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Preface

Almost all structures constructed on earth will transmit their load to the earth through their foun-
dation. In other words, foundation is the lowest part of a structure, which is in contact with the soil
and transmits the load of the structure to the ground. Therefore the design of the foundation is very
important to ensure the stability of the structure it supports. Foundations are generally divided into
two categories — shallow foundation and deep foundation.

A shallow foundation is foundation built near or at ground (soil) or rock surface. This foundation
is placed on firm soil near the ground and beneath the lowest part of the superstructure. Examples
of these foundations are pad footing and spread footing. Deep foundation on the other hand is
foundation that transmits structural loads to deeper soils or rock layers that are far from the surface.
This foundation is constructed on a soil that is not firm, and transmits the load of the structure
considerably below the ground of the lowest part of the superstructure. Deep foundations can be
divided into two categories, that is pile foundation and drilled pier foundation or caisson. Piles are
normally columns made of concrete, wood, plastic or steel that are driven into the ground. Drilled
pier or caisson on the other hand is a special pile made of cast in situ concrete inside a bored or
drilled hole.

Design methods for a pile foundation can generally be regarded as a mixture of rational and
empirical techniques, and tend to vary between geographical regions, partly from the instructor’s
influence and partly because there are few “design absolutes” since we do not fully understand the
behavior of a foundation. Rational techniques are those developed from the principles of physics
and science, and are useful ways to describe mechanisms we understand and are able to quantify.
Conversely empirical techniques are based on experimental data and local experiences on physical
mechanisms where we have a limited understanding only.

In a developing tropical country such as Malaysia, documented works on local foundation engi-
neering practices to date, can best be described as fragmented. For a country that has enjoyed
rapid infrastructure development over the last two decades, it is felt necessary to compile these
experiences in a more orderly manner for the benefits of the newer generation and practicing engi-
neers as well as students. The outcome of such efforts is this book. We envisage this book to be
a valuable reference not only for tropical Malaysia but also for other countries with similar geol-
ogy and climate. One of the keys to successful foundation engineering is to understand the mix
between rationalism and empiricism, the strengths and limitations of each, and how to apply them
to practical design problems.

Bujang B.K. Huat
Faisal Haji Ali
Husaini Omar

Harwant Singh
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CHAPTER 1

Foundation Engineering in Tropical Soils

Bujang B.K. Huat
Department of Civil Engineering, University Putra Malaysia, Malaysia

Faisal Hj. Ali
Department of Civil Engineering, University of Malaya, Malaysia

1.1 BRIEF HISTORY OF FOUNDATION ENGINEERING

Almost all structures constructed on earth will transmit their loads to the earth through their foun-
dations. Essentially, the foundation is the lowest part of a structure that is in contact with the soil
and transmits the load of the structure to the ground. Therefore the design of the foundation is very
important to ensure the stability of the structure it supports. Although the importance of building
a good foundation for any construction has been recognized for thousands of years, the discipline
of foundation engineering, as we know it today, was not developed until about the early nineteenth
century. The early foundation design was mainly based on general knowledge and past experience.
For example, stone masonries were built in the New York City supported by foundation made of
compacted gravel and of dimension 1.5 times the width of the wall.

Eiffel tower in Paris (Figure 1.1) is a good example of a new structure based on the principle of
“modern” foundation engineering. Alexander Gustave Eiffel built the tower in 1889. Eiffel realized
that a good foundation is vital for the tower in order not to suffer the same fate as the Leaning

(@) (b)

Figure 1.1. (a) Eiffel tower in Paris (s#tp:/www.intermac co.uk/homepage/nhotographs/vlaced/paris/
effieltower.jpg). (b) Leaning tower of Pisa (1ttn://hwlaartgallery com/nhoto%?2(0Alhum htm),

1
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2 FOUNDATION ENGINEERING: DESIGN AND CONSTRUCTION IN TROPICAL SOILS

tower of Pisa in Italy. Before constructing the tower, Eiffel had invented a “new” method of soil
exploration. The method included driving into soil 200 mm diameter pipe filled with compressed
air. The air prevented ground water from entering the tube thus enabling high quality soil samples
to be obtained. Based on this study of in situ soil condition, Eiffel had successfully identified and
thereby avoided areas of soft ground that could cause problems to the tower. He was therefore able
to place all four feet of the tower on suitable foundation on firm ground.

Today, our knowledge of design and construction of foundations is far more advanced than it
was hundreds of years ago. We can now design foundations that are reliable, cost saving and of
high capacity for various types of modern structures.

Modern foundation engineering can be said to comprise various disciplines. This would include
structural engineering, geotechnical engineering and construction engineering.

1.2 FOUNDATION ENGINEERING AND TROPICAL SOILS

Design methods for a modern foundation can generally be regarded as a mixture of rational and
empirical techniques, and tend to vary between geographical regions, partly from instructor’s
influence and partly because there are few “design absolutes”. This is because we still do not fully
understand the behavior of a foundation. The rational technique was developed from the principles
of physics and science, and is useful to describe mechanisms we understand and are able to quantify.
Conversely, the empirical technique is based on experimental data and local experience of physical
mechanisms, of which we only have a limited understanding.

Most of the theories used in our foundation design tend to be those that have been developed
based on the experience of construction on temperate zone soils, which mostly consist of transported
(sedimentary) type of soils. But in tropical countries where soils can be literally classified as tropical
soils, the mode of formation and hence the physical properties of the soils somewhat differ. This
would inevitably affect the way we design and construct our foundation. This is because a key to
successful foundation engineering is to understand the mix between rationalism and empiricism,
the strengths and limitations of each, and how to apply them to practical design problems.

Areas with tropical climates (the 4 category climate in the Koppen Classification System) are
extensive, occupying almost all of the continents between latitudes 20°N to 20°S of the equator as
illustrated in Figure 1.2.

.- Tropic of Cancer LR .
b Y
Ir!'

Equator k
m“mic of Capricorns i Q

{ y !

\g Lf v

Figure 1.2. Areas with a tropical climate. (Source: World Wide Web, hiip://www.nciwr.org.auw/image/
tropic-map.jpg).
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FOUNDATION ENGINEERING IN TROPICAL SOILS 3

The key criterion of an 4 category climate is for the coolest month to have a temperature of
more than 18°C making it the only true winterless climate category of the world. The consistent
day lengths and almost perpendicular sun angle throughout the year generates temperatures above
18°C. Another characteristic is the prevalence of moisture. Warm, moist and unstable air masses
frequent the oceans at these latitudes. As a consequence, this climate zone has abundant sources
of moisture giving rise to high humidity.

Due to this climatic condition, weathering of parent rocks (igneous, sedimentary or metamor-
phic), mainly chemical weathering, is the main agent for soil formation in the tropics. The soils
formed by weathering are largely left in place, thereby literally called residual soil, and whose
character depends on the parent rock it develops from. For example, residual soil on weathered
granite will initially be sandy, as sand-sized particles of quartz and partially weathered feldspar are
released from the granite. The partially weathered feldspar grains will gradually over time further
completely weather into fined-grained clay minerals. As the resistant quartz does not weather, the
resulting soil will have both sand-sized quartz and clay. This will further change over time as this
residual soil that develops from granite may become more clayey. However, the influence of the
parent rock decreases over the passage of time. After a sufficient time period, the differences in
the residual soils from different types of rocks i.e. igneous, sedimentary and metamorphic may be
obliterated. The present or absence of coarse grains quartz in the parent rock becomes the only
vestige that survives and has a long-term significance.

In addition to the influence of parent rocks, residual soils in the tropics, have a vertical soil
section, called the soil profile, which consists of a distinct layering termed the soil horizons formed
more or less parallel to the ground surface. These genetically related horizons are a reflection of
the weathering process. The soil profile also has a weathering aspect that gives rise to a vertical
weathering profile that is a critical aspect from the engineering perspective. The weathering profile
reflects the state of weathering along the soil profile or vertical soil section from the bedrock
(unaltered parent rock) to the ground surface. It consists of material that shows progressive stages
oftransformation or “grading” from fresh rock to completely weathered material towards the ground
surface. The weathering profile portrays considerable variation from place to place due to the local
variation in rock type and structure, topography and rates of erosion because of regional climatic
variation, particularly rainfall. The entire weathering profile, generally, indicates a gradual change
from fresh rock to a completely weathered soil as illustrated in Figure 1.3.

Larger expanses of residual soils with greater depths, due to active weathering leading to residual
soil formation, are normally found in tropical humid regions, such as Northern Brazil, Ghana,
Malaysia, Nigeria, Southern India, Sri Lanka, Singapore and the Philippines. The depth of these
soils may extend to several hundred meters.

In addition to the residual soils, transported soils are also found in the tropics, though in terms
of coverage, but not necessarily in the order of significance, they are less in extent than the residual
soils. Transported soils by definition are soils that are formed from materials formed elsewhere and
which have moved to the present site where they constitute the unconsolidated superficial layer.
The physical processes through the operation of their agents of transportation i.e. mainly gravity
and water have dislodged, eroded and transported soil particles to their present location.

Figure 1.4 shows an example of a simplified soil map of Malaysia, one of the countries in the
tropics. As shown, about 70% of the country’s land area is covered by residual type soils, while the
remaining 30% is marked as alluvial, and falls under the category of transported soils. By virtue of
their location (they are mostly found along the coast), these soils are called the coastal alluvium.
Alluvial soils, which are also known as fluvial soils or alluvium, are soils that are transported by
rivers. Marine soils are also deposited in water, but by salt water. These soils are normally found
in engineering because many engineering structures are actually built on them. They often fall into
the category of soft soils because of their low strength and high compressibility.

Another type of soils found in the tropics is the organic soils. By definition, organic soils are soils
with more than 20% organic matter while peat is organic soil with more than 75% organic matter.
Other components of soils may include sand, silt and clays. Peat actually represents an accumulation
of disintegrated plant remains, preserved under condition of incomplete aeration and high water

Copyright 2006 by Taylor & Francis Group, LLC



4 FOUNDATION ENGINEERING: DESIGN AND CONSTRUCTION IN TROPICAL SOILS
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Figure 1.3.  Typical weathering profile in granitic rock soil profile (Little 1969).

Brunei

South China Sea

LEGEND:
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/] Residual (Sedimentary rock) soil
[1 coastal/river alluvium

Figure 1.4. Simplified soil map of Malaysia (Huat et al. 2002).

content. It accumulates wherever conditions are suitable, that is, in areas of excessive rainfall and
where the ground is poorly drained, irrespective of latitude or altitude. Nonetheless, peat deposits
tend to be most common in those regions with a comparatively cool wet climate. Physico-chemical
and biochemical process cause this organic material to remain in a state of preservation over a long
period of time. In other words, waterlogged poorly drained conditions, not only favor the growth
of particular types of vegetation but also help preserve the plant remains.

Peat and organic soils represent the extreme form of soft soil. These soils are generally regarded
as problematic soils as they are subject to instability such as localized sinking and slip failure,
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Figure 1.5. A cross section of a housing estate on peat (a) immediately after completion of construction,
(b) several years after completion of construction (scale exaggerated) (Huat 2004).
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Figure 1.6. Tropical peat lands of Southeast Asia (Huat 2004).

and massive primary and long-term settlement when subjected to even moderate load increase.
Buildings on peat are usually suspended on piles, but the ground around it may still settle, creating
a scenario as depicted in Figure 1.5.

In addition, there is discomfort and difficulty of access to the sites, tremendous variability in
material properties and difficulty in sampling. These materials may also change chemically and
biologically with time. For example, further humification of the organic constituents would alter
the soil mechanical properties such as compressibility, shear strength and hydraulic conductivity.
Lowering of ground water may cause shrinking and oxidation of peat leading to humification with
a consequent increase in permeability and compressibility. In short, these types of soils bring many
problems to engineering, especially to the foundation.

Nearly two-thirds of the world’s tropical peat lands of about 30 million hectares, are found in
Southeast Asia (Figure 1.6). In terms of thickness, these deposits vary from just a few meters from
the ground surface to tens of meters (Huat 2004).
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Figure 1.7. Formation of tailing soils in gravel pump mining (Chan & Hong 1985).
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Figure 1.8. Possible subsurface profile in ground subjected to gravel pump mining (Chan & Hong 1985).

The ex-mining land can also be categorized as soft soil. The mining industry in Malaysia (or
specifically the tin mining industry) for example, can be traced back many years. As a result,
the mining process has disturbed vast areas of natural ground. The mining activity leaves behind
ponds, loose sandy soils, and slime deposits in the pond or on land. Slime is waste from mining
and comprises very soft silty clay containing some fine sand. Figure 1.7 illustrates the process in
the formation of tailing soils during a gravel pump mining. The tin-bearing soils are slurry that is
then washed into a sump from where it is pumped to the top of the “palong”. Here the heavy tin ore
is separated from the rest of the soil slurry which now is referred to as the tailings, a waste product.
This process produces two main types of soils: (i) loose to very loose sand and some gravel near the
discharge point, and (ii) soft to extremely soft silty clay, often referred to as slime. To complicate
matters, the discharge point is shifted now and then, and the end result may resemble the soil
profile shown in Figure 1.8. Considering the nature of alluvial tin mining, it is clear the degree
of disturbance is very severe resulting in drastic changes to particle size distribution, and hence
changes in all the geotechnical properties of the soil. Note that mining by the dredging method
produces a significantly different soil profile. Often the same ground may have been mined twice
or possibly even three times using one or both methods of mining. Thus the tailing soil profile can
be expected to be complicated and this is a characteristic feature of ex-mining land.
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Figure 1.9. Karstic features of limestone bedrock (Chan & Hong 1985).

In Malaysia, the underlying rock of the tin mining area is usually limestone, of depths that vary
from about 5m to 50 m below the ground surface. Due to the weathering process, the limestone
generally develops karsts features such as cliffs, pinnacles, solution channels, cavities, overhangs
and sinkholes as shown in Figure 1.9. For such areas, it is not an easy task to plan the subsurface
investigation and interpret the results. Apart from this, karstic features also pose considerable
difficulties not only in the design but also in the construction of both deep and shallow foundations.

Sinkholes are a hazard to both shallow and deep foundations including piling. A sinkhole is a
natural phenomenon in which the ground surface suddenly sinks in resulting in a large hole being
formed. The presence of solution channels and underground cavities (or caverns), are sometimes
favorable for seepage and underground flow of water which, by gradual removal of parts of the
overlying soil, eventually form the substantial void (cavity) in the soil. This void may remain intact
for a considerable period due to arching action until some disturbing agency causes the soil arch
roof'to collapse suddenly. The disturbing agency may be man-made, e.g. vibration from pile driving
or lowering of ground water level; or it may be natural, e.g. earth tremors. The mechanism of the
formation of a sinkhole has been described in detail by Jennings et al. (1964).

1.3 CLASSIFICATION OF FOUNDATION

Foundations are generally divided into two categories: shallow foundation and deep foundation
(Figure 1.10). Shallow foundations are foundations built near or at ground (soil) or rock surface. This
foundation is placed on a firm soil near the ground and beneath the lowest part of the superstructure.
Examples of these foundations are pad footing and spread or raft footing. Deep foundation on the
other hand is foundation that transmits structural loads to deeper soil or rock layer that is far from
the surface. This foundation is the one, which is constructed on a soil that is not firm, and transmits
the load of the structures considerably below the ground of the lowest part of the superstructures.
Deep foundation can be divided into the following categories: pile foundation, drilled shaft or
bored pile foundation, caisson, auger cast piles, pressure injected footing and micro piles.

Piles are normally columns made of concrete, wood, steel or plastic, as well as composites such
as concrete-filled steel pipe or plastic-steel composite, driven into the ground. Drilled shafts (also
commonly known as bored piles) are special piles made of cast in situ reinforced concrete inside a
bored or drilled hole. Caissons are prefabricated cylinders or boxes that are sunk into the ground to
some desired depth, and then filled with concrete. Auger piles are constructed by drilling slender
cylindrical holes into the ground using a hollow stem auger, and then pumping grout through the
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8 FOUNDATION ENGINEERING: DESIGN AND CONSTRUCTION IN TROPICAL SOILS

/ roundsions \

Shallow Foundations Deep Foundations
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Figure 1.10. Classification of foundation.

auger while it is slowly retracted. Pressure injected footings use cast in situ concrete that is rammed
into the soil using a drop hammer. Micro piles or mini piles are small diameter piles formed by
drilling and then the hole grouted with reinforcement of high tensile steel bars or pipes.

In Malaysia, the development of pile systems to suit the varied tropical ground conditions has
come a long way (Ting 1998). The earliest commonly used piles to support up to medium rise
structures in poor ground was the 300 x 300 mm and 375 x 375 mm square section reinforced
concrete (RC) pile with grade 20 concrete, cast in situ as there was then no pile manufacturing
facilities. For smaller structures and shallow depths (up to about 6 m) of poor ground with a high
ground water table, bakau (mangrove tree, which is a type of timber pile) were used. Treated timber
piles were later introduced. With the availability of modern pile manufacturing facilities, precast
RC piles are now easily available. The production of driven pre-cast pre-stressed spun concrete
piles, originally developed in Japan, is a fully developed industry in Malaysia, because of the ease
in handling and its suitability in a wide range of formations found in Malaysia, ranging from soft
clay/loose sands to the harder formations.

Drilled shafts, which are also known as drilled piers, or more commonly referred to as bored
piles in Malaysia, have been found to be suitable in urban areas not only because of environment
requirements but also to cater for the deep weathered formation. For heavier loads and larger
diameters drilled shaft (up to 1.5 m), equipments have been developed to core suitable depths in
underlying rock formations to form the pile socket (Ting et al. 2004). Hand dug caissons are
sometimes used in steep terrain with limited space.

Micro piles (a.k.a. mini piles) of diameter 150-300 mm are used especially for underpinning
of existing structures in distress, as well as support for structures (buildings and bridges) in dif-
ficult ground conditions, particularly in shallow karsts limestone formations, boulders in granite
formations as well as soft ground over shallow hard formation (Ooi et al. 2004).

Patented pile systems such as the pressure injected footings (Franki pile) and auger piles, and
steel H piles are also available.

In special circumstances such as footing for tank on soft alluvial ground, or deep basement with
heavy loads over karstic limestone formation, raft and pile raft foundations, and barrette piles are
used. To overcome the potential danger from slump zone at the contact between the pile toe and
the limestone, compaction grouting is often carried out to infill the slump zone.

1.4 UNDERSTANDING THE BEHAVIOR OF FOUNDATION AND STRUCTURE
In foundation engineering, it is important that we draw on the experiences of past practices. As a

matter of fact, many of the empirical methods that are used in foundation design are based on obser-
vations of the behavior of buildings and structures. Field observation is therefore important for a
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foundation engineer to understand the behavior of the ground, soil and structure. An understand-
ing of the interaction between the ground and the structure requires precise measurements on the
behavior of the ground below and around the foundation, and also the overall behavior of the super-
structure. A good understanding of the behavior of the ground and its interaction with the foundation
and structure will enable us to do a better design and thus reduce the overall construction cost.

The equipment required for field measurement have to be simple to operate, reliable, stable,
cheap, easy to install and must be durable. Measurements that are normally made in observing the
behavior of the foundation and structure are as follows:

(a) Measurement of Vertical Movement

Precise leveling is a simple technique for settlement or surface displacement. The reference station
has to be stable and must be not in surface zone that can shrink or swell. Equipment such as the
theodolite and levels can be used to measure vertical movement.

It would however be difficult for us to evaluate the characteristics of the subsoil just by mea-
suring the surface settlement only. But the compression of the various subsoil layers can also be
measured with equipment such as the deep settlement probes or extensometer. When combined
with measurements of pore water pressure, the in situ characteristics of the soil at various depths
can be determined.

(b) Measurement of Lateral Movement

The importance of lateral movement in observation of the foundation performance is often ignored.
Lateral movement, however, is important especially around excavation, settling areas and founda-
tion subjected to lateral loading. Extensometer can be used to measure this movement. As with the
measurement of vertical movement, the value measured is more meaningful if lateral movements of
the various depths are also measured in addition to the surface measurement. Surveying equipment
such as the theodolite and EDM (electronic distance measurement) can be used for measuring
surface lateral movement.

(¢) Load Measurement
Load measurement is important in any studies on the soil-structure interaction. Although the main
technique of the load measurement is properly understood, the un-conducive environment and the
long time period require for observing a foundation usually made measurement like this difficult
and expensive to make.

Equipments such as load cells can be used for this purpose. If a precise measurement of load
is to be made on a foundation, then it is more appropriate to install the load cell in the structural
element at the founding level.

(d) Pressure Measurement

Pressure measurement is actually one of the most difficult measurements to be made in particular
for foundation. The presence of rigid boundary poses a special problem. Pressure cell is invented to
bury in a fill, and is not ideally suitable for foundation. This is because the surface of the pressure
cell needs to have similar characteristics to the surface of the materials surrounding it.

(e) Movements in Building

Another important aspect in observation of structure behavior is in limiting damage. This is best
done using high quality photography; detail notes and sketches showing the pattern and width of
the cracks. Changes in the width of the crack can also be observed using special equipment such
as the Demec gauge.

1.5 DECIMATION AND PUBLICATION OF CASE STUDIES

As has been said above, a foundation engineer depends a lot on field observation to understand the
behavior of the ground and structure. Therefore the publication of case studies in this subject can
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be said to be very important. It can be used as a guide to other engineers to design foundations and
structures in other places of similar ground conditions.

But the usefulness of some of these case records can be limited due to absence of some vital
information. Burland et al. (1977) in their Tokyo report listed down a list of important information
that must be included in any case record.

a. Detailed soil profile together with its groundwater condition. Detailed descriptions of the soil
including its consistency, structure, fabric, index values and others.

b. Results of probing tests (such as Macintosh probe) and other tests normally done in situ such
as in situ index test.

¢. Description of the sampling equipment and method used.

d. Results of laboratory tests, giving details of the test methods. Typical stress—strain curve, with
“average” results given in the form of statistics.

e. Detailed results of in situ tests such as standard penetration test (SPT), cone resistance, field
vane and plate loading.

f. Details of the foundation and structure including plan, cross-section, design load, actual loading
and sequence of construction.

g. Details of instruments used, method of calibration and objective of evaluation.

h. Measurement of displacement, pressure and load, including closing error and differences in
datum.

i. Detailed record on the performance of the structure and its finishing. This is best done using
high-grade photography with good sketches.

The habit of observing and reporting the behavior of every building or structure has to be in-
calculated in every foundation engineer as this is the only way to check from time to time the design
assumptions made in order to elevate the level of confidence on the predictions made. Questions
might be raised is as to what type of buildings need to be observed. Below is a list that can be used
as guide.

1. Large structures with comprehensive site investigation.
2. Structures that are simple in shape or in plan or structures that are founded on uniform ground
because this will simplify interpolation and comparison with the results of testing.

3. Structures that are founded on a soil stratum that is little known about its characteristics, or
where there is little experience.

. Structures where the load concentration and differential settlement may cause a major problem.

. Structures with large undulating load.

. Structures that might be badly affected by nearby proposed projects.

. Structures where the movement is expected to continue leading to failure.

NN A

It is just as important to learn from the observation of any failures of the foundation, as the
awareness would help to manage the same type of problems in some context. This work is best
done by organizations such as local authorities, consulting firms and institutes of higher learning.
Any organization that is actively compiling case records in their particular district will undoubtedly
be making a major contribution to the profession. This is particularly so for the tropical region
where knowledge and understanding of the soil-foundation behavior is lacking compared to those
of the temperate zone soils. The need for knowledge on these soils however is great because of the
extensive construction on these soils worldwide.
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2.1 INTRODUCTION

A sound understanding of the solid part of the earth on which structures are to be built is essential
in civil engineering. An in-depth comprehension of the rocks and their characteristics is mandatory
to build with confidence and have stable structures. No amount of well-designed superstructure
will help if the foundations are on ground that has not been well understood and characteristics
appreciated. A proper geological evaluation of a site is crucial. This requires gathering information
on the geology of the ground as well as first-hand geological investigation.

2.2 OBIJECTIVES OF GEOLOGICAL INVESTIGATIONS

The primary objective of geological investigations is to identify significant geological features
and obtain the information required to design suitable foundations and build a safe structure. The
geological investigation must reveal, at the least, the following:

— The rock types forming the anchor for the foundation

— The type, thickness and aerial extent of the soil layer

— The degree and extent of surface weathering

— The nature and depth of overburden to be removed for a foundation

— The engineering properties of the rock types for the foundation

— The geological structure of the subsurface foundation

— The history, type and extent of geologic deformation and structural defects in rocks due to
tectonic forces

— The identification of present and potential geological hazards.

On obtaining the above information, geological investigations are able to assess the functional
integrity of foundations.

Economically, according to Crawford (1962), two general reasons can be offered for investigating
a building site from a foundation point of view are:

— The first, to permit design of the most economical, satisfactorily safe foundation for the proposed
structure.

— The second, which also has significant economic overtones, is to provide sufficient reliable
subsurface information to permit contractors to bid on the job without having to budget for
uncertainties.

Ultimately, the owner benefits from lower bids, better job relations, fewer extras and the absence
of lawsuits. Crawford (1962) states that the selection and design of foundations for a structure are
as important as all other design considerations. It is just as important to know the properties of
soils, as it is to know the properties of the materials in the superstructure. He further states that

13
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14 FOUNDATION ENGINEERING: DESIGN AND CONSTRUCTION IN TROPICAL SOILS

unlike the other building materials, the designer does not control the soil properties. The best that
can be done is to assess them in situ.

2.3 SOURCES OF GEOLOGICAL INFORMATION

Maps

(a) Geological maps

Geological maps depict the spatial distribution of different types of geological information and
understanding them is essential for understanding the geology of an area. The main types of
geological maps are those that portray the stratigraphy or lithology of an area along with structural
features. The former show the bedrock as units of geological time while the latter portray the
bedrock differentiated into different lithologies.

Stratigraphy: These geological maps show the aerial distribution of the bedrock as units, called
map units, as units of geological time. These units are chronostratigraphic units that have a direct
equivalent in geological time units. Sedimentary rocks are shown as map units grouped according
to their age of deposition regardless of lithology and igneous rocks according to their time of
origin. The rocks, represented by their succession in time and age, are read in conjunction with
the stratigraphic column shown on the map. The understanding of stratigraphy draws upon an
understanding of some basic historical geology.

The Earth is now estimated to be 4.6 billion years old. The different rock types formed at different
times have assigned ages of their time of formation from the present time based on the geological
time units of the geological time scale. Stratigraphy determines the succession in time of rocks to
establish the sequence in which the rocks were deposited or formed.

The duration of Earth history or geologic time is divided into intervals of time. This geological
time scale with a hierarchy of time units is given in Table 2.1. An example of a time unit is the
Cretaceous Period and one of its sub-divisions is the Campanian Age.

The age of map units according to the geological time units are designated as chronostratigraphic
units or time-rock units. For example, rocks deposited during the Triassic Period are grouped into
the Triassic System. The subdivisions of the time units and directly equivalent chronostratigraphic
units are given in Tahle 2 2. The map units are read in conjunction with the stratigraphic column
from the oldest units at the bottom to the youngest units at the top. The age of the rocks is determined
by a number of stratigraphic techniques.

The information most often required for engineering purposes is the lithological and structural
information. These stratigraphic rock units or map units normally do not have different constituent
rock types individually demarcated but these may be found mentioned collectivity in the legend.
This tends to drastically limit their usefulness for engineering purposes. However, in spite of this
limitation there is one map unit referred to as the Quaternary that does assist directly in engineering
site investigations of sedimentary rocks.

Lithology: These geological maps portray bedrock differentiated on the basis of their lithology.
The bedrock is differentiated as lithological rock units that are separated by lines called contacts
or geological boundaries. These rock units are referred to as lithostatigraphic units and there is a
hierarchy of these rock units each demarcated by lithological criteria set for their composition. The
understanding of lithology and sequence of deposition draws upon the understanding of petrology
and sedimentology.

The fundamental lithostratigraphic rock unit is the Formation. A Formation is defined as a
prevailingly body of rock identified by lithic characteristics that can be mapped in the field as a
continuous unit. Formations can be, although they do not have to be, divided into members or
grouped into groups as in Table 2.3.
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Table 2.1.  Geological time scale showing time units (http://www.geosociety.org/science/timescale/timescl.htm).
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16 FOUNDATION ENGINEERING: DESIGN AND CONSTRUCTION IN TROPICAL SOILS

Table 2.2. Time units and chronostrati-
graphic units.

Time units Chronostratigraphic units

Era Erathem

Period Late System  Upper

Middle Middle
Early Lower
Epoch Series
Age Stage
Time Substage

Table 2.3. Lithostratigraphic units.

Lithostratigraphic unit Description

Group A collection of Formations

Formation A physically continuous unit of strata that have a consistent
lithic character that differs from adjacent units

Member A subdivision within a Formation that is too thin to
conveniently map but has distinctive lithologic characteristics.

Bed Subdivision of a Formation or Members

A lithological map showing the spatial distribution and demarcation of the contacts between the
different rock types largely fulfils engineering needs.

(b) Engineering geology or geotechnical maps

Thematic geological maps tailored for engineering purposes with pertinent information on litho-
logical properties are essential. These geotechnical features that should be displayed are, for
instance, general foundation suitability of different terrain for preliminary assessment on suitability
for foundation work and relative compressibility/settlement of different terrain.

These maps are defined as a type of geological map that provides a generalized representation
of all the components of a geological environment of significance in landuse planning, design,
construction and maintenance as applied to civil engineering (The Unesco Press 1976). It is a
synergetic product of two approaches of investigating the subsurface, namely, geological and
geotechnical. Examples of such maps are the general foundation suitability map, and the relative
compressibility/settlement map as shown in Figures 2.1 and 2.2 respectively.

The general foundation suitability map classifies the unconsolidated cover into classes of differ-
ing suitability for general foundation work. This classification allows a preliminary assessment of
the requirements and constraints for general foundation work like the condition of ground surface,
settlement and depth to foundation level forming the base for detailed site investigation.

In the example given in figures, foundation suitability is classified into four classes as follows:

1. Very suitable: These are areas underlain by in situ deposits (clay, sandy to clayey silt and clayey
sand) formed from the weathering of igneous intrusive, sedimentary and metamorphic rocks.
They have a shallow foundation level or rockline (1 to 10m) with no danger of subsidence
expected and a little or no fill required.

2. Suitable: These are areas underlain by shallow estuarine/deltaic deposits (clay, silt with lesser
amounts of sand and gravel and variable organic matter) and riverine deposits (sand, silt and
clay with minor to moderate plant remains) of less than 5 m sand. Shallow peat (less than 1 m)
normally occurs as narrow belts. These areas have a moderately deep foundation level or rockline
(10 to 15 m) with minor to moderate amounts of subsidence expected and fair amount of fill
required.
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Figure 2.1. Example of a general foundation suitability map for the Kuching area, Sarawak, Malaysia (after
Lam 1991).
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Figure 2.2. Example of relative compressibility map for the Kuching area, Sarawak, Malaysia (after
Lam 1991).

3. Less suitable: These are areas underlain by estuarine/deltaic deposits of more than 5m thick.
They are below flood/tidal level and have a deep foundation level or rockline (15 to 30 m) that
require a moderate amount of fill.

4. Least suitable: These are areas underlain by deep peat (>1m). They are above flood level but
are always water-logged with a very poor surface foundation (very soft and wet) and have a deep
foundation level or rockline (12 to 20 m). Very severe subsidence is to be expected and a large
amount of fill is required.
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The relative compressibility/settlement map (Fignre 2 2) refers to the susceptibility of earth mate-
rials to decrease in volume when subjected to load. High compressibility values are indicative of
poor foundation stability and excessive ground settlement that determine the suitability for various
land uses.

In the example given above, the map is divided into four relative compressibility classes as
follows:

1. Class I: Virtually non-compressible: These are areas underlain by igneous bedrock with thin
superficial cover and areas covered by coarse terrace deposits. The igneous rocks occur as small
intrusive stocks forming low isolated hills and numerous dykes and sills. The terrace deposits
consist of boulders, pebbles and coarse sand in a silty fine sand matrix.

2. Class II: Slightly compressible: These are areas characterized by in situ soils formed from the
weathering of sedimentary and metamorphic rocks. Their thickness ranges from 3—12 m and are
composed of clay, sandy clay or clayey sand. They are rather dense so only slight compaction is
expected except in very clayey areas where the compressibility could be higher.

3. Class III: Moderately to highly compressible: These areas are characterized by riverine and
estuarine/deltaic deposits which are composed of clay, silt and minor sand rich in organic matter
that has an extremely high moisture-retention capability. This will result in high compressibility.
As the marine clay of these estuarine/deltaic deposits is saturated and the permeability of clays
is low, the consolidation settlement resulting from pore water being squeezed from the clay is
generally very slow causing long continued settlement.

4. Class IV: Very highly compressible: These areas are characterized by paludal deposits or peat
made up of slight to moderately decomposed plant remains and water. These deposits are very
highly compressible due to their extremely high water content (80 to more than 90%) and organic
content.

Reports

(a) Geotechnical investigation reports
These reports from nearby projects or previous projects on the current site can offer a lot of
information especially data from tests performed previously.

(b) Soil survey reports

Although these reports are developed primarily for agricultural purposes, they contain maps with
classifications and information on near-surface conditions from investigations that may be useful.
In tropical areas, for example, these reports may be essential to obtain dimensions of soft soils such
as peat.

Site investigations

The importance of a proper geological evaluation of a project site cannot be over-emphasized.
The investigation of the site geology i.e. rock types and their extent, the weathering types and
magnitude, etc. is a must. A detailed investigation involves surface mapping, drilling boreholes
and trenches or using geophysical surveys. It is one of the best assurances against potential adverse
consequences.

(a) Site inspection

A start should be made by undertaking an onsite inspection with the objective of getting a feel
of the terrain and determining investigations needed to collect necessary data for evaluating the
site conditions. The geologist and geotechnical engineer should jointly make detailed observations
regarding the character of the subsurface. This then enables planning for sampling and other testing
requirements for a full investigation.
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(b) Site investigations

The objective of site investigations is to evaluate the subsurface conditions by obtaining samples
and in situ testing of the ground. This provides primary data to base inferences and decisions for
construction.

Subsurface investigations and sampling: The objective is to determine the ground conditions for
geotechnical design, performance and detect potential difficulties and problems. There are various
methods to obtain samples that include the digging of test pits, trenches and boreholes.

— Test pits are rectangular slots excavated in the ground with hydraulic backhoes for examin-
ation of shallow surficial materials. Their sides are systematically logged through soil and rock
descriptions, photographs and sketches. Samples are taken and in situ measurements are made
of properties like strength and density.

— Boreholes are vertical holes, drilled into the ground to obtain subsurface samples. Different
techniques are used for soils and rocks.

Drilling and sampling in soils:

— Solid auger methods are used for shallow explorations of up to 3 m where auguring is done with
a hand auger or a small drill rig. After being drilled a certain distance into the ground, the auger
is then pulled up for the material on it to be examined and described. Samples are taken with
thin-walled sampling tubes.

— Hollow stem auger method uses casing around the borehole sides to holdback the material
with sampling done at the bottom of the casing. Greater depths are sampled using this method.
Undisturbed samples are taken with thin-walled sampling tubes.

Drilling and sampling in rock: More force has to be applied to bore a hole in rocks as they are
firmer and harder to penetrate. Some of the methods used are:

— Cable-tool method in which a heavy tool is dropped into the hole to break up the rock at its
bottom. A drilling mud is circulated through the hole which then lifts chips of broken rock to
the opening.

— Air rotary method is the same as the above method except that compressed air is injected into
the hole to blow out the rock chips.

— Rock coring method whereby a hollow rock core with a diamond bit all around its circumference
at the end drills through the rock. Water and drilling mud has to be circulated in the hole in order
to cool the drill bit and remove rock chips clogging the hole. This rock core is pulled out after
drilling a certain distance.

The undisturbed samples obtained are suitable for evaluating engineering properties like strength
and compressibility while the disturbed samples are only suitable for soil identification and
classification.

In situ tests: In situ testing measures the soil or rock properties in place. They are essential as this
decreases disturbance of the material sampled due to the sampling process. Some of the in situ
tests are as follows.

a. The Standard Penetration Test (SPT): This is a measure of resistance to penetration when a drive
split spoon sampler is driven in with a hammer. The number of hammer blows to drive the
split-spoon sampler is counted. The SPT values and example of correlations between two soils
types are given in Table 2.4

b. The Cone Penetration Test (CPT): This is the measurement of the resistance at tip and friction
along sides when an instrumented cone is pushed into the ground.
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Table 2.4.  SPT values and correlations (after Terzaghi & Peck 1967).

Sands Cohesive soils

Blows Blows

04 Very loose 0-1 Very soft
5-10 Loose 2-4 Soft
11-20 Form 5-8 Firm
21-30 Very firm 9-15 Stiff
31-50 Dense 16-30 Very stiff
>50 Very dense >30 Hard

Note: A smaller version of the SPT equipment that is normally used for
quick exploratory investigation is the Mackintosh or JKR probe.

c. Vane Shear Test: This test measures the shear resistance of soils. It consists of forcing a vane
with four orthogonal blades into the soil and rotating it until the soil fails. The maximum torque
value is measured.

d. Dilatometer Test: This test determines the in situ lateral stress in the subsurface. A dilatometer
with a flexible membrane is pushed into the ground and is then inflated with compressed air
from the surface. As the pressure is increased, the lateral earth pressure pushing against the
membrane causes the disk to lift off from its starting position. The pressure that causes this
movement is lateral stress.

2.4 SUBSURFACE CHARACTERISTICS

The Earth’s crust constitutes the subsurface and is the domain of most engineering practices. The
crust is formed from materials called rocks often covered with a veneer of unconsolidated material.
This consequently results in two subsurface types.

Subsurface types

(a) Bedrock

The part of the crust constituted from consolidated rocks is referred to as the bedrock. These rocks
are also referred to as intact rocks. The physical properties of fresh (unweathered) rock depend on
their constituent minerals and texture and the presence of structural discontinuities like fractures,
joints and bedding.

There are two types of intact rocks designated by the terms rock mass and rock material. The
rock material refers to intact rocks that contain no joints. Rock mass refers to the bedrock that
consists of intact rock with joints.

Each of these main rock types are tremendously varied and classified on the basis of composition
and structure in addition to the mode of origin. Based on their mode of origin, rocks are broadly
classified as igneous, sedimentary and metamorphic rocks.

Igneous rocks form by the cooling and crystallization of hot, molten magma or lava from within
the Earth solidifying at or near the surface. There are a wide variety of igneous rocks and they
may be classified according to a number of criteria. Those formed at depth are termed intrusive
or plutonic and those formed on the surface are called extrusive or volcanic rocks as shown in
‘lable 2.5

Extrusive igneous rocks that cool rapidly are texturally very fine-grained whereas slowly cooled
intrusive igneous rocks are coarse-grained. A glassy texture results when the rock cools too quickly
for crystals of minerals to form.

Sedimentary rocks are those formed by compaction (lithification) of deposited weathered mater-
ial on the surface of the Earth. They, therefore, form from particles or sediments of pre-existing or
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Table 2.5. Igneous rocks.

Plutonic rock Equivalent volcanic rock
Granite Rhyolite

Granodiorite Dacite

Tonalite Quartz andesite

Syenite Trachyte

Monzonite Latite

Diorite Andesite

Gabbro Basalt

Table 2.6. Clastic sedimentary rocks.

Composition Grain size Rock name

Mainly quartz, feldspar, Gravel (Over 2 mm) Conglomerate

clay minerals and Breccia

rock fragments Sand (0.0625-2.00 or 1/16-2 mm) Sandstone

Mud Silt (0.0039-0.0625 or 1/256—1/16 mm) Siltstone
Shale
Clay (Lesser than 0.0039 or 1/256 mm) Claystone

Shale

Table 2.7. Non-clastic sedimentary rocks.

Mineral composition Rock name
Calcium Carbonate, CaCO3 Limestone
Dolomite, CaMg(CO3)2 Dolostone
Quartz, SiO, Chert

Halite, NaCl Rock salt
Gypsum, CaSO4 2H;0 Rock gypsum
Plant fragments Peat and coal

parent rock — igneous, metamorphic or sedimentary rocks themselves. The parent rocks undergo
chemical and/or physical weathering into sediment, and are transported by natural agents and
deposited in sedimentary basins. Their mode of origin enables their subdivision into the three
following types of sedimentary rocks:

e Clastic: formed from cemented sediment grain
e Chemical: formed from precipitation
e Biogenic: formed from organic matter.

The latter two are usually referred to as non-clastics. The primary minerals and textures of
sedimentary rocks undergo modification or changes termed diagenesis, as the sediments are
buried deeper due increasing temperature and pressure causing them to be lithified. Examples
of sedimentary rocks are given in Tables 2.6 and 2.7.

Metamorphic rocks are formed due to pre-existing or parent rocks (igneous, sedimentary or
metamorphic) and undergo solid state re-crystallization due to changes in pressure, temperature
or chemistry (such as fluid addition). The type of metamorphic rock formed is determined by
metamorphic conditions (specific combination of pressure and temperature) and the parent rock.
Some examples of metamorphic and their parent rocks are given in Table 2.8.
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Table 2.8. Metamorphic rocks.

Metamorphic rock Precursor rock

Quartzite Quartz sandstone

Greenstone

Amphibolite Basalt or Gabbro

Hornfels Siltstone

Marble

Serpentinite Peridotite/Ultramafic igneous rocks
Soapstone

Graphite Anthracite coal

Table 2.9. Foliated metamorphic rocks.

Rock names Diagnostic features

Slate Well developed slaty cleavage

Phyllite Well developed phyllitic texture; silky, shiny luster

Schist Schistosity. Different types of schist apportioned on the basis of mineral content
Gneiss Gneissic banding i.e. well-developed color banding due to alternating layers of

different minerals

Table 2.10. BS 5930: 1981 igneous rock classification.

Grain Rocks with massive structure and crystalline texture
size (mm) {mostly igneocus)
More Grain I
than size
20 description Pegmatite
20 Pyroxenite
B Granite ! Diorite: 2 caBBRO?
Peridotite
SLEMRieRN These rocks are sometimes
— porphyritic and are then
described, for example, as
porphyritic granite
— 2
— 0.6 MEDIUM
Microgranite' Microdiorite' *2 | Dolerite>*
These rocks are sometimes
L 0.2 porphyritic and are then —
- described as porphyries
~ 0.06
RHVOLITE" d ANDESITE" e BASALT 45
FINE These rocks are sometimes
[~ 0.002 porphyritic and are then -
described as porphyries
Less
than I
0.002
Amorphous .. B N
or cryto- Obsidian Volcanic glass
crystalline
colour
Pale ¢ P Dark
ACID INTERMEDIATE | BASIC ULTRA
Much Some quartz Littie BASIC
quartz ar no
quartz
IGNEOUS ROCKS
Cor of inter ing mineral grains. Strong when
fresh, not porous
Mode of occurrence: 1. Batholiths: 2. Laccoliths; 3. Sills;
4. Dykes; 5. Lava flows; 6. Veins
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Texturally, some metamorphic rocks develop a fabric of parallel alignment or orientation of
minerals or mineral banding. These are called foliations. Hence metamorphic rocks are divided
into two main groups termed foliated or non-foliated on the basis of the presence or absence of this
foliation.

These two groups are then sub-divided with the foliated rocks being classified based on different
types of foliation and the non-foliated rocks termed on the basis of their composition. The different
types of foliated metamorphic rocks are as found in lable 2.9.

There is great variation of physical properties between rock types with igneous rocks being least
variable and sedimentary rocks being highly variable.

The physical properties of rocks are also not uniform over the entire rock mass. For example
strength is not applicable to the entire rock mass as to a large extent it is controlled by the nature of
the discontinuities or planes of weakness present like bedding planes and sedimentary structures
(types of beds) in sedimentary rocks, foliation in metamorphic rocks, flow contacts, intrusive
contacts, dikes and sills in igneous rocks and structural features like faults, joints and fissures.

Engineering requirements require rock classifications to apportion them on their properties
pertinent to engineering needs. Some engineering classifications e.g. those of the International
Association of Engineering Geology (IAEG 1981) and the BS 5930: 1981 classifications have been
formulated to meet this necessity. The BS 5930: 1981 classifications for the three different rock
types are as shown in Tables 2.1C, 2.11 and 2.12.

With regard to the engineering properties of rocks, the essential quantifiable properties required
to be determined include their strength, density, hardness or compressibility and the occurrence
and incidence of discontinuities. These properties determine their behavior especially response to
stresses.

The mechanical strength and hardness parameters are dictated by the physical characteristics of
the various constituents that make up the rock. Some of these are density, bonding and cementation.
Generally, the rocks with the highest mechanical strength are igneous or metamorphic rocks while
sedimentary rocks tend to range from hard to the very soft.

As the strength of a rock is directly proportional to density, the densest rocks are normally the
strongest. Density is determined by its crystallanity, compaction or cementation.

Rock strength is measured by its response to compressive stress that in turn gives compressive
strength. The compressive strength of a rock is measured by the compressive stress that a specimen is
able to withstand before breaking. The compressive strength measured is the uniaxial compressive
strength where the load is applied vertically to a specimen unconfined on its sides as shown in
Figure 2.3, 1t is also called the unconfined compressive strength. The units used to measure the
compressive strength are N/m? (SI system) or PSI (British system).

The elastic moduli measure the compressibility of a rock i.e. the contraction it undergoes when
subjected to a load. This is given by the Young’s modulus, a material constant, which describes the
stiffness or how easily the material deforms. It is the proportionality constant, £, in Hooke’s Law:
o = Ee, that relates stress and strain and can also be expressed as follows.

t
E="088_ 0 .1)
strain e

When deformation or strain is recoverable, then behavior is said to be elastic.

Engineering requirements require rock classifications to recognize and apportion them on quan-
tifiable physical properties. Intact rock has been classified on mechanical properties such as strength
and compressibility thus giving an indication of its engineering utility. One such classification of
intact rocks is as shown in Figures 2.4, 2.5 and 2.6.

Various efforts are continuing for a standardized functional geotechnical scheme and a good
account of this is available in Johnson & De Graff (1988).

(b) Bedrock cover

In the case of a tropical region such as Malaysia, the bedrock cover can be broadly divided into
residual soil cover and transported soil cover.
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Table 2.11. BS 5930: 1981 sedimentary rock classification.

Grain a
size ( ) Bedded rocks (mostly sedimentary)
More Grain At least 50% At least 50% of
than size of grains are graing are of fine.
20 description of carbonate grained volcanic rock
20— CONGLOMERATE - Fragments of SALINE
P boulders, woleanic ejecta in ROCKS
= and gravel cemented in a a liner matrix
o Tiner matrix =) - Rounded grains
w -} Halite
68— o o AGGLOMERATE
- Breccia o Calcirudite - Angular grains
o Irregular rock fragments in g VOLCANIC
a finer matrix 8 BRECCIA Anhydrite
2 =
SANDSTONE ] Cemented
E Angular or rounded grains, = volcanic ash Gypsum
g commonly cemented by w
clay, caleitic or iron =
0.6— 3
- 5 Quartzite 5‘ Calcarenite TUFF
8 z Quartz grains and =1
o] = siliceous cement -
02=12 Arkose &
E ! Many feldspar grains IiJ
3 Greywacke o
=< Many rock chips ';,
— 0.08 2 = I-IEJ
SILTSTONE | 5| T | cakcisitite i i
8 MUDSTONE Mostly silt g Fine-grained TUFF
=3 E
0.002—
; SHALE % = | very mine-grained
Less o Fissile CLAYSTONE | £ Calcilutite | £ | TUFF
than o Mostly clay |2 o
=T (i}
— 0.002
Flint; occurs as bands of nodules in the Chalk coaL
Amorphous
:' m:e Chert: occurs as and beds in li LIGNITE
el and calcareocus sandstone
Granular cemented
except amorphous sandstone
CARBON-
SILICEOQUS CALCAREOUS SILICEOUS I ACEOUS
SEDIMENTARY ROCKS
Granular cemented rocks vary greatly in strength, some sandstones
and stronger than many igneous rocks. Bedding may nol show in
hand specimens and is best seen in oulcrop. Only sedimentary rocks,
and some metamorphic rocks derived from them contain fossils,
Calcareous rocks contain calcile {calcium carbonate) which
effervesces with dilute hydrochloric acid.

Residual soils are soils that have been developed by in situ weathering of parent rocks. In the
tropics, heavy rains and high temperature has lead to intensive chemical weathering leading to
formation of tropical soils of several tens of meters deep. The profiles of these soils typically vary
in a gradational manner with depth as shown in Figures 2.7 and 2.8. Detailed description of the
origin, formation and occurrence of tropical residual soils can be found in Singh & Huat (2004).

Transported soils are soils that has been transported and deposited by agents such as water, wind
and gravity. The profiles of transported soils have a complex geometry and a different lithology.
Therefore, average quantitative values might not reflect weaker sections.

(¢) The Quaternary map unit

The Quaternary map unit is a chronostratigraphic unit denoting an interval of time from the present
to about 2.0 million years ago. Some geological maps depict this period as two chronostratigraphic
units called the Pilestocene and Holocene. The quarternary cover, therefore, refers to deposits of
a certain time period and its engineering significance is that the short geological time interval
has not enabled the deposited material to be sufficiently indurated into rocks. It is present as a
mantle of unconsolidated to semi-consolidated gravel, sand, mud and clay (Stauffer 1973) and can
be observed directly on geological maps and found in literature for assessment for engineering
purposes.
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Table 2.12. BS 5930: 1981 metamorphic rock classification.

Grain Obviously foliated rocks m"" M.:'
size, mm {mostly metamorphic) :.’.7:.':,,‘:::::
More Grain
than size
20 description
20 —| GNEISS
Well developed but often MARBLE
COARSE widely spaced foliation
sometimes with schistose | QUARTZITE
G bands
Granulite
Migmatite
Irregularly foliated: HORNFELS
2 mixed schists and
gneisses Amphibolite
Serpentine
0.6 — MEDIUM
SCHIST
Well developed undulose
foliation; generally
0.2 — much mica
0.06 -
PHYLLITE
Slightly undulose foliation;
FINE sometimes "spotted’
0.002 —
SLATE
Less Well developed plane
than cleavage (foliation)
[— 0.002 -
Mylomnite
Amorphous
or cryr:“o_u Found in fault zones,
crytalline mainly in igneocus and
metamorphic areas
CRYSTALLINE
mainly
SILICEOQOUS SILICEOUS

METAMORPHIC ROCKS

Most metamorphic rocks are distinguished by foliation
which may impart fissility. Foliation in gneisses is best
observed in coutcrop. Non-foliated metamorphics are
difficult to recognize except by association. Any rock
maked by contact metamorphism is described as a
"morniels” and is generally somewhat stronger than the
patent rock

Most fresh metamorphic rocks are strong although
perhaps fissile

As this cover forms coastal lowlands and river valleys as a consequence of fluvial processes, it
occupies areas of urbanization and infra-structural development. Hence, due to it being the foci
of economic activity, it is a very important area for constructional activities. Major subsurface
problems arising from soft soils are also to be found in this map unit.

According to Stauffer (1973) the Quaternary cover is found on coastal lowlands and constitutes
the floors of some inland valleys. It also finds localized expression on terraces or as remnants of
erosion deposits at higher levels.

Structure

(a) Geological structures
The Earth’s crust is made up of subsurface geometrical bodies or features constituted of rocks that
are termed as structures that arise as a result of the operation of forces in the crust called tectonic or
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Figure 2.3. Compressive stress.
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Figure 2.4. Classification for intact igneous rock (modified from West 1995).
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Figure 2.5. Classification for intact sedimentary rock (modified from West 1995).
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Figure 2.6. Classification for intact metamorphic rock (modified from West 1995).
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Figure 2.7.  Typical weathering profile in granitic rock (Little 1969).

crustal forces. These structural features or, just simply, structures have spatial forms and alignments
as an outcome of emplacement and deformation of rock bodies that extent from microscopic to
kilometers in size and extent. In addition depositional structures due to surface processes form on
the crusts that are later in turn subjected to tectonic forces.

Bedrock cover structures: These are mainly depositional sedimentary structures formed during
the deposition of transported material in depositional environments over pre-existing bedrock.
These constitute three-dimensional geometrical bodies whose exposed surfaces exhibit charac-
teristic geomorphological forms or features peculiar to that environment. Vertical cross sections
reveal the sedimentary structures of these depositional environments normally encountered in site
investigations. Some vertical profiles are given in Figures 2.9 and 2.10.
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Figure 2.8. Schematic sketch of different stages of the weathering profile over amphibole schist bedrock
(Raj 1994).
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Figure 2.9. Depositional structures in a fluvial environment. (4#tn-//www carleton ca/~tpatters/teaching/
intro/depoenvironments/depoenvironments?7.html)

The result of continued deposition over a very prolonged period of time and consequent burial
gives rise to form sedimentary rocks.

Emplacement structures: These structures are formed by the intrusion of magma into pre-existing,
also called, country rock and subsequent cooling to igneous rocks of various shapes. A tabular
intrusion forms a horizontal feature called a sill, one cutting across the country rock is termed
a dyke and a large, discordant intrusive body is called a batholith or pluton. Lava i.e. magma
escaping onto the surface forms volcanic structures or features. The above structures are shown in
Figure Z.11.
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Figure 2.10. Depositional structures in a delta. (http:/;ww carleton ca/~tpatters/teaching/intro/
depoenvironments/depoenvironments9.html)

Figure 2.11.  Plutonic emplacement structures.

Sedimentary Strata

Figure 2.12. Horizontal sedimentary strata.

Deformational structures: Deposition of sediments gradually gives rise to almost horizontal layers.
These upon lithification form various strata of sedimentary rocks depending on the nature of
dominant sediment as shown in Figure 2.12.

Stresses, due to tectonic activity, within the Earth’s crust create subject rocks to bend, twist or
fracture and consequently deform giving rise to rock bodies undergoing transformation in position,
alignment, orientation and form. A working knowledge of subsurface rock structures is essential
for engineering practice.
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Tilted Strata

Figure 2.13. Tilted strata.

Figure 2.14.  Folds.
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X=Displaced Strata

Figure 2.15.  Fault.

Tilted strata: This is a simple case of the strata tilted by tectonic forces resulting in their inclination
to the horizontal as shown in Figure 2.13.

Folds: These are flexures formed when horizontal strata to fold upon compression as shown in
Figure 2.14. The rising arches of the folded strata are called anticlines and depressed troughs are
called synclines. On a large scale they give rise to domes and basins.

Faults: These are breaks or fractures in rocks as aresult of brittle deformation as seen in Figure 2.15.
The rocks show displacement on either side of the rupture or fault planes.

The rock strata or material above the fault plane is called the hanging wall block while that below
is called the footwall block. The classification of faults on the basis of direction in which the blocks
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Figure 2.16. Types of faults.
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Figure 2.17.  Surface expression of a fault over time.

with respect to the fault plane enables the identification of three types of faults as described below
and shown in Figure 2.16.

— Normal Faults: Normal faults form when the hanging wall moves downwards relative to the
footwall along the fault plane.

— Reverse Faults: Reverse faults form when the footwall moves down relative to the hanging wall
along the fault plane.

— Strike-Slip Faults: Normal faults form when the movement is horizontal along a generally vertical
fault plane due to shear stress.

As the rocks forming the fault planes undergo erosion over time their resultant surface expression
may be as given in Figure 2.17.

Joints: Fracture surfaces or breaks in a rock mass with no displacements along them are termed as
joints are shown in J1igure 2.1¥. They can range from microscopic fractures to kilometers in length
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Figure 2.18. Joints.
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Figure 2.19. Measurements of attitude of a fault.

with spacing ranging from centimeters to several meters. They may also occur as sets oriented in
different orientations. In engineering terminology these are termed as discontinuities and rocks
bodies with discontinuities are called rock mass while those without are called intact rock.

(b) Geological structural information in geological maps
The structural features are portrayed on geological maps through their expression on the surface.
This information enables the configuration of the third dimension of subsurface to be visualized.

This information is gathered through fieldwork by locating the structural features and determin-
ing their orientation wherever there is a suitable structural exposure. For example, the attitude of
bedding planes i.e. contacts between the different sedimentary strata provide the spatial orientatio