
density area, water infiltration may be high which may increase the shear 
stress and decrease the shear strength of slope material as well as facilitate 
the weathering process. This effect may cause landslide incidents; however, 
in tropical areas, the presence of water may encourage vegetation thus 
enhancing slope stability due to root action. Landslides may only happen if 
the area becomes deforested. 
 
The quality of the susceptibility map depends on the quality and 
completeness of input parameters used in the analysis. One of the most 
important parameters is landslide inventory data. Landslide inventories can 
be prepared using various methods (Wieczoreck, 1984; Malamud et al., 2004, 
Guzetti et al., 2012). In the present study, landslide inventory is prepared 
mainly through aerial photographs and satellite images interpretation, 
extensive fieldwork, and from historical records. However, details on 
landslides in the Kota Kinabalu area are very limited. Only some large volume 
big scale landslides that resulted in large infrastructure damage or fatalities 
have been investigated and reported in detail. Furthermore, the landslide 
terminology and parameters recorded are sometimes inconsistent. However, 
in landslide susceptibility assessment, location and type of landslide are 
sufficient for the analysis. Therefore, only the landslides with known location 
and type were used in the analysis.  
 
Other problems of recognizing and recording landslides in a tropical 
environment are related to the rapid disappearance of landslide diagnostics 
features due to rapid growth of vegetation after the failure. For older 
landslides, it may be impossible to identify their signature in aerial photos or 
satellite images due to the dense forest canopy and unfavourable weather 
conditions (cloudy and rainy) during acquisition of optical remote sensing 
data (Razak et al., 2013). Therefore, most of the landslides recorded are 
along the roads and slope cut areas, which are easily accessible and mostly 
have a low-density vegetation. This may lead to spatial bias of the landslide 
incidents. In order to overcome these problems, non-optical satellite image 
such as LIDAR should be utilized in the future. LIDAR data have been 
successfully utilized for landslide inventory and identification under dense 
tropical forest in Malaysia (Razak et al., 2013). 

6.7 Conclusion 
The analyses revealed that different combinations of factors have a different 
contribution to the landslide occurrences and subsequently to the accuracy of 
the Landslide Susceptibility Map (LSM). The most important parameters are 
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the anthropogenic and topographical groups, whereas the hydrological group 
is only slightly affecting the accuracy of LSM. Surprisingly, the least important 
group is the geological parameters group. This may be related to low 
variability and generalization of the lithological units. The result is determined 
by the bivariate statistical method, it is recommended that further study use 
different methods such as the multivariate statistical method to determine 
the role of each factor. 
 
Even though the selection of conditioning factors is based on the 
consideration of relevance and field observation, landslide characteristics and 
information from previous studies and reports, and the availability of data for 
the study area, some factors may not be suitable at the current scale 
(regional scale) of the study. For example, for the hydrological factor the 
effect of trees thriving along the riverbanks could not be incorporated in the 
analysis. Furthermore, it is also revealed that the role of the elevation factor 
is not necessarily governed by the properties of the materials at a certain 
elevation but rather by the land use activities at that particular elevation. 
 
Generally, the LSM at the scale as made in this study can be used to 
determine the spatial location of landslide prone areas in the study area. It 
may help the local authorities to anticipate and evaluate the possible 
landslide related hazard prior to the implementation of any development 
projects especially at the early phases of regional development planning. The 
outcome from the research can also be used to enhance the regulations 
related to the development on hillsides in the National Guideline on Hillside 
and Highland Development (DTCP, 2009), which at present are based 
basically on the topographical and geological factors only. This study shows 
that human activities have great a influence and should be taken into 
consideration. As the study has been carried out on a regional scale, some of 
the influence from the causal factors could not be significantly revealed. 
Therefore, further study by using other susceptibility assessment method 
(such as analytical hierarchy process) at a proper scale is recommended. 
Other causal factors such as the rainfall information, soil types, and thickness 
should also be included in the analysis. 
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Chapter 7: Synthesis and Conclusions 

7.1 Synthesis 
The aim of this research is to establish the relationship between deterioration 
due to weathering and stress relief, and exposure time for a particular rock 
type in tropical environments. Furthermore, the effect of weathering due to 
physical weathering (disintegration of rock mass) and chemical weathering 
(rock mass decomposition; precipitation of iron) on rock cut slopes have been 
evaluated. When dealing with cut slopes, the effect of stress release due to 
the removal of overburden on the durability of sandstone cannot be 
separated from the effects caused by weathering; therefore in this research 
weathering includes both weathering and stress relief. 
 
The research is carried out in northern Kota Kinabalu, Sabah, Malaysia a 
tropical region on the island of Borneo. The geology in the area consists of 
rock formations of sedimentary origin and comprises of alternating shale and 
sandstone beds of various thicknesses (discussed in detail in Chapter 2). 
However, the research only focuses on the thick to very thick bedded 
sandstone unit (SST unit). Characterization of the thick to very thick bedded 
sandstone units is based on an extensive and detailed field observation 
coupled with simple physical testing of intact rock strength (IRS) in the field. 
First, the sandstone units are delineated into several geotechnical units based 
on bedding thickness, lithological type, bedding thickness ratio between 
different lithologies, and weathering grade. The weathering grade of the rock 
mass is determined visually following the methodology described in BS 5930 
(1981) and ISO 14689-1:2003. Data characterization per geotechnical unit is 
done in quantified values based on Slope Stability Probability Classification 
(SSPC) methodology (Hack et al., 2003). Intact rock strength is estimated by 
using “simple means” methodology, which uses hand and geological hammer 
to estimate IRS following BS 5930 (1981) and BS 5930 (1999). The intact 
rock strength values obtained from this method are verified with intact rock 
strength values from laboratory intact rock strength tests published in the 
literature. 
 
The findings of the research based on the four main research objectives that 
were formulated at the beginning of this research are summarized as follows. 

7.1.1 Objective 1: develop a quantitative factor for 
incorporation in the design of slopes to account for 
weathering 

The focus of the first objective is to determine the appropriate parameters of 
thick to very thick bedded sandstone unit (SST unit) that can be used to 
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establish the deterioration processes – time relationship, and subsequently 
the development of quantitative factors for incorporation in the slope design 
(Chapter 3). The first part of the chapter gives an overview of slope material 
deterioration in slopes, discussion on the slope rock mass weathering with 
time, and rock/rock mass properties used for the development of quantitative 
factors. Data are collected from various cut slopes with different dates of 
excavation. 
 
The development is based on the changes of intact rock strength value per 
unit time due to weathering process. In the literature, this is defined as 
"weathering intensity rate" and decreases non-linearly with time due to 
formation of a residual layer of weathered material protecting the underlying 
rock mass from further weathering. The intact rock strength value changes 
with exposure time following a logarithmic function as suggested by Colman 
(1981) and Huisman (2006). The relationship can be used to predict the 
future reduction of intact rock strength of the SST unit from the initial value 
(i.e. fresh rock) over the engineering lifetime of man-made slopes in a 
particular environment. Similarly, the prediction of future geotechnical 
parameters (i.e. cohesion and friction angle) can be done by utilizing an 
empirical equation for rock mass stability such as in the Slope Stability 
Probability Classification (SSPC) method. Thus, better man-made slope 
design for the full engineering lifetime can be done by anticipating the 
reduction of geotechnical parameters at the end of the engineering lifetime. 
The specific findings of the research related to objective 1 are: 

I The parameter used to establish the deterioration processes – time 
relationship is the intact rock strength (IRS). Their determination can 
be done using “simple means” which is easy, cheap, and reasonably 
reliable. 

II The relationship between intact rock strength value of the SST unit 
with exposure time decreases non linearly with time and is best 
represented by a logarithmic function: 

 𝐼𝐼𝑅𝑅𝑆𝑆𝑡𝑡 = 105 +  34 log  (1 + 𝑡𝑡) (7.1) 

III 𝐼𝐼𝑅𝑅𝑆𝑆𝑡𝑡  (in MPa) is the intact rock strength of sandstone at the time (t), 
t is the time since exposure in years. The constant 105 is the initial 
value of the IRS in MPa of the fresh SST unit at the time of 
excavation (i.e. at exposure time 0 year), and 34 is the apparent 
reduction rate in MPa/(log [year]) for the SST unit. 

IV Linear relation of IRS reduction (i.e. 𝐼𝐼𝑅𝑅𝑆𝑆𝑖𝑖𝑖𝑖𝑖𝑖𝑡𝑡𝑖𝑖𝑎𝑎𝑏𝑏   − 
𝐼𝐼𝑅𝑅𝑆𝑆𝑎𝑎𝑡𝑡 𝑡𝑡ℎ𝑟𝑟 𝑡𝑡𝑖𝑖𝑚𝑚𝑟𝑟 𝑜𝑜𝑜𝑜 𝑜𝑜𝑏𝑏𝑚𝑚𝑟𝑟𝑟𝑟𝑜𝑜𝑎𝑎𝑡𝑡𝑖𝑖𝑜𝑜𝑖𝑖) and logarithmic of the exposure time can be 
used to predict the reduction of IRS for the SST unit with time: 

 𝐼𝐼𝑅𝑅𝑆𝑆𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑡𝑡𝑖𝑖𝑜𝑜𝑖𝑖 = 34𝑡𝑡 + 0.36 (7.2) 
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The reduced IRS is equal to the IRS value (MPa) difference between 
fresh and weathered SST at time t, whereas t is the logarithm of the 
exposure time. 

V The relationship between cohesion and friction angle for the SST unit, 
which is estimated by using the SSPC method, with exposure time 
also decreases non-linearly with time and is expressed by logarithmic 
functions: 

 𝐶𝐶𝐹𝐹ℎ𝑒𝑒𝑒𝑒𝐹𝐹𝐹𝐹𝐹𝐹𝑡𝑡 = 27004− 6850.3 log  (1 + 𝑡𝑡) (7.3) 

𝐶𝐶𝐹𝐹ℎ𝑒𝑒𝑒𝑒𝐹𝐹𝐹𝐹𝐹𝐹𝑡𝑡 (in Pa) is the intact rock cohesion of SST at the time t, and t 
is the time since exposure in years. 27004 is the initial value of the 
cohesion in Pa of the fresh SST unit at the time of excavation, and 
6850.3 is the apparent reduction rate in Pa/log [year]. 

 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑡𝑡𝐹𝐹𝐹𝐹𝐹𝐹𝑡𝑡 = 56.1 − 15 log  (1 + 𝑡𝑡) (7.4) 

𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑡𝑡𝐹𝐹𝐹𝐹𝐹𝐹𝑡𝑡 (in degrees) is the intact rock friction angle of the SST unit 
at the time t, and t is the time since exposure in years. 56.1 is the 
initial value of the cohesion in degree of the fresh SST unit at the 
time of excavation, and 153 is the apparent reduction rate in 
degree/log [year]. 

 
The relation allows prediction of intact rock strength reduction within the 
"engineering lifetime" of the slopes made in the SST unit and is likely also 
applicable for cut slopes in similar rock masses in an humid tropical 
environment, where similar weathering processes and stress relief are the  
reasons for degradation of the rock mass after excavation. The methodology 
used in this research to establish a weathering–time relation is likely 
applicable to areas in other climates as well. 

7.1.2 Objective 2: to evaluate the effect of weathering on the 
development of discontinuities in rock mass 
In this objective, the development of new discontinuities in rock masses of 
the SST unit due to deterioration is investigated. The results are presented in 
Chapter 4. An overview on the relationships between rock mass physical and 
geo-mechanical properties with weathering is included in chapter 4. 
 
There are two main types of discontinuities that can be discerned in rock 
masses; i.e. mechanical and integral or incipient discontinuities. The former 
are fully developed planes of weakness in rock masses visible by the naked 
eye whereas the latter is still intact and normally invisible and does not form 
a notable mechanical weakness in the rock mass. Integral discontinuities are 
inherent inhomogeneities within intact rock and may develop into mechanical 
discontinuities as a response to changes in stress environment or weathering 
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processes. In the SST unit, the development of new discontinuities is 
reflected by the decrease of discontinuity spacing with increasing degree of 
weathering. The new discontinuities consist of three dominant discontinuity 
sets and develop in sequential stages with advancing weathering grade. The 
development is analysed by using DIPs software. Persistence of 
discontinuities may develop not uniform over time. At higher weathering 
grades, newly developed discontinuity sets normally start to abut against 
bedding planes. Effect of weathering on discontinuity roughness is only found 
for the small-scale roughness, i.e. the weathering reduces the strength and 
number of asperities resulting in smoother surfaces with lower shear 
strength. An increase of discontinuity strength and roughness are anticipated 
if precipitation of iron oxide occurs along and on the discontinuity planes as is 
the case for the SST unit in higher grades of weathering (especially 
moderately to highly) at many locations. 
 

The specific findings of the research related to objective 2 are: 

I Three dominant sets of discontinuities developed in the SST unit due 
to the weathering; i.e. Discontinuity set 1: parallel to the main 
bedding planes, which is oriented about NE-SW and steeply dipping 
either towards the SE or NW; Discontinuity set 2: conjugate joint sets 
oriented parallel to the bedding planes and gently dipping either 
towards the SE or NW; and Discontinuity set 3: joint planes striking 
more or less perpendicular to the bedding planes and steeply dipping 
towards the SW or NE. 

II The spacing for all discontinuity sets decreases with increase in 
weathering grade due to the change of discontinuities from 
integral/incipient into mechanical discontinuities. 

III The development of new discontinuities is sequential based on the 
weathering grade. In fresh SST units, only the bedding planes 
(discontinuity set 1) with some very few discontinuities from residual 
insitu stress are observed. Discontinuity set 2 and set 3 start to 
develop in slightly weathered rock. The intensity of all discontinuity 
sets significantly increases in higher weathering grades. 

IV In the SST units, the initiation point for the formation of new 
discontinuities especially for discontinuity set 1 are the internal 
sedimentary bedding features such as parallel/cross laminations, 
"Bouma sequence", trace fossils, nodules, concretions, and shale 
laminae. 

V Changes in magnitude and orientation of the stress distribution due 
to rock mass excavation also contributes to the formation of new 
discontinuities especially for discontinuity set 2 and set 3. 

VI Weathering has little influence on the large-scale roughness of 
discontinuities, but has a significant effect on small-scale roughness. 
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Weathering may decrease the shear strength of discontinuities due to 
the weathering of the discontinuity surfaces. On the other hand, it 
may increase the shear strength due to precipitation of strongly 
compacted or cemented weathering products such as iron oxide as 
infill materials. This is further elaborated in chapter 5. 

 
Knowing the development due to weathering of new mechanical discontinuity 
sets that were not present and visible at the design stage has an important 
engineering implication. Slope design can be adjusted to anticipate the 
development of new discontinuities and new discontinuity sets over the 
engineering lifetime. This research shows that the effect of weathering on 
rock mass properties can be predicted in terms of an increase in the number 
of discontinuity sets as well as an increase of the number of discontinuities in 
each set, and the future pattern and spacing of discontinuities from studies of 
the integral or incipient discontinuities present. 

7.1.3 Objective 3: to assess the effect of iron solution and 
precipitation; and their influence on the stability of cut 
slopes 

In tropical areas, the effect of chemical weathering processes on rock masses 
is often more prevalent than the effects of physical weathering. The effect is 
not just confined to decomposition of rock forming minerals, but also 
facilitating the development of weathering zones in rock masses due to 
oxidation and solution processes. In this research, the effect of iron solution 
and oxidation processes and their influence on the general stability of cut 
slopes are investigated and assessed and the outcome of the research is 
presented in chapter 5. The source of the iron solution is from the oxidation 
of pyrite (FeS2) minerals that are commonly associated with the sedimentary 
rocks in Kota Kinabalu area (Burgan and Ali, 2009; Hutchinson, 2005; 
Stephens, 1956; Van Haatum et al., 2003). 
 
The specific findings of the research related to objective 3 are: 
I Four zones have been identified in rock masses at an elevated area; 

i.e. “surface oxidation zone”, “oxidized zone”, “dissolved zone”, and 
“slightly weathered to fresh rock zone”. Iron precipitation is mostly 
observed in the oxidation zone either along the discontinuities or 
within the intact rock. Visually, the zones with oxidation are brownish 
to brownish-grey coloured. In the dissolved zone, the dominant 
process is dissolution of cementing and rock forming materials that 
reduces durability of the intact rock material. This zone is 
characterized by a greyish colour. In the slightly weathered to fresh 
rock zone, the effect of chemical processes is limited to staining of 
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discontinuity walls. The original colour of the intact rock is still 
maintained. 

II Iron precipitation along discontinuity surfaces in rock masses is 
classified into three main types; i.e. staining, coating, and cementing. 
Iron concentration in each precipitation type increases from staining 
via coating to cementing. 

III Weathering zones and its association with particular types of iron 
precipitation have a significant influence on the properties of 
discontinuities and rock masses. Iron precipitation increases the 
shear strength of discontinuities by stronger and harder discontinuity 
walls, more rough walls, and by forming bridges or continuous 
cemented infill. This is shown by the inter-block and sliding friction 
values and validated by visual observation of slope stability in the 
field. 

 
The present study shows that oxidation processes will cause iron precipitation 
in discontinuities as well as within intact rock, while in other zones iron is 
removed by dissolution. The presence or absence of secondary iron minerals 
has a marked influence on the properties of the rock mass and 
discontinuities. Susceptibility to weathering of sandstone with iron-
precipitated discontinuities is reduced. Therefore, in stability analyses the 
presences of weathering zones should probably be added to the description of 
the “condition of discontinuity” in rock mass descriptions and classification 
systems. 

7.1.4 Objective 4: to assess the predictive power of several 
selected landslide causal parameter groups, which 
include the effect of deterioration processes (road 
excavation time) in the analysis of landslide 
susceptibility maps (LSM) for the northern part of Kota 
Kinabalu 

The focus of objective 4 is to determine the relative importance of landslide 
causal parameter groups in the development of LSM. The landslide causal 
parameters have been group into four main group i.e. geological, 
topographical, anthropogenic, and hydrological groups and their relative 
contribution was assessed based on the area under curve (AUC) value if 
particular group was excluded in the analysis. Subsequently the final LSM 
was produced by using an appropriate combination of landslide causal 
parameter groups that resulted the highest AUC value. 
 
The specific finding of the research related to objective 4 are: 
I The most significant landslide causal parameter groups are the 

anthropogenic (elevation, land use/land cover, distance to road and 
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excavation time) and topographical (slope aspect and slope angle) 
groups, whereas the least important are the geological (lithology, 
distance to structure, structure density) and hydrological (distance to 
river, drainage density) groups. 

II The elevation factor is mainly related to the human activities rather 
than the properties of material at a particular elevation class. It 
influence may also be enhanced by other factor classes such as the 
slope angle. 

III The role of a certain landslide causal parameter class may not be 
significant due to the scale (regional) of investigation. 

IV The effect of rock mass deterioration factor (excavation time) is quite 
significant in predicting landslides. Most landslides occurred along 
roads constructed more than 30 years old, thus related to 
deterioration processes. However, landslide/slope failure, especially 
on cut slopes may also be governed by the discontinuities condition 
of rock mass and existing mitigation measures at certain parts along 
the roads. Thus, these areas are still subject to site investigation to 
verify their stability. 

 
The LSM of the northern Kota Kinabalu area is developed based on the 
combination of anthropogenic, topographical, and hydrological groups with an 
AUC value of 0.8108. The LSM consists of 43.85% area classified as very low 
to low susceptibility to landslide, 20.74% moderately susceptible and 35.42% 
is highly susceptible to landslide. The LSM can be used as a basic tool to 
anticipate and evaluate possible landslide related hazards at the early phase 
of regional development planning.  

7.2 Future research directions 
Generally, weathering is controlled by two main factors i.e. climatic factor and 
the type of parent materials (rock type). In the present study, the 
quantification of weathering (which also includes stress relief) is limited to 
the thick to very thick-bedded sandstone unit (SST unit) in a humid tropical 
environment only. The methodology used in this research is also likely to be 
applicable to areas with other climates. Therefore, it is suggested that for the 
future studies other types of rock in different climatic environments should be 
used. Further studies should also be done to other properties such as the 
discontinuity spacing reduction, as reduction of discontinuity spacing is 
controlled by weathering. The determination of intact rock strength follows 
the "simple means" field tests, which may be quite subjective to non-
experienced researchers. Therefore it is recommended that less experienced 
engineers use other testing methods such as the “Equotip hardness tester" 
(Verwaal and Mulder, 1993) or other relevant tools appropriate for weak 
weathered rock. 
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This research also shows that it is possible to forecast the number of 
discontinuity sets and the future pattern and spacing of discontinuities in SST 
units from studies of the integral or incipient discontinuities present. This is 
likely very important for engineering works. However, this possibility needs 
further testing in other areas with different geological and climatic 
environments. It should also be noted that the assessment of the geological 
history of a particular area, which may influence the magnitude and 
orientation of stresses in rock masses, might be very useful in forecasting 
future discontinuity patterns and properties. 
 
Further research is needed to determine the properties of weathering zones, 
which may include details on mineralogical analysis and other properties. The 
influence of iron precipitation on the shear strength of a discontinuity is 
determined based on empirical equations (Barton’s discontinuity inter-block 
friction angle (Equation 5.2) and SSPC sliding criterion (Equation 5.3)) and 
it is recommended that future studies include laboratory testing for 
verification. 
 
The utilization of LIDAR data for preparation of a landslide inventory map and 
other factor maps (slope gradient, aspect etc.) is recommended for future 
development of landslide susceptibility maps. LIDAR data have been used to 
detect landslide diagnostic features under dense tropical forest. Landslide 
susceptibility maps should also be prepared using a multivariate statistical 
method in order to determine the contribution of each landslide causative 
factor in the future. 
 
It is acknowledged that different types of landslides are caused by a certain 
set of causal factors (van Westen et al., 2003; Zezere, 2002). Therefore, it is 
suggested that a better identification and selection of causal factor data 
input, taking into consideration landslide typology should be done in the 
future. In addition, a thorough knowledge and understanding of mechanical 
processes involved in landslides and slope failure and geological evolution of 
the area is essential for the personal who are going to prepare the LSM in 
order to correlate landslides/slope failures occurrence and onsite conditions 
of causal factors. 
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Summary 
Deterioration processes, especially weathering is one of the main causes for 
slope failures in man-made slopes. Weathering will progressively affect the 
durability of man-made slopes by decreasing intact rock strength, increasing 
the number of discontinuities, formation of new discontinuities in intact rock, 
and decreasing shear and tensile strength along discontinuities. These effects 
are complemented by the effect from stress relief, as a result of overburden 
removal or slope excavation. 
 
Weathering and stress relief effects are often prominently present along 
transportation corridors shown by failures of slopes before the intended 
"engineering lifetime" ends. Even though, the importance of different 
weathering grades at the time of excavation has been acknowledged and 
taken into consideration in slope design criteria, future degradation of slope 
material has not been anticipated and is often neglected. The reasons are 
related to the question "how to incorporate future deterioration (particularly 
weathering and slope relief) into slope design". In order to answer this 
question there is a need to establish the relationship between deterioration 
processes and exposure time, which is related particularly to the weathering 
intensity rate. Subsequently, quantitative factors for weathering to 
incorporate in slope design have to be developed including weathering effects 
such as the development of new discontinuities and the change in condition 
of discontinuities. Based on the relationship between deterioration processes 
and exposure time information; man-made slope excavation time can be 
used as a parameter map in the development of landslide susceptibility 
maps. 
 
This research presents the result of the above-mentioned development of 
quantitative factors for a particular type of rock (thick - very thick bedded 
Sandstone unit) in a humid tropical environment at northern Kota Kinabalu, 
Sabah Malaysia. Characterization of the rock units is based on an extensive 
and detailed field observations coupled with simple physical testing on intact 
rock strength in the field. The rock mass was delineated into several 
geotechnical units based on bedding thickness, lithological type, bedding 
thickness ratio between different lithology, and weathering grade. Weathering 
grades of rock masses are determined visually based on BS 5930 (1981). 
Characterization per geotechnical unit is done in quantified values based on 
Slope Stability Probability Classification (SSPC) methodology (Hack et al., 
2003). Intact rock strength is estimated by using “simple means” method, 
which used hand and geological hammer based on IRS estimation procedure 
in BS 5930 (1981) and BS 5930 (1999). 
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The quantitative factors development is based on the changes of intact rock 
strength (IRS) value per unit time within the engineering time due to 
weathering processes, which is also defined as "weathering intensity rate". 
The intact rock strength value changes with exposure time decreases non-
linearly with time and is best portrayed by a logarithmic function: 
 

𝐼𝐼𝑅𝑅𝑆𝑆𝑡𝑡 = 105 +  34 log  (1 + 𝑡𝑡) 
 
𝐼𝐼𝑅𝑅𝑆𝑆𝑡𝑡  (in MPa) is the intact rock strength of sandstone at the time (t), t is the 
time since exposure in years. The constant 105 is the initial value of the IRS 
in MPa of the fresh SST unit at the time of excavation (i.e. at exposure time 0 
year), and 34 is the apparent reduction rate in MPa/(log [year]) for the SST 
unit. 
 
Similarly, the prediction of future geotechnical parameters (i.e. cohesion and 
friction angle) can be done by utilizing an empirical equation for rock mass 
stability such as in Slope Stability Probability Classification (SSPC) method. 
Thus, better man-made slope design can be done by anticipating the 
reduction of the geotechnical parameters at particular lifetime. 
 
To evaluate the effect of weathering on the development of discontinuities in 
rock, the rock mass discontinuity geometry (orientation, spacing, and 
persistence) and condition of discontinuity (roughness and infill) are 
organized based on weathering grade and analysed using the Fisher 
distribution in Dips software. It is found that three dominant sets of 
discontinuities have been developed in the SST unit due to the weathering 
processes, the spacing for all discontinuity sets decreases with increase in 
weathering grade due to the formation of new discontinuities from 
integral/incipient discontinuities into mechanical discontinuities, and the 
development of new discontinuities is sequential based on the weathering 
grade. 
 
In tropical areas, chemical weathering processes (such as oxidation and 
dissolution) will result in the formation of oxidation and dissolved zones. 
These zones can be distinguished based on their visual appearance (colour) 
and presence of iron precipitation. The oxidation zone is brownish to 
brownish-grey in colour and iron precipitation is very common, whereas the 
dissolved zone is greyish in colour and iron precipitation is less. Three types 
of iron precipitation can be distinguished i.e. stained, coated, and cemented. 
These precipitation types exert different influences on the stability of man-
made slopes as demonstrated by the results of rock discontinuity shear 
strength analyses using empirical equations, i.e. the inter-block shear 
strength (Barton et al., 1974) and the sliding criterion (Hack & Price, 1995). 
Cemented discontinuities have a larger shear strength than the coated and 
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stained discontinuities for the same weathering grade. Analyses of samples 
using a portable X-ray fluorescence (XRF) instrument for the three types of 
iron precipitation show that the total iron content for stained, coated, and 
cemented discontinuities are 2%, 5% and 20% respectively. The iron content 
also controls the characteristics and properties of condition of discontinuities 
(roughness, infill, and resulting shear strength). 
 
The influence of exposure time factor (road excavation time) is related to the 
deterioration of man-made slopes in time. Slopes along older roads are likely 
more prone to slope failure compared to slopes along newer roads. This 
factor has been reclassified into two subclasses; road constructed more than 
30 years and road constructed less than 30 years ago. It was used as one of 
the parameters in the assessment of a Landslide Susceptibility Map (LSM) of 
the northern Kota Kinabalu area. The result shows that landslides mostly 
occurred along older roads, thus confirming the hypothesis. However, slope 
stability or landslides along roads may be also governed by the local 
discontinuity conditions and the existing mitigation measures applied at some 
parts of the roads. The current scale of investigation is not be able to capture 
the contribution of these factors, thus site investigation is essential to verify 
their stability. The analyses also revealed that the important landslide causal 
parameters are the anthropogenic and topographical parameters, whereas 
the least important are the geological and hydrological parameters. The LSM 
of the northern Kota Kinabalu area is developed based on the combination of 
anthropogenic, topographical, and hydrological parameters with an AUC value 
of about 0.8108. It can be used as basic tool to anticipate and evaluate 
possible landslide related hazards at the early phase of regional development 
planning. 
 
In conclusion, the research shows that the deterioration of intact rock 
properties such as the intact rock strength (IRS), and time relations between 
weathering and deterioration allow prediction of the reduction of properties at 
the end of the "serviceable lifetime" of the slopes made in the SST unit. This 
is likely also applicable to man-made slopes in other humid tropical areas, 
where similar weathering processes are the main reason for degradation of 
the rock mass after excavation. The methodology used in this research to 
establish a weathering–time relation is likely applicable to areas in other 
climates as well. Furthermore, the research also shows that the effects of 
weathering processes on rock mass properties can be predicted in terms of 
an increase in the number of discontinuity sets as well as an increase of the 
number of discontinuities in each set and the future pattern and spacing of 
discontinuities from studies of the integral or incipient discontinuities present. 
The presence or absence of secondary iron minerals also has a marked 
influence on the properties of the rock mass and discontinuities. 
Susceptibility to weathering of sandstone with iron-precipitated 
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discontinuities is reduced. Therefore, in stability analyses the presences of 
weathering zones should probably be added to the description of the 
“condition of discontinuity” in rock mass descriptions and classification 
systems. 
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Samenvatting 
Verwering is een van de hoofdredenen voor instabiliteit in uitgegraven 
hellingen. Verwering zorgt voor een voortschrijdend verval van het materiaal 
dat de helling vormt door vermindering van de intacte gesteente sterkte, 
toenemend aantal breuken, en afnemende schuif- en treksterkte langs en 
over de breuken. Deze processen worden versterkt door het optreden van 
druk ontspanning door verwijdering van bovenliggende grond en het 
uitgraven van de helling.  
 
De gevolgen van verwering en drukontlasting zijn vaak duidelijk zichtbaar 
langs wegen en andere transport corridors in de vorm van helling instabiliteit 
voordat het zogenaamde eind van het ontwerp levensduur van de weg is 
bereikt. Meestal wordt wel onderkent dat de graad van verwering tijdens het 
maken van de helling in de berekening van de helling stabiliteit voor het 
ontwerp moet worden opgenomen, echter vaak wordt geen rekening 
gehouden met verdergaande verwering tijdens de gehele bestaan van de 
helling. De reden hiervoor is meestal dat er geen of weinig bekend is over 
hoe de verwering over tijd kwantitatief de gesteente eigenschappen 
beïnvloed. Daarom is het noodzakelijk dat onderzoek wordt gedaan om 
relaties te vinden die de vermindering over tijd geven van gesteente massa 
eigenschappen. Dergelijke relaties kunnen behalve in het ontwerp van 
hellingen ook worden gebruikt in zogenaamde “landslide susceptibility maps”. 
Dit zijn kaarten die de waarschijnlijkheid van het voorkomen van instabiliteit 
in hellingen aangeven. 
 
Het onderzoek beschreven in deze thesis betreft het ontwikkelen van 
kwantitatieve factoren voor het voorspellen van de strekte afname van 
gesteente eigenschappen over tijd voor de “thick to very thick bedded 
Sandstone unit” in het tropisch-vochtige klimaat in het Noorden van Kota 
Kinabalu, Sabah, Malaysia. Karakterisering van de gesteentes is gedaan in 
uitgebreide en gedetailleerde beschrijvingen van de gesteentes in het veld 
gecomplementeerd met simpele fysische, mechanische, en chemische tests. 
De gesteente massa’s zijn eerst ingedeeld in units gebaseerd op bedding 
dikte, lithologie, bedding ratio van verschillende afwisselende lithologieën, en 
graad van verwering. Graad van verwering is visueel bepaald gebaseerd op 
BS5930 (1981). Karakteristieken van de gesteentes zijn kwantitatief bepaald 
per geotechnische unit gebaseerd op de Slope Stability Probability 
Classification (SSPC) methodologie (Hack et al, 2003). Intact gesteente 
sterkte is geschat met gebruik van de zogenaamde “simple means” 
methodologie, welke gebaseerd is op het gebruik van hand en geologische 
hamer voor schatting van de IRS (BS 5930, 1981, 1999). 
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Het ontwikkelen van de kwantitatieve relaties met tijd is gebaseerd op de 
intacte gesteente sterkte (IRS) per tijdsunit. De gevonden relatie is: 
 

𝐼𝐼𝑅𝑅𝑆𝑆𝑡𝑡 = 105 +  34 log  (1 + 𝑡𝑡) 
 
𝐼𝐼𝑅𝑅𝑆𝑆𝑡𝑡  (in MPa) is de intacte gesteente sterkte op tijd (t), t is de tijd sinds 
uitgraven in jaar. De constant 105 is de initiële waarde van de IRS in MPa van 
de onverweerde SST unit op het tijdstip van uitgraven, en de constant 34 is 
de zogenaamde “apparent reduction rate” in MPa/(log [jaar]). Vergelijkbare 
relaties kunnen ontwikkeld worden voor andere gesteente massa parameters, 
zoals cohesie en frictie uit het SSPC systeem. In dit onderzoek zijn verder 
bestudeerd de ontwikkeling van nieuwe breuken door verwering en hoe die 
zich verhouden met de al bestaande breuken in het gesteente. 
 
In tropische gebieden speelt chemische verwering een belangrijke rol zoals 
door de ontwikkeling van oxidatie en oplossingszones in het gesteente. De 
chemische processen in deze zones kunnen een bijdrage leveren aan de 
verzwakking van het gesteente door oplossing, echter ook door precipitatie in 
breuken en intact gesteente een versterking van het gesteente geven. Deze 
zones hoeven en zijn vaak niet gelijk aan de verwering units. In het ontwerp 
van hellingen dient hiermee rekenen te worden gehouden. 
 
De invloed van tijd na uitgraving in de toekomstige stabiliteit van hellingen is 
een belangrijke factor in het maken van “landslide susceptibility maps”. Dit is 
aangetoond door tijdsfactoren te gebruiken in het maken van deze kaarten. 
Deze laten zien dat veel helling instabiliteit voorkomt langs oudere wegen 
indien geen onderhoud is gepleegd en dat er een relatie is tussen de 
hoeveelheid hellingsinstabiliteit en de ouderdom van de hellingen. Dit 
bevestigd de hypothesis dat tijdsfactoren noodzakelijke zijn en gebruikt 
dienen te worden in “landslide susceptibility maps”. 
 
Concluderend kan worden gesteld dat tijdsafhankelijk verval van gesteente 
eigenschappen een belangrijke factor is in het ontwerpen van stabiele 
hellingen. Daarbij moet worden aangetekend dat het simpelweg aannemen 
dat altijd een verzwakking optreedt niet juist hoeft te zijn, maar dat 
chemische processen ook een versterking van de gesteente massa kunnen 
bewerkstelligen. Het onderzoek is gelimiteerd tot tropisch-vochtige condities 
en tot zandsteen zoals deze voorkomt in Kota Kinabalu. Echter het is 
waarschijnlijk dat de gevonden resultaten ook toepasbaar zijn op zandstenen 
in andere tropische regio’s, en misschien ook op andere gesteentes. 
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