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ABSTRACT 

Peat is a highly organic and extremely compressible soil. The Surfers Paradise study 

site area (Gold Coast, Queensland, Australia, located between 27.98° and 28.01° 

Southing, and between 153.41° and 153.43° Easting (based on the projection of 

Universal Transverse Mercator UTM zone 56) has a problematic multi thickness peat 

layer. The peat layer ranges from 0.1 – 7.0 m at different locations and at depths 

between 1.1 – 40.9 m below the ground surface. To avoid the effects of the highly 

compressible and low shear strength peat layer, the buildings in the study area have pile 

foundations. The site, which lies on the beach side, has the tallest high rise buildings 

and skyscrapers on the Gold Coast (e.g. the Q1 Tower, Queensland’s tallest building at 

the time of the study); it was also considered the tallest building in Australia.  

The literature review was undertaken to gain a geotechnical overview of problematic 

peaty soils in relation to the construction of buildings over such soils. The review was 

divided into three categories: (1) geology of the Gold Coast; (2) engineering properties 

of peat (organic layer) and its effects on the engineering design; and (3) Geographic 

Information System (GIS) implementation in the field of the geotechnical engineering, 

as well as its suitability to characterise the soil profile in the production of GIS based 

digital zonation maps.  

The data were collected from 51 soil investigation reports related to the existing 

engineering structures in the study area. These reports were used, as the focus of the 

current study centred on Surfers Paradise, where most high rise buildings can be found, 

and are still being constructed. From the reports, the deepest borehole was identified as 

reaching a depth of 46.45 m below the ground surface (R.L. - 40.1). This depth 

represents the depth of the bed rock in some locations in the study area. Due to the 

escalating cost of site investigations throughout the world, geotechnical data has 

become expensive and the need to GIS based digital maps to facilitate soil investigation 

approach has become inevitable. The collected data were digitised, then they were 

converted into accessible format by GIS via coordinates for each borehole. GIS based 

eight interpolation techniques in the Spatial Analyst Tools (ArcMap) were used to 

examine which technique provided the better representation of the investigated data. 

The Inverse Distance Weighting (IDW) interpolation technique, with specific 

parameters, was found to give a better representation for the Standard Penetration Test 
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N value in the Surfers Paradise study area. Further, the Depth Classification Scheme 

(DCS) was designed to facilitate the categorisation of the depth classes. Additionally, 

26 SPT-N value zonation maps were developed to examine the soil stiffness at all 

depths to the bed rock. The SPT-N value was selected in the developing the zonation 

maps because of the abundance of the SPT data for the study area. Further, a GIS-based 

map was constructed specifying the locations of the geotechnically problematic peat 

layer within the Surfers Paradise site. 

Four new empirical equations were established from available results between the dry 

density and the liquid limit, between the water content and the dry density, between the 

water content and the liquid limit, and between the liquid limit and the plasticity index. 

These relations were then compared with the well-known published equations in the 

literature and showed consistent trends. Importantly, a number of geotechnical 

properties were estimated, being based on well-known equations to reinforce the 

geotechnical analysis of peat and soil in the study area. As such, organic content, void 

ratio, compression index, friction angle, and the coefficient of secondary consolidation 

were estimated, then correlated with other geotechnical properties. The estimated 

characteristics were validated with the measured magnitudes and showed excellent 

linear relationships. A statistical t test examined the significance of the estimation of the 

geotechnical characteristics. The findings show significant and non-significant 

deviations between the estimated and the measured geotechnical data.  

In summary, this thesis presents an integrated approach to: (1) digitally characterise the 

geotechnical properties of soil using GIS; (2) increase our fundamental understanding of 

the geotechnics of problematic peat behaviour by examining its physical and 

engineering properties at deep underground levels; (3) enable decision makers to assess 

the underground conditions through facilitating the process of a feasibility study, 

foundation design, planning detailed soil investigation, and rough cost estimates for 

future major construction projects in Surfers Paradise; (4) stimulate further interest in 

the characterisation of other soil properties by using GIS; and (5) provide context for 

further geotechnical database management using the Borehole Management Information 

System. 
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CHAPTER 1. INTRODUCTION 

1.1 BACKGROUND  

According to Locat et al. (2003), natural soil differs in its geotechnical properties 

because of its geological origin. Two types of deposits are responsible for creating 

natural soil: transported residuals, and chemical deposits. In the main, soil consists of 

three components: minerals, organic matter, and fluid, such as water or gas. Soil 

particles can achieve cohesion by cementing materials from chemical solutions or via 

clay particles. These particles become like an adhesive material due to heat, time, and 

pressure when small particles (such as silt) surround coarse particles (such as sand). In 

such cases, all the particles are embedded into the whole matrix and have their own 

geotechnical behavior. Moreover, their shape, strength, deformation state, interlocking 

degree, and weathering degree are responsible for the determination of the friction force 

and the soil’s compaction degree. Thus, these have profound effects on the geotechnical 

properties of soils.  

One natural soil type is organic soil. Its technical meaning is based on the definitions of 

engineers and geologists. For example, a soil containing a significant amount of organic 

material, derived from plant remains describes an organic soil. Also, it has a distinctive 

texture, odour, and colour (see Figure 1.1). The identification of organic soils, by 

engineers and geologists, is very important due to its softness and high compressibility. 

Soil scientists have defined peat as an organic soil with greater than 35% organic 

content. However, geotechnical engineers consider all soils with an organic content of 

more than 20 % as organic soils. Because of such characteristics, these soils do not 

provide adequate support for many engineering structures (Huat, 2004). 

According to Kazemian et al. (2011), peaty soils are geotechnically problematic and 

cause instability problems, such as the development of slip failure, local sinking, 

massive primary and long term settlement, and high rates of creep, which cannot 

support foundations. It is generally accepted that the presence of organic matter in soils 

causes a detriment to their geotechnical and engineering qualities (Malkawi et al., 

1998). Santagata et al. (2008) identified that soils with high organic matter content 

normally have high rates of creep, high compressibility, and the associated risk of 

inadmissible settlements, and unsatisfactory strength properties, as well as probable 

foundation failure (see Figure 1.2). 
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Figure 1.1 Scanning electron microphotograph of peat structure in Canada 

(Mesri & Ajlouni, 2007) 

From a geotechnical prospective, construction over peat tends to be considered by many 

engineers as a ‘black art’. Consequently, they try to avoid constructions over peat 

layers, especially if they are without peat experience (Munro and MacCulloch, 2006). 

Indeed, problems of foundations due to the peat occurrence are ubiquitous wherever 

peat is found. One example is shown in Figure 1.3, which displays an image of a badly 

damaged house, in Sibu town, Malaysia, due to the ground subsidence, a consequence 

of peat.  

The literature review revealed that, while multiple studies have addressed peaty soils as 

a geotechnically problematic layer at depth, those depths have not exceeded more than a 

few meters below ground level. In the current study, an examination of the peat layer 

was extended to depths reaching to R.L. -32 m (37 m below ground level). Surfers 

Paradise (Gold Coast, Queensland, Australia) was chosen as the site for the case study 

as its peat layer has varying thicknesses at depths of between R.L. -10 m to R.L. -19.6 

m; the organic content is approximately 80%, with a thickness ranging from 0.1 m – 7 

m. This highly compressive peat can cause excessive settlements for building erected 

over such soils (Oh et al., 2008). 

Additionally, the cost of the soil investigations in Surfers Paradise area increased by 

71.5 times during the period 1973-2002 (see Table 1.1). In this context, there is a need 

for specific geotechnical assessment, subsurface characterisation of physical and 

engineering properties of the soil, and the establishment of a geotechnical information 

system. Before geotechnical characterisation of an area, the task was arduous because of 

the soil boreholes and the log data representations. Hence, there was the need for 
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Geographic Information System GIS, namely, the transformation of all paper and sheet 

work into digital form and, consequently, to make digital mapping easier and more 

quickly accessed (Higashi & Dias, 2003). ArcMap10 was designed to manage different 

amounts and types of information. Importantly, the software allows the data to be 

represented spatially by referencing the data to its own geographical reference. For 

example, even though the geotechnical data are not easily represented, especially if 

there are many boreholes, this technique can produce zonation maps which can 

categorise the engineering properties of soil in the study area. Further, GIS was used for 

less data redundancy, more timely information, better data management, the easy 

analysis of data, and the expanded opportunities for spatial analysis. Moreover, it is a 

valuable tool for decision management. 

   

    

Figure 1.2 Peat problems around the world (Google Images)  
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Figure 1.3 A badly damaged house due to ground subsidence and differential 

settlement in peat in Sibu town, Malaysia (Huat , 2004)  

Table 1.1 Comparison between test prices in 1973 and 2002 (Ground Test Pty. Limited, 1973; 

Weathered Howe Pty. Limited, 2002). 

Test prices 1973 Test prices 2002 

Activity Cost (AUD$) Activity Cost (AUD$) 

Establish on site 80 Establish on site 550 

CPT testing  

(per foot/0.3 m) 

2.5 CPT testing, set up (per 

day) 

2,400 

SPT sampling & 

testing  

(per test) 

10  

Drilling, testing, and 

sampling 

(per day) 

 

2,100 

SPT drilling to 40 ft 

(0.3m) (per day) 

102 

Engineering 

supervision, 

Liaison, and report 

expenses 

 

107 

Engineering 

supervision and report 

expenses 

 

9,940 

Estimated total 

cost (per day) 

301.5 Estimated total cost 

(per day) 

14990 
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1.2 RESEARCH OBJECTIVES 

The presence of the peat layer underneath an engineering structure is a critical issue for 

construction as this layer can pose significant geotechnical problems. Peat is considered 

the poorest foundation material due to its high water content, low shear strength, 

significant compressibility, and continuous decomposition (Huat, 2004). The current 

research focused on this problematic layer specifically within the Surfers Paradise 

region; it also utilised the Geographic Information System (GIS) in meeting the 

following four objectives:  

1. To determine the extent of the peat layer underneath the study area, the 

following steps have been carried out: 

 Identifying the thickness and the depth of the layer at each location 

site. 

 Providing a description of the layer in each location. 

 Establishing the empirical relationship between the engineering and 

physical properties of peat. 

 Analysing the potential strength parameters of peat using conceptual 

GIS-based zonation maps. 

 Comparing the peat properties identified with other published data. 

2. Identification of the subsurface condition of the study area by the following 

approaches: 

 Establishing cross sections. 

 Developing GIS-based zonation maps for each depth. 

 Determining the bed rock depth in each location.  

3. Characterisation of the geotechnical properties of the soil in the study area 

by: 

 Correlating the engineering and physical properties of the soil. 

 Comparing the soil characteristics with other published empirical 

relationships. 

4. Examination the suitability of Geographic Information System (GIS) to 

classify the soil profile by comparing the eight interpolation techniques in 

the Spatial and Geostatistical Analyst extensions in ArcMap10 to examine 

which technique provides the better representation of the geotechnical data. 
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1.3 RESEARCH SIGNIFICANCE 

Academic significance 

The expected academic significance of the current study is summarized in the following 

five points: 

 The soil characterisation (provided from previous case studies of the 

problematic peat layer, as well as through the use of Geographic Information 

System (GIS)) was expected to extend our knowledge of, and enhance our 

application of, GIS-based soil characterisation.    

 The research was expected to fill gaps in the existing literature regarding the use 

of GIS in the geotechnical characterisation of soil; additionally, this knowledge 

was anticipated to facilitate and support further studies in this area. 

 The findings, about the geotechnical properties of peat and organic soil 

characterisation, in the southern hemisphere, at a range of advanced depth levels, 

were expected to vastly increase our knowledge base, especially for Australia.  

 The application of additional GIS based techniques in the field of geotechnical 

engineering, to come up with rigorous solutions and actions, was expected to be 

a useful addition to future research. 

 The research was expected to have a positive outcome, especially in highlighting 

how traditional ways of soil characterisation could be altered by the application 

of GIS and geotechnical information system philosophies. 

Methodological significance 

The outcome from the study was expected to make significant contributions to the 

current body of knowledge in two areas, as it was the first attempt to study: 

 Soil characterisation using comprehensive GIS techniques. 

 The geotechnical characteristics of the problematic peat layer at very deep strata, 

reaching a level of 32 m below the ground surface.  
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Practical significance 

In a practical sense, the study was expected to provide five improvements to the current 

way of undertaking soils investigations in relation to foundations in the construction 

industry: 

 The findings were expected to facilitate the geotechnical engineers’ choice of 

the most appropriate foundation design for non-problematic soil layers (thus 

reducing costs in relation to unnecessary pile foundations).  

 The newly established empirical equations were expected to assist in the 

evaluating the physical and engineering properties of soil and, thus, enhance the 

necessary considerations required when planning an engineering project, 

particularly in the study area. 

 The cross sections developed during the study were expected to be valuable tool 

that fully visualised the underground soil condition, the thickness and the extent 

of the problematic peat layer, the thickness and the extent of each soil strata (as 

identified in the centre of the study area, where high rise buildings have been 

erected. 

 The GIS-based SPT-N value zonation maps, developed during the research were 

expected to be a valuable tool as it identified the soil stiffness in the study area 

at depth to the bed rock.  

 The proposed Borehole Management Information System (BMIS), used as a 

local geotechnical information system, was expected to aid decision makers (at 

all levels) as a strategic assessment tool for geotechnical data management. 

1.4 STRUCTURE OF THE THESIS 

This thesis consists of seven chapters. Chapter 1 includes the background, research 

objectives, and the structure of the thesis. Chapter 2 consists of the literature review that 

related to the research aspects. It provides a geological background for the Gold Coast 

region, in general, and the Surfers Paradise area (the location of the study). Also, a 

comprehensive explanation reveals more details about the peat layer and the concept of 

peaty soils, as well as the occurrence of peat, peat classification, and the problems 

caused by peat. Several world case studies are presented. The Geographic Information 

System (GIS) techniques are explained in terms of its applications in the field of 
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geotechnical engineering, and the establishment of geotechnical databases, along with 

case studies, particularly the relationship between the GIS and geotechnical engineering.  

Chapter 3 illustrates the two part methods used in the current study; (1) geotechnical 

methodology, and (2) the GIS methodology. Chapter 4 outlines the GIS-based 

subsurface visualisation of soil profile in the study area, a comparison among the 

interpolation techniques, GIS-based zonation maps for the soil stiffness at various depth 

levels up to the depth of bed rocks, and the proposed geotechnical information system. 

Chapter 5 describes the characterisation of the soil in the study area, including the 

physical and the engineering properties of peat and soil, the variation of these properties 

with depth, and the new empirical equations established. It also presents a comparison 

of the study site with the published properties of peat and soil in other regions. Chapter 

6 consists of correlations between the physical and engineering properties of peat and 

soil, the effect of depth on these properties, and the statistical significance of the 

estimated characteristics. Chapter 7 concludes the thesis, and recommends directions for 

future research.   
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CHAPTER 2. LITERATURE REVIEW 

2.1 INTRODUCTION 

The literature review divided into four main parts the most relevant literature, namely: 

(1) Gold Coast geology (Surfers Paradise); (2) peat, as an organic layer and its effects 

on engineering structures; (3) the applications of Geographic Information System (GIS) 

in the characterisation of peat and soil in geotechnical engineering practice; and (4) the 

establishment of geotechnical information systems in countries that own these systems. 

Most geotechnical experts agree that peat is, geotechnically, a problematic layer, as well 

as being detrimental to high rise structures, and their construction. However, a number 

of on-going questions exist in relation to this layer in Surfers Paradise. Additionally, 

there is still much to learn and understand about the unique combination of the 

geotechnique and the geographic information system. 

The first part of the chapter, following the introduction, describes the main geological 

formations (including the peat layer) and their approximate geological ages in the Gold 

Coast region. Next, the concept of peat and peaty soils (i.e. definition, formation, 

classification, properties, and problems) are defined and identified. The location and 

problems of peat around the world (i.e. The Netherlands, Indiana, USA, Turkey, 

Ireland, Malaysia, Italy, and Jordan), as well as in Australia, Queensland, the Gold 

Coast, and Surfers Paradise, are identified and reviewed.  

Next, the concept, definitions, and the components of the geographic information 

system (GIS) are given. Then, the concept of database acquisition and processing, and 

the application of GIS in the field of geotechnical engineering are presented. This is 

followed by an overview of case studies in the application of geotechnique GIS in 

Brazil, Greece, Turkey, Singapore, and the USA. The geotechnical data management 

and geotechnical information systems from selected countries are also reviewed.  

2.2 GOLD COAST GEOLOGY 

In 2000, Whitlow undertook detailed work on the geology of the Gold Coast; it is 

considered the only credible detailed digital source of geological classification of the 

area. Most of the geological descriptions outlined in this chapter relate to his study. 
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From that date, no extensive geological data was published regarding the geological 

profile of the Gold Coast. 

In summary, the Gold Coast region contains three key groups of unconsolidated 

sediments and rocks: (1) the Tertiary, old and volcanic formations, (2) the fluvial 

deposits, and (3) the marine deposits. The rocks represent the most prominent features 

in the hinterland and hilly landscapes. In addition, the river deposits became 

concentrated in the valleys and spread out, gradually, into the coastal regions to mix 

with the marine deposits (Whitlow, 2000).  

2.2.1 Geology of the bed rock formations 

Geologically, to have an idea about the stratigraphy and the characterisation of a region, 

the history of the bed rock formations need to be identified. According to Whitlow 

(2000), the Neranleigh-Fernvale Beds are groups of metamorphosed sedimentary rocks 

located underneath most of the hinterland. The origin of these rocks relate to the 

deposited sediments in the deep basins and the continental shelves. Due to the tectonic 

uplifting process, large scale compression and folding, about 300 million years ago, 

formed the mountainous terrains. Its exposure forms very resistant rocks with 

compression and steeply dipping beds, a result of the re-crystallization of rock minerals, 

such as greywacke rocks. Additionally, because of volcanic activity, pillow lava, a part 

of the meta-sedimentary rocks, occurred at the same time. 

During the Triassic geological period (225 million years ago), giant volcanic eruptions 

happened along the continental shelves where the rock fragments and rhyolitic lavas 

covered many parts of the Neranleigh-Fernvale beds to produce the Chillingham 

Volcanics. After these disturbed activities a steady state occurred in the geological 

period that gave an opportunity for the sediments to be deposited on the land’s surface. 

For instance, in the north-east of the Gold Coast, the Woogaroo subgroup rocks, which 

consist of sandstones, conglomerates, siltstones, shale and coal, were developed from 

the braided river deposits which occur in alluvial plains (Willmott, 1992). 

At the end of the Tertiary era (about 23 million years ago) there was renewed volcanic 

activity. It produced basaltic lava thought to be erupted from an old volcano in the west 

of Mount Barney, which formed Albert Basalt. These continuous eruptions, such as the 

Tweed Volcano, resulted in the creation of basaltic and rhyolitic rocks, which cover the 
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southeast of the Gold Coast. It gives the spectacular cliff scenes of Mount Tamborine, 

Springbrook and Beehmont. After the settlement of the Tweed Volcano, all the terrains 

underwent weathering and erosion processes tens of thousands of years, to produce 

today’s coastal shores and river valleys (Whitlow, 2000). 

2.2.2 Geology of the coastal and valley deposits 

Most of the unconsolidated marine and fluvial sediments were formed 2 million years 

ago and covered less than 40% of the land area (Whitlow, 2000). Today these 

geological formations are located beneath the Gold Coast’s urban settlement. An 

overview of the many studies performed on these sediments is presented below. 

According to Hails (1964), the modern coastal Gold Coast plain contains a range of 

deposits (e.g. estuarine, freshwater swamp, coastal marsh, mud flat, beach and beach 

ridge deposites); which end on the land, usually at a cliff, and represent the pre-

Pleistocene shoreline. On the other hand, a series of rocky headlands (e.g. Currumbin 

and Burleigh Heads) and bays are located underneath the coastal plain. Due to the 

continuous deposition of unconsolidated sediments in the estuarine and alluvial basins, 

progressive aggradations have occurred behind the barrier islands, (e.g. the Logan, 

Pimpama, and Coomera Rivers behind Stradbroke Island) or behind the barrier beach 

ridges (such as the Currumbin, Nerang and Tallebudgera Rivers).  

Extensive peat swamps, such as Stephens Swamp, are important geological and 

strategic features, formed behind the coastal islands. This formation occurred because of 

the impeding river deposits, the sustainable accumulation of huge amounts of deposits 

from the river deltas, and the sea level fluctuations throughout the Pleistocene and 

Holocene periods (Whitlow, 2000). 

Since the 1800s, the spits and barrier beaches have been breached, widened and 

extended, for example, the separation of North and South Stradbroke Islands by the 

Jumpinpin Gap formation. Another example is the progressive shifting of sand, which 

has caused the mouth of the Nerang River to move northwards. In addition, sea level 

fluctuation during the Pleistocene and Holocene periods also resulted in the formation 

of river terraces (Whitlow, 2000).  
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2.2.3 Gold Coast geological units 

A description of the 76 geological units of the Gold Coast region was also written by 

Whitlow (2000). The units were divided into three main categories:  

1. Anthropogenic units (15 units) 

2. Quaternary units (43 units) 

a. Fluvial deposits (17 units) 

b. Marine deposits (26 units) 

3. Tertiary and old rock formation units (20 units) 

2.2.3.1 Anthropogenic units  

Accordig to Whitlow (2000), the 15 anthropogenic units comprise of four main 

categories: 

1. Landscape fill 

2. Water features 

3. Landfill 

4. Quarrying 

2.2.3.1.1 Landscape fill 

The landscape fill geological unit (comprised of clay, sand, gravel and road 

embankments) covers about 5,265 hectares. These areas are demonstrated by Hope 

Island, the lower Nerang River, and around Runaway Bay and Robina (see Figure 2.1). 

At Horizon Shores and Calypso Bay, more localized fill units and aquaculture ponds 

have been developed, with most being underlined by marine and alluvial sediments to a 

depth of 25 m or more. Additionally, acid sulfate sediments are found underneath some 

of these fills (Whitlow, 2000). 
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Figure 2.1 Main areas of landscape f ill on the Gold Coast (Whitlow, 2000) 
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2.2.3.1.2 Water features 

The anthropogenic water features in this region include reservoirs, artificial canals, 

aquaculture ponds, and lakes; it covers about 1,347 hectares at Runaway Bay, Hope 

Island, around Robina, the ongoing development at Calypso Bay, the lower Nerang 

floodplain, and the marinas at Horizon Shores (see Figure 2.2). The two main reservoirs 

(Hinze Dam and Little Nerang Dam) are are, geologically, underlain by the Neranleigh-

Fernvale Beds. There are several operating, and one abandoned, aquaculture ponds near 

the Pimpama canelands and the Upper Coomera Valley area (Whitlow, 2000). 

2.2.3.1.3 Landfill   

The landfill area covers some 233 hectares (see Figure 2.3), which includes active waste 

disposal, reclaimed, and recreational areas, as well as educational facilities (Whitlow, 

2000). 

2.2.3.1.4 Quarrying  

The quarrying deposits cover about 641 hectares. They include sand, rock and gravel 

extraction, as well as terrace excavations, from the main river channels. The sand and 

gravel extraction, for example, occurs in the Upper Coomera River terraces (Pimpama 

area) (Whitlow, 2000). 

2.2.3.2 Quaternary units  

The Quaternary units consist of 43 map units, divided into two main types of deposits 

(fluvial deposits17 units, and marine deposits 26 units) (Whitlow, 2000). 

2.2.3.2.1 Fluvial deposits 

Fluvial deposits form in slopes and valleys which precipitate unconsolidated and 

weathered soil materials. These deposits are carried down the slopes and valleys by 

flowing water; they are then left behind due the slowing of the water and gravitational 

forces (see Figure 2.4). 

The slope deposits include a mixture of soil, clay scree, and slope washes. The slope 

tends to be steep, with a terrace like appearance. The unconsolidated deposits also tend 

to make the slope unstable. Moreover, field observations and mapping is essential when 
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estimating the slope’s critical circumstances, especially on the southern part of the Gold 

Coast and, in particular, at Currumbin and Tallebudgera. 

The Gold Coast slope deposit map units illustrate the pediment slope wash, principally 

in the Albert valley and in some areas of upper Coomera. Additionally, colluvial fans in 

the Currumbin valley and the basalts are covered by pediment slope wash. The last 

category of map units are represented by boulders carried down the slope with fine 

slope sediments (Whitlow, 2000). 

Widespread areas of colluvial and alluvial infill represent the hinterland valley, 

between Nerang and Beenleigh, on the central and northern Gold Coast. The lowest 

level river terraces and channel deposits describe the southern hinterland valley, an 

area of approximately 1,316 ha. The alluvial deposits and river terraces cover about 

19,174 ha. Therefore, the alluvium units (clay, silt, sand, gravel, and floodplain 

alluvium) comprise about 4, 217 ha or 31.8% of all the alluvial deposits. The main 

alluvial deposits are concentrated in the central and south eastern parts of the Gold 

Coast region. The low level alluvial terraces comprise about 40% of the alluvial 

deposits or some 7,728 ha. These deposits cover the northern (mostly) and the southern 

central parts of the region. Both this area and the alluvial deposits area comprise the 

same units (Whitlow, 2000). 

The upper level alluvial terraces (about 36 % of alluvial deposits or approximately 

6,703 ha) contain clay, silt, sand and gravel. These deposits are found mainly in the 

northern parts, as well as some areas in the center, of the Gold Coast region. However, 

the older upper level alluvial terraces of the Pleistocene age, which contain clay, silt, 

sand and gravel, cover about 3% or 627 ha. These deposits are found in the far north 

western, with some traces in the Middle Western, region of the Gold Coast. 

Furthermore, the swampy land on the alluvium is comprised of gravel, sand, silt and 

clay. There are four subtypes: alluvium covered with mangroves, alluvium covered with 

swamp forests, swampy areas of alluvial plains with sand and peaty substrates (see 

Figure 2.5) and, finally, alluvium covered with salt marshes. These deposits are 

localised near the Logan and Albert Rivers, except for the mangrove and salt marsh 

which are found mostly in the southern area of Coombabah Lake. There is also a tea 

tree swamp, which is located in Parkwood (Whitlow, 2000).  
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Figure 2.2 Main Anthropogenic water features on the Gold Coast (Whitlow , 

2000) 
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Figure 2.3 Main Land Fill areas on the Gold Coast (Whitlow, 2000)  
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Figure 2.4 Main areas of Fluvial Deposits on the Gold Coast (Whitlow, 2000) 
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Figure 2.5 Main areas of Alluvial Swamp Deposits on the Gold Coast (Whitlow, 

2000) 
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2.2.3.2.2 Marine deposits 

The marine deposits, laid down during the Holocene period (in the last 10,000 years), 

are represented by Estuaries, Beaches, Dunes and Coastal plains. They were formed 

mainly by marine operations (see Figure 2.6). Within the deposits, the peat sediment 

was found at a depth of 26.8 m. The peat was dated, by using the radiocarbon method, 

to 10,585 ± 140 years before the present (Thom & Chappell, 1975). Overall, these 

deposits cover 24,575 ha and extend along the Broadwater and South Stradbroke region, 

as well as the Island archipelago in the north east of the Gold Coast. The pleistocene 

tidal delta deposits were described as marine deposits, according to the aerial 

photography of the 1940s. Other remnants of the pleistocene beach ridge and swale 

deposits are found at Runaway Bay. Progressive sand spit extensions in the north region 

of Stradbroke Island was identified by old satellite imagery and aerial photographs. The 

large scale aerial photographs (1:8,000) were also used to determine other deposits, such 

as salt marshes, mangroves, tidal delta deposits, and lakes and swamps in the north 

eastern region. 

The near shore marine sediments, comprised of quartz sand, tend to be underwater 

(due to high tide currents), covers about 1,103 ha. Further, the marine basin of the 

broadwater covers 4,232 ha with a thin veneer over the Pleistocene sediments, muddy 

sand, sandy mud, and mud. The estuarine channel deposits cover 3,378 ha and are 

comprised of minor gravel with muddy sand and sandy mud, which are distributed on 

the northern eastern region of the Gold Coast. The fresh water or fluvial deposits then 

give way to estuarine sediments, a result of the gradation of sediments along the major 

rivers. The definition of these sediments depends on the tidal water level fluctuations 

and the presence of mangroves (Whitlow, 2000). 

Extensive tidal flats, comprised of sand and mud, cover about 1,493 ha and form the 

more stable islands of today, which are distributed along the mangrove areas and the 

salt marshes (Whitlow, 2000). These deposits are concentrated in the north eastern areas 

of the Gold Coast region. The mangroves cover 4,822 ha, while the salt marshes cover 

1,107 ha. Other deposit types are also localized in this area, such as swamp forest 

patches (306 ha), coastal swamps (144 ha), small dune lakes (comprising sand with 

organic deposits) and Holocene lake deposits (mainly quartz sand). 
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Figure 2.6 Main areas of Marine Deposits on the Gold Coast (Whitlow, 2000) 
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Quartz and Shelly sand form the main geological units which cover the beaches and 

coastal plains from Coolangatta in the south to South Stradbroke Island in the north (see 

Figure 2.7). The pleistocene tidal delta deposits are located further north. Currently, 

active erosion is occurring on the sandy coastlines in southern Queensland and northern 

New South Wales (NSW) (Chapman et al., 1982). Thus, sustainable problems are 

occuring on the Gold Coast’s Contemporary Beaches, which cover about 478 ha and 

extend for nearly 49 km. Further, high rise urban activities are found on the Holocene 

beach ridges, covering about 1,290 ha on the landward side (Whitlow, 2000). 

On the eastern side of South Stradbroke Island, the mining processes, to extract heavy 

minerals, caused blow-outs. An area of about 346 ha has also been highly affected by 

wind erosion. As a consequence, casuarina trees were cultivated and planted to keep this 

area more stable (Whitlow, 2000). 

The pleistocene beach ridges, comprised of sand and shelly sand, are the main units for 

the western parts of South Stradbroke Island and the Runaway Bay area. The area of 

Pine Ridge Reserve shows extensive swale/swamp, identified before the urban 

development of the area. The beach ridges and dunes were destroyed by the 

development of the canal estates and the reclaimed landfill operations. The sand spit 

historical extension, at the northern end of Stradbroke Island, included the Holocene 

beach ridge and berm. The pleistocene coastal deposits and the sand dunes 

comprised the other geological units represented in the coastal zone (Whitlow, 2000). 

Early 1970 aerial photographs show the two main coastal plain geological units. The 

first coastal plain unit comprised undifferentiated mud and sand deposits with alluvium 

veneers. The second coastal flood plain units are comprised of flood plain alluvium, 

gravel, sand, silt, and clay. Stephens Swamp was formed partially in the early 1900s as 

low-laying land, then, in 1960s, part of the land was reclaimed for canal estate 

development. Of more interest, in terms of the area’s geology, are the underlying beds 

which have potential geohazards, as well as the acid sulfate soils in the western parts of 

the Broadwater (Whitlow, 2000). 
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Figure 2.7 Main areas of Coastal Dunes, Ridges, and Plains on the Gold Coast 

(Whitlow, 2000) 
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2.2.3.3 Tertiary and older rock formation units  

In the Tertiary and older rock formation units, three main groups were identified and 

defined by Whitlow (2000) to explain the geological units of this period on the Gold 

Coast. The groups (Neranleigh-Fernvale Beds—the oldest, sedimentary rocks—in the 

middle, and volcanic rocks—the youngest) contain 20 units. 

2.2.3.3.1 Neranleigh-Fernvale beds 

The Neranleigh-Fernvale beds form the most extensive rock formation on the Gold 

Coast, and cover about 85% or 75,625 ha of the hard rock areas (Whitlow, 2000). The 

area is steep, dipping 35º to 70º, of sedimentary and interbedded volcanic rocks, which 

extending from the south-east to the north-west, across the centre of the region (see 

Figure 2.8). Arenite, chert, jasper, mudstone, shale, greywacke, pillow lava, 

conglomerate, and basic metavolcanic rocks are found in this area. Moreover, oolitic 

labile arenite and argillite, as well as greenstone and chert, are found in massive bands. 

The Neranleigh-Fernvale Beds originated from the continental shelf and deep sea 

sediments, which were altered via compression over the last 300 million years, then 

lifted to produce the landform we have today (Willmott, 1992). These alteration 

processes (crustal deformations and compaction) affected the sediment formation (meta-

sediments), and changed the lithology. The rock structure between the Gold Coast and 

the Brisbane Highway is evidence of such processes. 

2.2.3.3.2 Sedimentary rocks 

Sedimentary rocks, which cover about 696 ha occur as outcrops in three main areas: 

extreme north west (Beenleigh), the residual hills in the canelands (in the north east), 

and central Numinbah Valley (in the south west) (see Figure 2.9) (Whitlow, 2000), 
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Figure 2.8 Neranleigh-Fernvale Beds as older rock formation units on the Gold 

Coast (Whitlow, 2000) 
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Figure 2.9 Sedimentary Rocks on the Gold Coast (Whitlow, 2000) 
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2.2.3.3.3 Volcanic rocks 

The volcanic rocks (mostly basalt and rhyolite) comprise the south west region of the 

Gold Coast and cover about 12,235 ha in the ranges of the Numinbah Valley/Binaburra 

area and Springbrook. These rocks can also be seen at Burleigh Heads, Currumbin and 

Coolangatta, the major ridges between Tallebudgera and Currumbin Creeks, and as 

cappings on the coastal hills (see Figure 2.10). Tuffs, found within the volcanic rocks, 

contain fragments of consolidated rocks which formed after the volcanic eruptions. 

However, the Chillingham Volcanics comprise of conglomerate, shale and breccias, 

which are mixed with tuff fragments and rhyolite. These rocks cover approximately 760 

ha of the lower western parts of Numinbah Valley and the Tamborine area (Whitlow, 

2000). 

Basalt, as volcanic rock, covers about 70% of the volcanic outcrops in the south east of 

region of the Gold Coast; it forms ridge crests and bench-like features on deep slopes. 

In contrast, rhyolite is usually found in the hinterland as high rising features, such as 

cliffs and screes. The basalt rocks have been used as construction block resources in 

many projects, such as the Seaway walls (in 1986). The deep red clayey sediments and 

ferromagnesian minerals in the bedrocks are natural products of the weathering 

processes. However, the unstable hill slopes, which tend to experience mass movement 

activities under normal conditions, is due, in the main, to urban activities, such as 

construction and land clearance. These slips occur because of the unconsolidated 

colluvial materials which overlay the volcanic rocks, for example, in the Numbinbah 

Valley (Willmott, 1992). 

2.2.4 Geological situation—summary 

 The geological description, derived from Whitlow (2000), constitutes the most 

detailed geological mapping undertaken for the Gold Coast region. 

 This information is presented as a review of the underground conditions for the 

Gold Coast region study area. 

 Most important is the extensive study of the geotechnical problems created by 

the peat layer. 

 The peat is found in the Quaternary formations, particularly in the swampy areas 

of alluvial plain where it is mixed with sand.   
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Figure 2.10 Volcanic Rock Formations on the Gold Coast (Whitlow, 2000) 
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 The peat also occurs in the marine deposits, estuaries, and coastal zones as 

coastal swamp deposits with quartz sand (e.g. Stephens Swamp, located south of 

the study area). 

 Simillarly, peat has also been found in beach swale (low moist or marshy land) 

as peaty deposits overlying quartz sand.   

 The definition of peat, by Whitlow (2000), based on Brady (1974), is described 

as “partially decomposed organic material accumulated under waterlogged, 

anaerobic conditions; common in swamp”.     

In the current context, peat has been comprehensively investigated in terms of its 

physical and engineering properties, characterisation, and digital mapping (using GIS), 

in Chapters 4 and 5. In addition, new empirical equations have been formulated, based 

on the collected geotechnical data from the study area (see Chapter 6). The next section 

extensively clarifies what peat is, the concept of peat, its definitions, and its global and 

local occurrence, to gain a better understand of that soil layer. 

2.3 PEAT AND PEATY SOIL CONCEPT 

According to Soper and Osbon (1922), Radforth (1969), Babel (1975), Moore (1989), 

and Van der Heijden et al. (1994), peat deposits are defined as the remains of plants that 

have been partly fragmented and decomposed, then accumulated and fossilised. Further, 

MacFarlene (1969) has described peat as “a component of organic terrain consisting of 

more or less fragmented remains of vegetal matter sequentially deposited and 

fossilized”. However, in contrast, Muskage’s engineering handbook peat definition does 

not mention the inorganic content. Nevertheless, Landva (2007) identified various 

references in Muskage’s engineering handbook (which relate to soil characterisation), 

which named peat as: peaty soil, marsh and marshland deposits, muck, organic soil, peat 

soil, peat land, muskeg, coastal marsh peat/muck/clay, soft peaty ground, swamp, 

organic terrain, or peaty alluvia. In some of these soils, the inorganic content or 

minerals can be as high as 80%. Such descriptions are not consistent with the first 

definition which explains that peat does not contain inorganic material. Further, Landva 

(2007, p.2136) defined peat as “generally unconsolidated organic material consisting 

largely of organic residues accumulated as result of incomplete decomposition of dead 

plant constituents under conditions of excessive moisture”. 



  

30 

 

Collins and Kuehl (2001, p. 139), in their book Wetland Soils, describe and provide an 

overview of the origin and composition of peat. 

         “Many terms have been used to describe organic soils. The term “peat” has been used for 

many years as a general term to describe the soils with various amounts of un-decomposed plant 

remains. Early emphasis was placed on the botanical source of the plant remains, and several 

types of peats (limnic peats, telmatic peats, terrestic peats, etc.) were recognized.” 

The authors also expanded on the relationship between the degree of decomposition and 

the term for peat. 

 “Specific terms have been defined for organic soils and organic material. The majority of 

the terms depend on the degree of decomposition of the organic matter. These terms are used 

throughout the world”.  

Further, the authors revealed that different countries can have different terms for peat, 

depending, on its organic content.   

“In Alaska and other northern areas of North America, as well as areas in Europe with large 

expanses of organic materials, peat is still used today as a general textural term indicating a high 

fibre content. The term “peat land” is used as a general landscape term to describe the expansive 

area of their occurrence”.  

 

Moreover, these peat land environments are based on peat geographical and 

geomorphological formations at a particular location. 

 “Peat lands form in depressions, slopes and raised bogs and occur over a range of climatic 

conditions from boreal to arctic. Peat lands are often divided into bogs, fens, mires, and swamps. 

These are particular landscapes or ecosystems and are often given the general description of 

peat-accumulating wetlands”. 

 

However, as Collins and Kuehl (2001, p.139) pointed out, peat also contains inorganic 

matter and minerals, describing the composition and the circumstances of peaty swamps 

containing calcium and tannin. 

“Bogs are areas of peat that are acid. Bogs are formed primarily from shrub or moss 

vegetation. The tannin content of bogs is high. Fens are sedge and grass-like plant dominated 

areas of organic materials that contain considerable bases, such as calcium. Swamps are formed 

under woody vegetation with variable amounts of tannin”. 

Mitsch and Gosselink (1993) have suggested that the term “mire” is used in Europe as 

being synonymous with a peat accumulating wetland. But, according to Richardson and 

Vepraskas (2001), the term is confusing, despite its commonality, as the term mire 

usually indicates a raised area ecosystem which hase experienced waterlogged peat 

accumulation. 

From their research, Munro and MacCulloch (2006) defined the peat landscape in the 

Northern Periphery area of Norway as “high vegetable material that forms in 

waterlogged areas when the natural processes of plant decay fail to keep up with the 
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amount of vegetation being produced”. They divided these landscapes four main types 

(see Figure 2.11): 

1. Mires: occur when the peat is still accumulating, and its formation has not 

reached the stage of true peats. 

2. Fens: establish when the peat obtains water and nutrients from groundwater, 

soil, rocks, and rain. 

3. Bogs: created when the established peats received water from rain and/or snow.  

4. Blanket bogs: occurs when peat covers a surface like a piece of carpet.  

Local or in-situ peat can vary significantly within each landscape because of the way it 

was established. Additionally, the variation can also occur because of its geotechnical 

properties (vertically and horizontally). Hence, it is important, before any construction 

occurs, that the particular circumstances that lead to the peat formation, and the 

geomorphology of the peat area, are well understood. 

                                            

Figure 2.11 Mire zones across northern Europe (modified from Succow & 

Jeschke, 1990) 

 

2.3.1 Peat formation 

Andriesse (1988) clarified the difference between the actual formation of organic matter 

and their accumulation procedure. For example, the formation of the organic material is 
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a result of a biochemical process, while, the accumulation process depends on the 

ecosystem and climatic conditions. In the formation of peat, it is generally accepted that 

the chemical breakdown is less than the biomass production. As Kurbatov (1968) 

explained, forest peat (such as birchwood) is aerated and composed of entirely decayed 

organic materials and lignin. In contrast, swampy peat (such as carex and reed) is 

formed in non-aerated conditions which are rich in unaltered material, such as lignin, 

cellulose, and cutin (see Table 2.1).  

Swampy peat is generated in conditions in which the micro biological activity is 

completely absent. Therefore, the biomass is partially decomposed and accumulates in 

special hydro-topographical locations, such as marsh, mire, bog and/or swamp. 

Table 2.1 Composition of swamp and forest peat as a percentage of dry organic matter 

(Kurbatov, 1968) 

Fraction Swamp peat Forest peat 

Birchwood 

55% decomposed 
Carex-swamp 

30% decomposed 

Reed-swamp 

40% decomposed 

Bitumen 3.3 1.1 8.8 

Humic acid 32.2 33.6 52.2 

Hemicellulose 15.0 8.6 1.0 

Cellulose 3.5 3.7 0.0 

Lignins 12.9 18.6 0.0 

Cutin 11.9 5.2 16.0 

Not determined 21.2 29.2 22.0 

 

According to Anderiesse (1988), four environmental factors control the process of peat 

formation, namely: hydro-topography, the source and quality of water, the development 

stages, and the type of vegetation. The hydro-topography factor, as described by Moore 

and Bellamy (1974), contributes to the formation of peat when the water system/cycle is 

represented by the following equation: 

INFLOW=OUTFLOW+RETENSION                                                                                                  (2.1) 

After the climate factors have contributed to the formation of peat (see Figure 2.12), the 

equation will be: 

INFLOW+PRECIPITATION=OUTFLOW+EVAPOTRANSPIRATION+RETENSION                   (2.2) 
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Consequently, three types of peat can be formed: primary, secondary, and tertiary peat 

(Anderiesse, 1988). Primary peat is accumulated in the initial depressions (see 

Figure 2.13); secondary peat is developed beyond the confines of the depression or the 

basin; and tertiary peat is developed above the physical boundaries of groundwater. This 

latter type of peat is formed in reservoirs containing water above the normal regional 

water table level, and is fed by precipitation only.  

 

Figure 2.12 Fundamental topo-hudrological situations for peats swamp 

development (Andriesse, 1988) 

 

Figure 2.13 Profile of a ridge raised mire shows primary, secondary, and 

tertiary formation of peat (Moore & Bellamy, 1974) 

2.3.2 Peat lands occurrence in the world 

Peat, which covers 8 percent of the earth’s land surface or more than 420 million ha 

(Ulusay et al., 2010; Clymo, 1987)), is found all over the world at a variety of locations 

and depths, with different characteristics. Multiple factors, such as temperature, degree 
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of humification (decomposition), and origin of fiber, influence the composition of peat 

(Kazemian et al., 2011; Huat, 2004). Canada has the largest area of peat, approximately 

1,295,000 ha, while Malaysia has between 2.7 and 3 million ha (Mutalib et al., 1991; 

Hobbs, 1986). Thus, peat can be formed from the Arctic (e.g. Norway) to the Tropics 

e.g. Indonesia) in moist, cool or cold conditions (Ulusay et al., 2010). Sorensen (1993) 

identified the Indonesian peat formations as the fourth largest in the world. Table 2.2 

shows the distribution of peat across the world. 

Table 2.2 Peat lands on the Earth (modified from Mesri & Ajlouni, 2007) 

Country Peat lands (km
2
) 

Canada 1,500,000 

U.S.S.R. (the former) 1,500,000 

Unites States 600,000 

Indonesia 170,000 

Finland 100,000 

Sweden 70,000 

China 42,000 

Norway 30,000 

Malaysia 25,000 

Germany 16,000 

Brazil 15,000 

Ireland 14,000 

Uganda 14,000 

Poland 13,000 

Falklands 12,000 

Chile 11,000 

Zambia 11,000 

27 other countries 220 to 10,000 

2.3.2.1 Peat lands in Australia 

Despite peat lands occurring throughout the Australian continent, research, which began 

in the 1950s, is still comparatively young (Whinam & Hope, 2005). The earliest study 

was by Costin, in 1954, on the ecosystem of the Monaro Region in New South Wales. 

In the same year, Millington wrote a paper about the Sphagnum bogs in New England. 

Twenty years later, the vegetation of the central plateau in Tasmania was researched by 

Jackson (1973). Since then, Hope (1980, 1983) has studied the vegetation communities 

of New Guinea, and the organic deposits of the Southern Tablelands in New South 
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Wales. Fosberg (1998) and Whinam and Hope (2005) undertook research into the 

vegetation of the tropical Pacific Islands.  

Although a common and distinctive type of wetlands throughout the world, peat lands 

are considered rare in Australia, covering 500 million ha of the Australian continent 

(Bilney, 1997). They range from widespread swamps in eastern Australia to blanket 

bogs in the Auckland Islands to button grass moorlands of maritime Tasmania (Whinam 

& Hope, 2005). Although spread throughout the Australian region, peat swamps tend to 

occupy relatively small, tropic and arid ecosystems, with high temperature habitats; 

these characteristics differ from those of the northern hemisphere peat lands (Whinam & 

Hope, 2005). In summary, Australia’s peat formation process started 14,700 years ago, 

with accumulation rate averaging about 24 cm each hundred years, with the peat layers 

ranging between 3-6 m thick (Bilney, 1997). However, according to Whinam and Hope 

(2005), the origination of the peat has been controlled, variably, by humidity and fire. 

Therefore, in the last 3,000 years, peat has rapidly grown up to 6 m in thickness. The 

Wingecarribee swamp, located in a gentle slope upper catchment valley in southern 

New South Wales, is considered the best and largest example of peat land in Australia 

(Bilney, 1997). 

2.3.2.2 Peat lands in Queensland 

In Queensland (Qld) and northeast New South Wales (NSW), pollen analyses have 

shown five sites along the coastal line with peat land deposit formations, namely: Emu 

Swamp (northern Sunshine Coast, Qld); Ningi Swamp (Deception Bay, in northern 

Moreton Bay, Qld); Eighteen Miles Swamp (seaward side of North Stradbroke Island, 

Qld); Bungawalbin Creek (northern NSW); and Bundjalung National Park (northern 

NSW) (Whinam & Hope, 2005). Due to the fluctuating effects of the water table, sea 

level changes over geological time, water availability, and bushfires, the history of 

vegetation in this region has changed and caused decomposition in vegetation 

structures. The result has been the production of peat layers. Globally rising sea levels 

throughout the glacial geological periods have affected the shore line, moving it 

landward. As a result of this migration the entire ecosystem and land hydrology 

changed. 

In another area of Queensland, The Great Artesian, the largest artesian basin in the 

world, was formed by Aeolian deposits and precipitate build-up. The basin receives its 

water inflow mainly from eastern Queensland’s coastal margins, while its water outflow 
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drains into the western and southern margins. Based on this process, permanent swamps 

have formed from copious quantities of water, many of which contain peat, such as 

Dalhousie Springs in Witjira National Park in the north of South Australia close to the 

Queensland’s southern boundaries. Peat has formed near these springs with over a 3 m 

thickness and some of peat is formulating directly on the sand (Boyd, 1990). 

In contrast, the mangrove peat sediments are found along the coast line as continental 

shelf sequence stratigraphic layers (Grindrod et al., 2002). This peat has developed as a 

fine grained clay or mud, within root debris and coarse wood deposits, within restricted 

water circulation topography (Whinam & Hope, 2005). Such locations prevent organic 

materials from flushing into open water. Geotechnically, according to Wüst et al. 

(2003), mangrove peat’s loss on ignition values exceed 35%; hence, it contains a 

problematic organic matter. Most mangrove peat is found in wet tropical environments, 

however, some has also been found near Townsville and Bowen which are dry tropical 

environments (Woodroffe et al., 1985). In the main, Queensland’s peat deposits 

comprise fibrous root mats, humified woods, and leaf fragments (Whinam & Hope, 

2005). Its organic soils areas, as estimated by Andriesse (1988), cover 15,000 ha, with 

100% of this area occurring in the tropics. 

2.3.2.3 Peat in the Gold Coast region  

According to Whitlow (2000), peat deposits have occurred in the Gold Coast region, 

near the coastal zones, as a result of current and past marine processes. These marine 

deposits were laid down ten thousand years ago, that is, or during the Holocene 

geological period. Further, the peat deposits are found at a depth of approximately 

26.8m, and have been aged at 10,585 ± 140 years using the radiocarbon method of 

dating (Thom & Chappell, 1975). Within the marine peat deposits three main types have 

been identified: coastal swamp deposits (quartz sand and peaty quartz sand); dune lake 

deposits (sand and organic deposits), and beach swale deposits (peaty or humic deposits 

overlying quartz sand) (Whitlow, 2000). The occurrence and the characteristics of the 

Surfers Paradise peat are described in detail in Chapter 5.      

2.3.3 Peat properties 

For engineering purposes, peat can be divided into three main types: amorphous-

granular peat (with high colloidal minerals, and clay-like in grain structure with inter-

spaces where water is kept locked in an adsorbed condition around the particles); fine-

fibrous and coarse-fibrous peat, or woodier peat (which hold the inter-spaces water in 



  

37 

 

the peat mass as free water (Radforth, 1969). Based on these characteristics (see 

Table 2.3), the engineering behavior of peat can be managed because of its water 

content, which is the most recognisable feature of virgin peat deposits, apart from its 

high content of vegetable materials (Munro & MacCulloch, 2006). The in-situ peat 

classification depends on the degree of humification and the state of peat decay; the 

latter is easily detected in the field by squeezing the peat sample by hand (Munro & 

MacCulloch, 2006). 

Table 2.3 Summary of typical peat properties (Munro & MacCulloch, 2006) 

Property Type of Peat 

Fibrous Medium 

decayed 

Decayed 

Water content % 1400 - 2500 900 – 1400 500 – 900 

Ash content % 1.5 - 3.0 3 – 8 8 – 30 

Void ratio 22 – 40 13 – 22 9 – 13 

Shear strength (kPa) 5 – 15 5 – 15 5 – 15 

Permeability (cm/sec) 10ˉ
3 
- 10ˉ

4
 10ˉ

4 
- 10ˉ

5
 10ˉ

5 
- 10ˉ

6 

In-situ bulk density (kg/m
3
) 900 - 1100 900 – 1100 900 – 1100 

The higher the water content in peat, then, usually, the lower the shear strength. In 

contrast, the more fibrous the peat, and/or the higher the degree of humification, then 

the higher peat’s shear strength (Munro & MacCulloch, 2006; Arman, 1969). Thus, the 

shear strength of peat does not depend only on its depth. For example, in Norway, peat 

bogs show a strength that decreases with depth. This unexpected result arises when the 

peat is more amorphous and less fibrous (Munro & MacCulloch, 2006).  

The permeability, compressibility and shear strength of the James Bay (Canada) fibrous 

peat was studied by Mesri and Ajlouni (2007) using laboratory test data. They found 

that the engineering properties of fibrous peat are very different from the characteristics 

of the most inorganic soil. For example, fibrous peat displayed very high initial 

permeability (1,000 times the initial permeability of clay and silt deposits) (see 

Figure 2.14 - Figure 2.16). Upon applying vertical effective stress, the permeability and 

void ratio also decreased dramatically, displaying the highest ratio of the secondary 

compression index. Additionally, Andriesse (1988) stated that the fibric horizons may 

contain water as much as 20 times the weight of solid particles (see Table 2.4). 
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Table 2.4 Dry weight and water content of saturated peat (Lucas, 1982; Andriesse, 1988) 

Property Sphagnum 

Peat type 

Peat 

humus Fibrous 

reed-sedge 

Decomposed 

reed-sedge 

Peat weight (gram/litre) 88 160 240 320 

Water content (gram/litre) 930 890 835 780 

Total weight (gram/litre) 1018 1050 1075 1100 

Water content % wet basis 91 85 78 71 

Water content % dry basis  970 554 346 242 

 

 

Figure 2.14 Scanning electron microphotograph of (a) vertical section; (b) 

horizontal section of the James Bay peat, showing network of fibrous elements 

and perforated hollow particles (Mesri & Ajlouni , 2007) 

Importantly, peat reduces soil strength through the loss of sediment mass. Gambolati et 

al. (2006) identified that peat occurrence is accompanied by the release if CO2 into the 

atmosphere, and the loss of sediment mass. As a consequence, in any peat location, 

there is a high possibility of land subsidence. To control soil CO2 release, the two most 

important factors are soil temperature and water content (Stephens et al., 1984). Ancient 
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swamps (which include organic soils, especially peat soils) provided a suitable 

environment for peat oxidation which, in turn, causes damage to pile foundations 

(Gambolati et al., 2006). However, each area has different causes for any subsidence 

due to the occurrence of peat. For example, in the south of the Venice Lagoon (Venice 

City), the major factor affecting land subsidence was the loss of soil mass due to peat 

occurrence. The peat causes a displacement rate of 0.5 cm per year; the displacement 

rate is measured by highly precise surveying levels (Tosi et al., 2000).  

 

Figure 2.15 Scanning electron microphotograph of horizontal section of James 

Bay peat showing fabric with very large macro pores (Mesri & Ajlouni , 2007)  

 

Figure 2.16 Scanning electron microphotograph of vertical sect ion of James 

Bay peat showing thick relatively stiff peat mats formed after consolidation 

under 200 kPa (Mesri & Ajlouni , 2007) 
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Similarly, reporting on the Zennare Basin in Italy, Gambolati et al. (2006) identified 

that the relationship between the peat oxidation and the Zennare Basin’s subsidence can 

be correlated, because of the few, continuous centimeters subsidence rate within the 

peat soils area. In this Basin, the main factors, which affect land subsidence and cause 

problems to the drainage system and pumping costs, are the peat’s percentage, the 

hydrological regime, and the agricultural activities. In addition, fears from salty water 

intrusion from the adjacent lagoon and sea during the storm season is also a concern.   

At Recife, northeast Brazil, the peat properties of soft clay deposits have been 

thoroughly studied since 1978. Recent technical information includes physical 

properties, geology, results of laboratory mechanical tests, engineering properties, 

comparisons of sampling techniques, results of in-situ tests, and the influence of organic 

materials on the properties (Countinho, 2007). This and many peat deposits in Brazil 

and other countries have similar characteristics and engineering behaviors. Recife city 

contains approximately 50% of Brazil’s organic soil deposits and soft clay in the 

lowlands and wide coastal plain. In the study by Countinho (2007), two sites were 

investigated: one near the city centre, and one near the city airport. The second site was 

the location for the entire destruction of a one-floor structure in 1995, a geotechnical 

accident. Geomorphologically, the Recife area has two main features: the coastal plain 

area with altitude of 2 - 9 m, and the surrounding hills with 50 - 100 m height.  

The typical geotechnical soft soil profiles of Recife city contian sand (or a fill layer) in 

the upper strata, as well as soft soil deposits and sandy clay or/and organic soils; the 

water table lies between 0 - 2 m in depth; and the clay has a soft consistency (SPT-N 

values <4). Geologically, these deposits were formed 10,000 years ago in Pleistocene 

and Holocene Periods. The land level is close to the sea level, while the soft soil 

deposits are below sea level. Approximately 25 million square meters of the city’s total 

area has been constructed by human activities, namely, successive embankment 

construction required to support the foundation of buildings and other structures 

(Countinho, 2007). 

The two research sites in Recife consist of 20 meter thick high plasticity soft clay (SPT-

N values < 4), with the clay fraction being approximately 65 percent. In the first clayey 

layer the average plasticity index was 70%, while the second layer was 33%. The 

natural water content in the first layer was between 65 - 100%. The water content in the 
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second layer initially decreased slightly with depth and, then, it increased as the depth 

ranged from 45 - 65%. Liquidity index for the soil averaged 0.66 and 0.71 for the first 

and second layer, respectively. The undrained shear strength increased with depth, 

ranging from 35 - 55 kPa. The preconsolidation pressure profile, deduced from 

conventional 24 hour oedometer tests, had an average value of about 150 kPa 

(Coutinho, 2007). In the first layer, it decreased slightly and, then, increased with depth, 

indicating that the overconsolidation ratio (OCR) of the first layer decreased from 2.5, 

at a depth of 6m, to about 1.4, at a depth of 11 - 16 m. However, the preconsolidation 

pressure increased slightly with depth, indicating an OCR of about 1.1. Seasonally, the 

water table fluctuated between 1-2 meters in depth (Coutinho, 2007). 

The second research site contained two layers, an organic soft soil and a thick soft clay 

deposit. The thickness of these layers was 7.5 and 10 m, respectively, with a clay 

fraction of approximately 72%. The first layer had an average plasticity index of 98%, 

an average natural water content of 150%, an average liquidity index of 0.90, and an 

average sensitivity determined by the field vane of about 6.1. The preconsolidation 

pressure initially decreased slightly, then, increased with depth, which indicated that the 

OCR decreased from about 2.5, at a depth of 4m, to a constant value about 1.0, at a 

depth of 8 - 11.5 m. The second layer had the following characteristics: an average 

plasticity index of 53%, an average liquidity index of 0.81, an average water content f 

84%, and an average sensitivity of 10.9. The preconsolidation pressure increased 

slightly with depth, indicating a normal OCR consolidation condition of about 1.0, 

while its profile showed an average value of 40 kPa from the 24 hour oedometer tests. 

Further, the undrained shear strength, measured in the field by the vane method, 

obtained values between 15 - 37 kPa; initially it decreased with depth, then remained 

constant in the first layer. In contrast, the second layer increased with depth. 

Additionally, the groundwater table was between 0 - 1 m (Coutinho, 2007). 

In their western Netherlands study, Den Haan and Kruse (2007) obtained data from 

various locations to obtain a synthesized overview of the peat soils. The Nieuwkoop 

formation, located in the low-lying areas of the west and the north of the country is 

underlain by Pleistocene sand, and contains most of the peat and soft organic clays in 

the Netherlands. These Holocene layers vary in thicknesses where there is a compressed 

layer of peat. It occurs quite generally in this area, with a 10 - 50 cm layer, that starts 

almost at the ground’s surface, in some areas in the central part of the Netherlands, 
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reaching a depth of 30 m, depending on the vertical cross section (west to east) (Ebbing 

et al., 2003). Above this layer, the peat was formed after marine clay deposition; the 

uncompressible peat was covered by a thin layer of organic clay. Behind the natural 

river levees, particularly in the back swamps, the organic clay layer was formed. During 

the industrial era, the widespread occupation of the terrain, by the booming population, 

resulted in building problems due to poor foundation conditions (Den Haan and Kruse, 

2007). 

These foundation problems were solved temporarily by backfilling the various 

infrastructure foundations with sand, such as harbours, and urban and industrial sites. 

However, there were unexpected subsidence issues of approximately 1cm a year, due 

mainly to the drainage and large quantities of backfilling undertaken in this area (Den 

Haan & Kruse, 2007). In the Netherlands and, coincidently, the most densely populated 

areas, are underlain by soft and organic soils thus; engineering properties of these soils 

areof intense interest to geotechnical engineers. These soil properties have meant that 

many older buildings tend to tilt, while there are foundation problems, due to the piling 

in the soft soils. As a consequence, most piles are erected on the underlying Pleistocene 

sand for paramount projects, such as bridges, buildings, and highways.  

Den Haan and Kruse (2007) identified a number of familiar traits of organic and peat 

soils in the Netherlands, namely, the high effective stress strength parameters, low 

density, strong creep ability, and high normalised undrained strength. These traits can 

have disasterous effects on construction foundations due to the geotechnical properties 

of soil. Hence, it is essential that the organic content of the soil be thoroughly examined 

and understood. 

Further, the organic soils and peat in the Netherlands have accumulated over the last 

10,000 years in lagoonal tidal basins; their deposition also coincided with the rise in sea 

level during the Holocene period. The result was a wedge of deposits which extended 

over 30 - 50 km and, now, represent a 20 m thick section of the coast. Three main 

factors control various types of peat development: ground water level, the nutrient 

supply, and the salinity gradients. The peat originally deposited on Pleistocene sand or 

clay, so that the base of the Holocene layers was altered; repeatedly more weathered and 

comprised a significant amount of minerals. The peat accumulation was sustained until 

the Roman times, at which time it reached almost 2 m above sea level. After the 

drainage of the swamps, the growth in the peat layer ceased. Since that time, 

considerable amounts of peat have become submerged in the western parts of the 
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Netherlands, with the former peat areas now lying under the groundwater level. This 

change has resulted from the continuous rise of the sea level and the ground water level, 

as well as subsidence following the cultivation of the swamps.  

In summary, throughout history, and specifically over the last 10,000 years, the 

subsidence rate of peat areas has been recorded at less than 2 mm/year, reducing the 

thickness above sea level from 2 m to zero. According to Den Haan and Kruse (2007), 

the main causes of subsidence are the weathering of the organic material (approximately 

70% of the total), consolidation, and shrinkage.  

2.3.4 Classification of peat and organic soils  

Peat and organic soils were classified, principally on their organic content, by Andrejko 

et al. (1983) and Landva et al. (1983). Twelve different systems were identified, 

depending on the definition of peat being used. Peat was placed at the high end of the 

organic content scale, and the so-called ‘muck’ underneath it. The organic soil was 

located at the base of the scale. However, these classifications are not entirely beneficial 

for geotechnical purposes. Further, the organic content is not an adequate property to 

describe the peat, from a geotechnical point of view. In contrast, a number of potentially 

useful parameters, such as the carbonate, organic carbon, and PH are of interest to 

engineers for geotechnical purposes; they can be mixed with cement as a soil 

stabilisation technique. 

The Von Post classification system, which translated by Hobbs (1986) into English, 

appears to be the best classification for peat; the system defines peat on the degree of 

humification in the soil, and its transition from H1 (intact and young peat) to H10 

(mature or fully decomposed peat), as illustrated in Table 2.5. Also, the Von Post 

system classifies peat on the content of woody remnants, water content, botanical 

composition, and the content of fine and coarse fibers. In his translation, Hobbs 

extended this classification by adding new categories (i.e. acidity, plasticity, odour, 

organic content, and tensile strength). Similar enhancements had also been made to Von 

Post’s system by Landva and Pheeney (1980).  

In the Netherlands, the majority of organic clays are described as slight to moderate 

silty clay (Den Haan & Kruse, 2007). However, this description differs from previous 

classifications. For example, in 2002, Jardine et al. (2002) described the organic soil as 

including a clay content of 58% and a silt content of 42%. 
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Table 2.5 Von Post scale of humification (Andriesse, 1988) 

Symbol Description 

H1 Completely undecomposed peat which, when squeezed, releases almost clear 

water. Plant remains easily identifiable. No amorphous material present. 

H2 Almost entirely undecomposed peat which, when squeezed, releases clear or 

yellowish water. Plant remains still easily identifiable. No amorphous material 

present. 

H3 Very slightly decomposed peat which, when squeezed, releases muddy brown 

water, but from which no peat passes between the fingers. Plant remains still 

identifiable and no amorphous material present. 

H4 Slightly decomposed peat which, when squeezed, releases very muddy dark 

water. No peat is passed between the fingers but the plant remains are slightly 

pasty and have lost some of their identifiable features. 

H5 Moderately decomposed peat which, when squeezed, releases very “muddy” 

water with a very small amount of amorphous granular peat escaping between the 

fingers. The structure of the plant remains is quite indistinct although it is still 

possible to recognise certain features. The residue is very pasty. 

H6 Moderately highly decomposed peat with a very indistinct plant structure. When 

squeezed, about one-third of the peat escapes between the fingers. The residue is 

very pasty but shows the plant structure more distinctly than before squeezing. 

H7 Highly decomposed peat. Contains a lot of amorphous material with very faintly 

recognisable plant structure. When squeezed, about one-half of the peat escapes 

between the fingers. The water, if any is released, is very dark and almost pasty. 

H8 Very highly decomposed peat with a large quantity of amorphous material and 

very indistinct plant structure. When squeezed, about two-thirds of the peat 

escapes between the fingers. A small quantity of pasty water may be released. The 

plant material remaining in the hand consists of residues such as roots and fibers 

that resist decomposition. 

H9 Practically fully decomposed peat in which there is hardly any recognizable plant 

structure. When squeezed it is a fairly uniform paste. 

H10 Completely decomposed peat with no discernible plant structure. When squeezed, 

all the wet peat escapes between the fingers. 

B1 Dry peat 

B2 Low moisture content 

B3 Moderate moisture content 

B4 High moisture content 

B5 Very high moisture content 
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Ten years earlier, El-Amir (1989) studied a typical profile of peat in the western peat 

district in Polder Zegveld, near Woerden. He obtained his information from borings and 

from plotting depth profiles, which reached a depth of 8 m. Pleistocene sand was found 

at the base of the 6.5m sequence of peat, namely: completely decomposed peat, sedge 

peat, reed peat, sedge peat, and wood peat, respectively. 

Further, a thin layer of completely decomposed peat overlies this thick sequence, with a 

surface clay layer of one meter. Usually, sedge and reed peat can be found together in 

this sequence. Moreover, the wood peat is highly humified, while the reed peat is lightly 

humified (Den Haan & Kruse, 2007).  

2.4 RELEVANT CASE HISTORIES ON PEAT  

From a geotechnical perspective, construction over peat tends to be considered as a 

‘black art’. A great number of engineers try to avoid the adventure of construction over 

peat layers, especially if they are without peat experience (Munro & MacCulloch, 

2006). Most important, peat has unique geotechnical properties in comparison with 

inorganic soils such as sandy, silty, or clayey soils, which consist of only soil particles 

(Hashim & Islam, 2008a). Moreover, peat has an adverse effect on the settlement of 

foundations, and raft foundations in particular. Highly compressive peat tends to result 

in exorbitant settlements for buildings erected above such soil (Oh et al., 2008). 

The presence of organic matter in soils has a detrimental effect on their geotechnical 

and engineering qualities (Malkawi et al., 1998). Thus, peat and organic soils are 

considered problematic because of their abnormal geotechnical properties (Kazemian et 

al., 2011). These properties cause instability problems, such as the development of slip 

failure, local sinking, and massive primary and long term settlement (even when the 

load increases moderately) because of their low shear strength and high compressibility. 

Consequently, such soils are most unsuitable for construction foundations. According to 

Santagata et al. (2008), soils with high organic matter content normally have high rates 

of creep, high compressibility, the associated risk of inadmissible settlements, 

unsatisfactory strength properties, and probable foundation failures.  

          “Organic soils are often viewed as “problem” soils, indicating that their engineering 

properties are inferior to those of other soft soils, and that their behaviour may deviate from 

traditional rules of soil behaviour” (Santagata et al., 2008, p.1).  

 



  

46 

 

The term organic soils refers to a wide variety of geomaterials, which include different 

organic matter content, water content, and texture, besides having extremely variable 

chemical compositions (Santagata et al., 2008). 

Peat and organic clays, as noted previously, cause geotechnical problems which result 

from their characteristics (compressibility, lightness, creep ability, weatherability, and 

low strength and stiffness) (Den Haan & Kruse, 2007). Consequetnly, peat can be 

considered as one of the worst foundation material, specifically because of its high 

water content, low shear strength, and significant compressibility. In addition, peat 

continuously decomposes due to the change in environmental circumstances which, in 

turn, cause high levels of spatial variability. Therefore, peat deposits are unable to 

support any kind of engineering structure (Ulusay et al., 2010). 

Another problem with peat is its lack of high shear strength. According to Kazemian et 

al. (2011), peat is a frictional and non-cohesive material because of its fiber content and 

spatial orientation. At the same time, these fibers are not always solid and may be found 

filled with gas and/or water. In contrast, the spatial orientation of fibres can provide 

reinforcement and may enhance the strength behavior of peat, if the direction of the load 

is perpendicular to the direction of the peat’s fibers. However, as noted by Hanzawa et 

al. (1994), the shear strength behavior of peat is likely to be anisotropic. Moreover, the 

stiffness of the soil depends significantly on whether the organic matter contains fibers 

(which can provide reinforcement), or whether these fibres are decomposed (which 

reduces shear strength) (Arman, 1969; Landva & La Rochelle, 1983). 

In their investigations, Islam and Hashim (2008a, b), Andriesse (1988), and Huat (2004) 

found that peat has a very low bearing capacity and that it can fail in different 

directions: circular failure surface, after failure, non-circular failure, and sliding block 

failure (see Figure 2.17 and Figure 2.18). Their findings were supported by Kazemian et 

al. (2011), who identified that the bearing capacity of peat is affected by two main 

parameters. Firstly, a high water table can provide a suitable environment for peat 

oxidation, which, after a decrease in the ground water level, is followed by peat 

shrinkage. In turn, this shrinkage leads to peat humification, which increases its 

permeability and compressibility. Secondly, the presence of woody remnants in the soil 

can create high void ratios and high compressibility, which also decreases the bearing 

capacity of peat. 
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Figure 2.17 Bearing capacity failures (Kazemian et al. , 2011)    

 

               

Figure 2.18 Settlement problems in peat (Huat , 2004)    

2.4.1 Case studies in The Netherlands 

In the Netherlands, the polder surface layers are comprised of soft organic clay and peat, 

which are pressed upwards due to the high potential head from the river. Therefore, the 

passive resistance of the inner slope is reduced through the underlying sand layers. As 

identified by Den Haan and Kruse (2007), the delicateness of the peat and organic soils 

is problematic in tunnel construction, especially if there are no hard layers underneath. 

Additionally, based on the concept of elasticity theory, when the shear strength is 
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exceeded, soil failure and deformation will normally happen and the stress-strain 

relationship will be developed (Kazemian et al., 2011). Thus, the strain value in soils 

depends on many parameters, including the composition of the soil, the applied load 

magnitude, the void ratio, past stress history, and the applied stress (Anggraini, 2006).    

The case study, presented here, involves a canal dyke in Wilnis city (the Netherlands) 

that failed in August 2003 because the soil was comprised of peat. This failure caused 

the partial inundation of the downstream polder. The dyke’s body is represented by 

organic clay layers and soft peat, deposited on the Pleistocene sand. Earlier failures 

occurred because of the decomposition and weathering of the peat, as well as heavy 

rainfall after a long period of drought. In 2003, during the dry summer, the 

evapotranspiration caused a weight reduction in the peat, which affected the marginal 

uplift stability of the dyke’s toe at the downstream slope. Gaps occurred and were 

enlarged along the wooden sheet pile due to lateral movement and the shrinkage of the 

crest of the dyke. Therefore, the hydraulic fractures began at the wooden sheet pile and 

continued to the underlying layer of sand. The dyke failed by the lateral displacement 

because of the loss of all shear resistance along the base of the peat and the soft layers 

due to the increasing uplifting pressure from the canal. This pressure resulted, in the 

main, from the silty/loamy layer which lies under the dyke materials and enables the 

hydraulic pressure to be directed under the dyke body. This dyke was laterally 

displaced, between 5 - 8 m and 60 cm in length, along the dyke section. A number of 

other factors may have contributed to this failure, namely, the presence of gas in the 

peaty base and Pleistocene sand; it may have reduce the bulk density of those layers. In 

the dyke, gas was detected, by a CPT sounding camera, as un-dissolved gas in the pores 

of the peaty soil; the pores were formed by the decomposition of the peat. Further, when 

the materials in the underlying layers are compacted and consolidated, due to gas 

pressure, the consequence is higher yield stress, higher shear strength, and reduced 

water content (Den Haan & Kruse, 2007). 

Other Dutch studies in the eastern area of Amsterdam, Utrecht, Rotterdam and Den 

Haag were assessed by Hoogland et al. (2011). They calculated that the subsidence rate 

of the peaty and non-peaty soils, between 2005 and 2020, predicted a cumulative 

subsidence rate of over 80 mm. In actual fact, this rate was as little as 10 mm (over 

those 15 years), when peat was absent or thin in the soil profile (see Figure 2.19). 

However, according to Kooi et al. (1998), this subsidence took place as a result of rising 
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sea levels and tectonic subsidence in the western parts of the Netherlands. Further, it is 

generally accepted that climate change will cause a sea level rise, which will accelerates 

land subsidence by increasing the peat oxidation process. To help with such calculation, 

Hoogland et al. (2011) developed a model. The model addressed two components: (1) 

when land subsidence takes place because of peat oxidation while full oxygen 

conditions are available; and (2) when land subsidence happens as a result of other 

parameters, such as tectonic movement and compaction. 

 

Figure 2.19 Forecasted subsidences between 2005 and 2020 in  the Netherlands 

(Hoogland et al. , 2011) 

2.4.2 Case study in Indiana (USA)  

A case study by Santagata et.al (2008) was undertaken in West Lafayette, Indiana, 

USA. The study tested the one-dimensional compression behaviour of highly organic 

content soil in the southern edge of the Celery Bog on the northern side of Lindberg 

Road. The soil comprised of 40 - 60% organic material and represented a transition state 

between inorganic clays and peat (see Figure 2.20 and Figure 2.21). Results were for the 

soil in both natural (intact) and reconstituted states according to the constant rate of 

strain and incremental loading of oedometer tests. In terms of peat, and based on 
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coefficient of consolidation values which decrease with the increase of stress level, the 

soil shows a significant tendency to creep with high end values in compression index 

and secondary compression index which was reported in the literature for peats.  

 

Figure 2.20 Relationship between compression index and secondary 

compression index for intact and reconstituted organic soil (Santagata et.al , 

2008) 

 

Figure 2.21 Comparison of results of constant rate of strain CRS and 

incremental loading tests on reconstituted soil: (a) compression curves; (b) 

hydraulic conductivity versus void ratio (Santagata et.al , 2008) 
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Additionally, compression of the intact soil leads to rapid destruction. This work 

demonstrates the variety of the nature of organic soils with geotechnical properties 

changing over a very close proximity to each other within the same area (Santagata et 

al., 2008). As a long term problem, creep of infrastructures, caused by being constructed 

on peat and organic soil deposits, represents a major geotechnical problem (Den Haan & 

Kruse, 2007)., The failure of embankments and natural slopes has been researched in 

depth in Malaysia, Canada and the USA. Nevertheless, case studies have been 

undertaken in a wide range of environments, for example, in Turkey, Ireland, Italy, 

Jordan and Vietnam. 

2.4.3 Case study in Turkey 

In Kayseri city, central Anatolia, Turkey, a huge industrial zone (the KOID: (Kayseri 1
st
 

Organised Industrial District) has suffered from cracks in the walls of structures, as well 

as deformations in the surface ground, associated with consolidation, underneath large 

and heavy metal framed buildings (see Figure 2.22). The KOID, established in 1976, 

and extending over approximately 2,400 ha, is considered the largest and most well 

developed industrial zone in Turkey. The geotechnical problems also extend to the 

adjacent structures in the Kayseri Free Trade zone (KAYSER), which was established 

over peat deposits on 690 ha in 1998. Turkey has 56,000 ha of peat lands (Ulusay et al., 

2010).  

Sert and Onalp (2007) performed a geotechnical study on the peat in the same area 

following the settlement of a rigid platform. According to Demirok (1982), the total 

peat reserve on this site was 105 million tons. Following this calculation, undertaken by 

the Mineral Research and Exploration Institute of Turkey, an industrial zone was 

developed and built. As shown in Figure 2.23, the peat thickness at this site, obtained 

from 22 boreholes, was between 0 - 7.5 m, and was confirmed by satellite images 

(Ulusay et al., 2010). Other types of peat layers (e.g. lignite (intermediate state between 

coal and peat) and gyttja (a mud rich in organic matters found at the bottom or near 

shore or certain lakes) were found to be between 20 - 220 m. 
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Figure 2.22 (a), (b) Settlement cracks observed on the walls of some structures, 

and (c) Settlement of heavy rolls of metal wires (bobbins) put directl y onto the 

peat (Ulusay et al., 2010) 

 

In this area the SPT-N values were between 3 - 4 blows, the peat colour was dark brown 

to black, and the soil was water saturated and easily squeezed by hand, with 

recognisable plant remnants. The natural water content was between 118 - 211% at the 

top, while it ranged between 105 - 559% for the peat obtained from the boreholes. Other 

geotechnical properties for the peat layers occurring in Turkey ranged between the peats 
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layers of other countries (Ulusay et al., 2010). The Von Post scale of humification 

indicates that, in Turkey, the peat near the surface lies between class H3 and H4 (see 

Table 2.5), but, with depth, this increases to between class H5 and H7 (Andriesse, 

1988).  

 

Figure 2.23 Primary consolidation curves related to the thickness of both peat 

types along a line 0.6 m away from the centre of the roll of metal wires. Shaded 

zone represents the settlement calculated from the difference between the 

observed settlement and immediate settlement (Ulusay et al. , 2010) 

2.4.4 Case study in Ireland 

While peat failures are common throughout the world, they are especially so in the 

British Isles, including Northern Ireland and the Republic of Ireland (see Figure 2.24), 

where 80% of the reported failures have occurred (Dykes & Kirk, 2006). Figure 2.25 

shows the historical record of peat failure, which had more than 70 failures during the 

last 400 years, with a remarkable increase starting in 1800 (Boylan et al., 2008). Due to 

an intensive rainfall period, peat landslides were triggered towards the latter years of the 

1900s. In Pollatomish, in the Republic of Ireland, 11 peat landslides occurred within the 

peat mass in 2003. The estimated number of fatalities was 36, from the 1600s, which 

equals 0.1 victims per year. This number would be considered high in developed 

countries, where landslides are a problem; the acceptable risk threshold is between 10ˉ
3
 

- 10ˉ
4 (Fell & Hartford, 1997; Reeves et al., 1999). The Australian Geomechanics 
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Society (2000) reported that the annual probability of a landslide, at a certain site in 

Australia, is likely to be less than 10ˉ
3
. 

 

 

Figure 2.24 Location of peat failures in Ireland (Boylan et al. , 2008) 

 

 

Figure 2.25 Number of peat failures and fatalities in Ireland from 1600 to the 

present (Boylan et al. , 2008) 

 

 

 

N 
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The interesting fact in this type of failure is the mobility of the peat failure which travels 

a long distance from the failure source. For example, in 1896, in Knockmageeha City 

(Ireland), one peat failure extended 15 kilometres from its source. This occurred when 

the peat debris rapidly broke down into a slurry and flowed, within the drainage system, 

as a viscous fluid, which increased the risk of its movement (see Figure 2.26). 

 

 

Figure 2.26 Basal shear failure surface of Derrybrien peat failure in Ireland 

(Boylan et al., 2008) 

2.4.5 Case study in Malaysia 

Another type of peat failure occurs in Malaysia; here the annual peaty soil’s subsidence 

rate is 2 cm per year. Wösten et al. (1997) highlighted the concerns raised by this type 

of subsidence, especially when the acid sulphate soils, which are frequently underneath 

the peat, might surface. This subsidence rate was high, in comparison to the Netherlands 

where the subsidence rate was determined as the lowest in relation to most ground water 

levels. For example, Indiana’s subsidence rate is approximately 0.5 cm a year, while 

Florida’s rate is closer to that of Malaysia at some 1.4 cm a year (see Figure 2.27).        
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Figure 2.27 Subsidence rate versus groundwater level relationships for different 

areas in the world (Wösten et al. , 1997) 

 

                

Figure 2.28 Volume reduction of peat over a period of 5 years as caused by 

oxidation and by shrinkage in Malaysia (Wösten et al. , 1997) 

Such subsidence is the natural result of both peat oxidation and shrinkage. The 

oxidation processes lead to the decomposition of the organic content, while the 

shrinkage occurs because of irreversible loss of water, which results in a bulk density 

increase (see Figure 2.28). In the Malaysian case study, 60% of the subsidence was 

believed to be attributed to oxidation, and 40% to the peat shrinkage (Wösten et al., 

1997). Malaysia aspires to achieve the status of a developed country by 2020. To meet 

this goal the country has escalated its fast infrastructure construction movement. As a 

consequence, as well as due to the lack of good ground conditions, many projects are 



  

57 

 

being erected on soft soils, such as marine, organic and peaty soils (e.g. the Kuala 

Lumpur International Airport) (Zainorabidin & Wijeyesekera, 2007). The tropical peat 

in Malaysia (Anderiesse, 1988) occurs along the coastal areas, especially in Sarawak 

(see Figure 2.29). Over 16,500 km
2
 (about 89%) is covered by a dark reddish brown to 

black peat (Zainorabidin & Wijeyesekera, 2007). 

 

Figure 2.29 Location of peat swamps in Malaysia (modified from Mutalib et al., 

1991)     

The geotechnical problems of peat have emerged in Malaysia because of the variety of 

settlement rates. According to Zainorabidin and Wijeyesekera (2007), serious diagonal 

fissures and cracks are often observed near windows, doors, and the opening of the 

houses, even during the process of construction. The settlement rate surpassed 300 mm 

in the first year of construction, while the differential settlement was observed to exceed 

1:150 for the majority of buildings. Furthermore, the predicted settlement was about 

1440 mm for 3 months, with a 3 m surcharge, and 2800 mm for 6 months (see 

Table 2.6). 

2.4.6 Case study in Italy 

The geotechnical properties of some Holocene alluvial deposits have been identified by 

Campolunghi et al. (2007) in the city of Rome, Italy. The historical city has had long 

term human activity (i.e. over 2,000 years). Its original terrain has been changed 

continuously into varying types of settlement, mainly through the modification of Tiber 

River’s right and left banks. Such modifications have often been effaced by 

constructions and urban growth (Capelli, 1999). 

 

Peat Soil 
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Table 2.6 Malaysian case histories related to construction projects on peat (Zainorabidin & 

Wijeyesekera, 2007) 

Report Sarawak 

Location 

Project Soil Types Problems 

Wong 

(2003) 

Sri Aman Earth filling project for 

6 acres: building site 

and football field 

Underlain with 

5.6 m to 7.0 m 

thick very soft 

dark brown peat 

and woods  

Settlement 

continued after 

reaching the 

platform level for 

earth filling 

Bintulu Earth filling project for 

4.5 acres: housing 

development 

8 m to 13 m thick 

very soft dark 

brown peaty clay 

with decomposed 

wood 

Settlement for 

first year exceeds 

300 mm and the 

differential 

settlement was 

more than 1:150 

in many block 

houses 

Tai et al. 

(2003) 

Sibu Town Part of Sibu Town  Substantial peat 

formation, more 

than 10m in depth   

Ground 

subsidence caused 

by uncontrolled 

land filling and 

lowering ground 

water 

 

The Tiber’s right bank, which hosts the Vatican, Monte Mario, and Gianicolo (as 

structural highs), has no geotechnical problems because it comprises, in the main, of 

sand, silt and gravel of a coarse grain; the soil on the right bank also lacks an organic 

content. Therefore, the geotechnical properties are typically considered as consolidated 

soils, with medium deformability. In contrast, the left bank’s soils are described as fine 

grained organic and peat deposits, with an abundant of silts and clays. One of the Tiber 

River tributaries, Fosso di Grotta Perfetta (see Figure 2.30), is comprised of organic-rich 

units (up to 20%) and about 5m thick; the content reflects fluvial marshy conditions 

(Campolunghi et al., 2007). 

The differences between the Tiber’s right and left bank deposits highlight the variation 

in the geotechnical parameters and the soil’s geomechanical behaviour. According to 

Malkawi et al. (1999), the organic content in clays is the main cause of its deformability 

and poor geotechnical properties. This reason was confirmed by Campolunghi et al. 

(2007). They measured the geotechnical parameters of the left bank deposits, which 

displayed very low shear resistance values, with high levels of deformability in organic 

rich layers. 



  

59 

 

 

Figure 2.30 Representative series referred to the central area of the Grotta 

Perfetta Valley in Italy (Campolunghi et al. , 2007) 

Similar results were found in the alluvial deposits within the city of Rome (see 

Figure 2.31). Such results were not unexpected, as the structure of organic rich deposits 

was sensitive, with high deformability. Consequently, these deposits have a high void 

ratio and a low plasticity index (Monge et al., 1998). These poor geotechnical 

parameters can result in settlement and subsidence, which occur in varying degrees 

because of the loads from infill and buildings. For example, the Fosso di Grotto Perfetta 

stream contains highly compressible alluvial soils. This condition showed as building 

instability, with settlements of several decimetres, since Rome’s historical centre’s 
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deposits underwent a 70 - 130 cm settlement over 2000 years ago and, more recently, 

with the beginning of urban growth 50 - 55 years ago (Campolunghi et al., 2007). 

 

Figure 2.31 Comparing three static cone penetration tests on right-bank, left-

bank, and Tiber's alluvial deposits (Campolunghi et al. , 2007) 

However, Funiciello et al. (2004) stated that this subsidence was not yet complete and, 

so, is still a threat for present and future urbanisation. In contrast, the soils of the Tiber’s 

right bank, and Rome’s historical centre, are mostly safe and stable. 

 

 

 

 



  

61 

 

2.4.7 Case study in Jordan 

In Jordan, Malkawi et al. (1999) studied the effect of adding organic matter to the 

physicochemical and physical properties of illitic soil, which was brought from the 

eastern part of Irbid city. Illitic soil is a clay mineral, non-expanding (absence of 

swelling) soil; it is clay-sized and contains silicon, oxygen, magnesium, iron, and water. 

The organic matter used in this study was a peat, aged about 5,000 to 10,000 years, and 

produced by Nevema in the Netherlands. 

 The peat was added to the illitic soil in eight gradual levels (0%, 5%, 10%, 12.5%, 

15%, 17.5%, 20%, and 30% by mass). When the organic matter content was less than 

15%, the soil particles tended to aggregate with each other; in contrast, with a higher 

organic content, these particles tend to disperse. Similarly, with a low organic content 

(usually up to 10%), the plasticity index increases a little (see Figure 2.32 -Figure 2.34).  

 

Figure 2.32 Plastic limit versus organic content for the illitic soil in Jordan 

(Malkawi et al. , 1999) 

It then decreases as the organic content increases, that is, it increases by 2.4% at 10% of 

added organic content, then it decreases by 22% at 20% added organic content. 

Therefore, the plastic limit and the liquid limit increase as the organic matter increases 

(a 50% and 20% increase in the values of the plastic and liquid limits, respectively, for 

only 20% of the added organic matter). Nevertheless, free soil swelling takes place with 

an increase in the added organic matter, namely, an increase of 100% at 20% of the 

added organic matter (see Figure 2.35). 
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Figure 2.33 Liquid limit versus organic content for the illitic soil in Jordan 

(Malkawi et al. , 1999) 

 

 

Figure 2.34 Plasticity index versus organic content for the illitic soil in Jordan 

(Malkawi et al. , 1999) 
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Figure 2.35 Free swell versus organic content for the illitic soil in Jordan (dry 

density1.2 g/cm
3
, w20%) (Malkawi et al., 1999) 

2.4.8 Case study in Vietnam 

Another case study was undertaken in Vietnam, which is located in the center of 

Southeast Asia, in the eastern part of the Indochina peninsula. The country is 

crisscrossed by thousands of streams and rivers. Its main rivers are the Red River in the 

north and the Mekong River in the south. Both rivers have a delta, but, in the Mekong 

Delta, the peatlands dominate approximately 12,000 ha (Asean Peatland Forests Project, 

2013; Van Quang, 2009). The deltas contain thick peat deposits and sensitive soft clays 

and, consequently, necessitate special kinds of development strategies (Rau, 1994). 

These deposits have been dated, using the radiocarbon method, in the Tanan location as 

being 2700 ± 120 years BP (Nguyen et al., 2000). Table 2.7 shows the distribution of 

peat in Vietnam. In summary, the Mekong Delta is one of the largest deltas in Asia. It is 

occupied by eleven provinces (Nguyen et al., 2000), with an estimated population of 17 

million (Buschmann et al., 2008).  

According to Nhuan et al. (2008), from a geological perspective, the land comprises 

hard formations and unconsolidated formations. Hard formations are intrusive and 

extrusive rocks, which have a high bearing capacity and high resistance to hazards. The 

unconsolidated formations (i.e. Quaternary and Neogene formations) have a low to 

moderate bearing capacity and resistance to hazards. The major soil groups of the 

Mekon delta are shown in Figure 2.36. 
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Table 2.7 Recorded peatlands in Vietnam (Asean Peatland Forests Project, 2013)  

Location Reserve 

Province District Area (ha) Million tons 

Lang Son Binh Gia, Na No 7 0.3 

Bac Ninh Yen Phong 5 0.06 – 0.2 

Ha Nam Ba Sao, Kim Bang, Tam Chuc 31 7.3 

Ninh Binh Gia Son, Son Ha 13 2.0 

Quang Tri Gio Linh 6 0,15 

TT – Hue Phong Dien 31 1.5 – 2.0 

Binh Dinh My Thang 9 - 

Dak Lak Cu M’Gar 7 - 

Lam Dong Bao Loc, Di Linh 12 - 

Dong Nai Long Thanh 30 0.4 

Tay Ninh Trang Bang 25 0.4 

Long An Duc Hue, T.Hoa, T. Thanh 72 - 

Tien Giang Tan Phuoc 21 - 

Ben Tre Binh Đại 17 - 

An Giang Tri Ton 62 16.4 

Kien Giang An Minh 2,900 - 

Ca Mau T. V. Thoi, 7,531 14.0 

(-) recorded but not inventoried 

 

Figure 2.36 Major soil groups in the Mekong Delta (Van Quang, 2009) 

During most of the colonial periods, the governments in Vietnam considered plans to 

excavate the peat and clear the land, but few developments occurred (Biggs, 2011). In 

the Mekong Delta region, underneath the peat layer the marine swamp sediment 

contains sulphide materials. When oxidised, this sediment will produce a high amount 
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of acidity in the the peat (Quoi, 2010). Adding to the development problems for this 

area, the sea level is expected to rise 0.2 - 0.4 m over the next 50 years (Nhuan et al., 

2008). Such a rise would trigger problems of peat oxidation and acid sulphate soil, 

especially as the deep layers of peat act as a sponge and hold water during the dry 

season (Biggs, 2011). 

Due to the destructive fires in 2000 and 2002 in the Mekong region, canal systems were 

built to help with fire control. However, according to Quoi (2010), these systems have 

resulted in subsidence of the peat, the result of increased loss of water during the dry 

season, and the use of bulk density (approximately 0.23 t/ m
3)

. In addition, the 

unnaturally maintained high water level and the flooding of the peat areas, for most of 

the year, led to an increase in peat moisture content. As a consequence, there was an 

increase in the decomposition dynamics of the peat leads; in the main, this occurred to 

the increase humification and reduce fibre content, which is essential to increase peat 

shear strength and reduce compressibility (see Figure 2.37) (Vien et al., 2010). 

 

Figure 2.37 Decomposed peat sample in Vietnam (Quoi , 2010) 

At Vo Doi, in the Mekon delta, Vien et al. (2010) identified the organic content of peat 

as between 76.5 - 94%, for samples from 0 - 0.64 m in depth. Further, the peat’s water 

content above the water table was between 80 - 100% of the water holding capacity. 

The delta, along national road number 4, was investigated by Dornbush et al. (1969) in 

relation to depositional environmental purposes, especially in the context of engineering 
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construction, namely, the suitability of the soil for foundations. Despite these studies, 

the geotechnical data and soil engineering characteristics of this region is limited. For 

example, subsurface sediments have not been previously researched in detail 

(Buschmann et al., 2008). Nevertheless, they did find that in the Plain of Reeds and 

Longxuyen Quadrangle the peat was 2 - 5 m deep, 100 - 300 m wide, and 500 - 2000 m 

long. Moreover, in the delta, Chiem (1993) identified a very dark brown peat layer at 40 

- 45 m. The soil profile was associated with pollen analysis and the depositional 

environment. The profile also showed that the peat layer occurred up to 45 m in depth; 

below that depth there was non-organic silty clay. 

The peat layer in Vietnam, particularly in Hanoi, is very abundant. It is often over 10 m 

thick, while land subsidence of more than 20 mm/year has been experienced (Berg et 

al., 2001). Groundwater pumping in the Hanoi city area resulted in land subsidence 

(Thu & Fredlund, 2000). Serious settlement problems and signs of distress on some 

building have resulted from ground surface settlement. Additionally, roads, buildings, 

and other structures have been damaged by the pumping of wells in the area. Areas that 

are experiencing ground settlement are underlain by highly compressible deposits, 

namely, a 10 m thick peat layer identified in the Hanoi stratigraphic profile. Thu and 

Fredlund (2000) reported that their study was limited to the compilation and analysis of 

the existing data due to the difficulties of obtaining the relevant data. Furthermore, the 

authors acknowledged that the subsidence rate was about 20-35 mm/year in areas where 

the soil strata consisted of peat and organic materials. From a geotechnical point of 

view, this subsidence occurred because of the peat deposits, with remediation being 

proposed to mitigate the rate of subsidence in that area.    

2.5 GIS APPLICATION ON GEOTECHNICAL DATA  

2.5.1 GIS definition 

GIS, an acronym for Geographic Information System, refers to the integration of 

technology, hardware, software, and data, for analysing, managing and displaying all 

types of geo-referenced information. This technique mixes interest in high technology, 

space, and Earth information. It is a powerful set of tools for gathering, storing, 

retrieving, transforming, and then displaying spatial data from around the world 

(Aangeenbrug, 1992; Parsons & Frost, 2000; Bowman, 1998; Kunapo et al., 2005; Ho 

& Skeels, 2003). Chang (2010) defined GIS as ‘a computer system for capturing, 
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storing, querying, analysing, and displaying geospatial data’. The geospatial data refers 

to spatial features, according to their location and characterisation. For example, in 

describing a building as a spatial feature the description relates to its location (longitude 

and latitude co-ordinations), as well as the building’s description (such as number of 

storeys, type of foundation, residential or commercial, governmental or public, etc.). 

The GIS has the capability to generate and create new data by integrating existing 

datasets and sharing a consistent spatial geo-referencing system; it gives the importance 

and the specifications for the GIS discipline (Goodchild, 1993; Orhan & Tosun, 2010). 

The discipline is not restricted by one science category; rather, it was established as a 

beneficial tool for miscellaneous specialties, such as geologists, engineers, 

environmentalists, photogrammetrists, urban planners, and cartographers. Put 

succinctly, GIS helps solve problems and demonstrates data by looking at it from a 

different perspective. This data was then able to be connected, shared, and understood. 

Further, the growing development of computer science during the last decade means 

that GIS is often used for spatial data manipulation and information management 

(Orhan & Tosun, 2010). 

2.5.2 GIS components 

Four main components contribute to the establishment of geographic information 

systems hardware, software, GIS specialists, and infrastructures (see Figure 2.38). 

These components ensure that it is not far from other information technologies. The 

hardware components comprise of computers, operation systems, scanners, GPS, 

digitisers, and printers (to display the results). The results are presented as useful visual 

information (2D or 3D images or animation) from the acquired data (Chen, 2010). The 

software components include source code and a user interface; the source code may be 

written in Visual Basic, C++, or Python, while the common user interface includes 

graphical icons, command lines, scripts and menus. The GIS specialists define the 

purpose and aims, as well as provide the justification and the reason, for using the GIS. 

The infrastructure includes the physical, organisational and administrative environments 

that support the GIS operation, namely, the data standards, the data clearinghouse, and 

the general organisational patterns (Chang, 2010). 
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Figure 2.38 GIS components (Singapore Educational Consultants , 2008) 

2.5.3 GIS database concept 

The database view of GIS emphasises the importance of a well-designed and well-

structured implemented database (Frank, 1988). The database management system is 

considered an integrated component of GIS, used for storing, manipulating, and 

retrieving data from a database. According to Antoniou et al. (2008), the genres of the 

database management system architecture are hierarchical systems, inverted lists, 

network systems, and relational systems. The relational systems have proved the most 

popular because of their ability to perform the logical relationships between the 

structures and entities. Codd (1970) invented and put forward the idea of relational 

models of data for large shared databases. They protect the users of the formatted data 

systems from potential disruptions in data representations, due to the continuous growth 

in the data bank. Chang (2010) defined the relational database as ‘a collection of tables 

(relations), each of which can be prepared, maintained, and edited separately from other 

tables, but these tables can be joined or related for data search and retrieval’. Two 

fundamental elements are involved in the design of the relationship between databases. 

Firstly, a link or connection is created between the related (corresponding) records in 

two tables. Secondly, the way that tables are to be linked is prescribed. As explained by 

Antoniou et al. (2008), the mechanism in a relational database involves a database that 

consists of a series of tables. Each table corresponds to an entity set, so that each 

column holds the data on one of the entity set’s attributes and, at the same time, each 

row represents the data of an individual entity. Based on rational algebraic mathematical 
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theory, the duplicate values cannot occur within an entity set because each table 

corresponds to a variety of, or different, entity sets. Thus, each table cannot have rows 

that contain duplicated values. The primary key, the relational joins, and the normal 

forms are representative of the principal features of relational database. Firstly, the 

primary key for each table reflects a value in a single column, or groups of values in 

different columns; therefore, each row is uniquely and easily recognised. Consequently, 

the primary key for a table cannot be zero.  Secondly, the rational join (as a technique) 

is used to link a column in one table with another column in the second table for the 

same data, and from the second table with the third table for a further match, and so on. 

However, the third principal feature of a relational database is the normal form, which 

refers to the kinds of values in the columns, and how the columns inside the table are 

relevant and dependent on the primary key.  

Therefore, according to Openshaw (1991), all standard types of geographical data (line, 

point, or/and surface) can undergo spatial analysis and be displayed in one, two, or three 

dimensional figures. For data points, Antoniou et al. (2008) suggest that the 

geostatistical method and its various nearest neighbours can be chosen; in contrast, 

network analysis can be used for line data. One difficulty with digital spatial data is the 

growing volumes, which are becoming more complicated and unmanageable. Thus, the 

compilation of maps is becoming more significant (Buttenfield & Mackaness, 1991). 

Maps (in either hard or digital copy) are the final outcome; they become the visual 

effort that help in our understanding of the distribution of different characteristics of 

themes, such as soil, atmosphere, disease, natural resources, etc. Therefore, digital maps 

become one of the most important elements of the modern era by reason of its 

updatability, as well as its synchronisation with updates from suppliers and field 

investigations. 

2.5.4 Data acquisition and processing 

Data acquisition was defined by Harrold (2006) as ‘the process of gathering information 

in an automated fashion from analogue and digital measurement sources and presenting 

that information in a meaningful way’. Data acquisition is considered as the preliminary 

step of GIS database building procedure. This process is the most expensive section of a 

GIS scheme, whether the data are new or already exist (Chang, 2010). Existing data can 

be either collected from the internet and websites, or from privately owned data (e.g. 

satellite images, census data, statistical data, and aerial photo). However, newer data can 
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be obtained from borehole diggings, field explorations, questionnaires, medical surveys, 

metrological data, communication signal data, and physical parameter measurements, 

such as water, gas, and oil, etc. The data conversion process, from analogue to digital 

formula, can also create new data. This is achieved by using different scanners and 

equipment to convert old paper maps and sheets to digital form. Such data can then be 

used in GIS projects once they have been geo-referenced into a well-known spatial 

projection (e.g. Universal Transverse Mercator UTM and World Geodetic System 

WGS84, with northing and easting coordinations). The conversion process converts the 

raster (not geo-referenced) data into vector (geo-referenced) data, which are easily 

interpreted by the GIS software. In this digital form, all spatial features on the GIS map 

simulate the original features on the Earth. 

2.5.5 GIS output 

Maps are the most well-known GIS operation output. They represent the final result of 

data collection, attribution, exploration, analysis, and modelling. The main purpose of 

GIS map production is to make the map easier to read, and understand, as well as being 

spatially communicable to the users. Map understandability depends on map 

symbolisation, which reflects the type of map, whether topographic, cadastral, base, or 

thematic, and colours, which represent the initial reader impression through colour hue, 

value and saturation, and indicate the gradual increase or decrease in the feature’s 

variance. The GIS map’s elements are quite similar to traditional map elements which 

are comprised of: a map body, map border, title, north arrow, scale bar, adequate 

legend, grid lines, map projection, and map sources (whether from satellite images, 

aerial photos, or old map sheets). However, maps are not the only GIS output; GIS also 

has the capacity to produce charts, tabular data, 3-D figures, models, and graphs.  

2.5.6 GIS applications in geotechnical engineering 

A new technology, GIS opens the door for scientists to solve novel problems, from 

climate change to earthquakes, and from water resource distribution to mountain 

classifications (Chen, 2010). Further, the diversified methodologies have produced 

precise data by using GIS techniques, for example, fuzzy logic, artificial neural 

networks, and multicriteria decision analysis (Orhan & Tosun, 2010). Natural resources 

management has been the most important field to use GIS, namely, natural hazards 

assessment, land-use planning, wildlife habitat analysis, timber management, and 

riparian zone monitoring (Chang, 2010). The GIS technologically provides a powerful 
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tool for geo-environmental appraisal in support of urban land-use planning (Dai et al., 

2001). It is also emerging as an integrated technology that can solve various problems at 

a global scale, such as desert expansion, global warming, natural disasters (whether 

those related to weather, fire, or invisible radiation hazards), and vegetation differences 

(Chen, 2010).  

In natural geological hazard assessments, GIS is used to evaluate landslide hazards as 

statistical models (Carrara et al., 1991; Xie et al., 2006; Orhan & Tosun, 2010; Chacon 

et al., 2006). Wang and Unwin (1992) used GIS for modelling landslide distribution on 

loess deposits in China, while Atkinson and Massari (1998) utilised linear modelling for 

the susceptibility of land sliding in the central Apennines in Italy. In contrast, Navarro 

and Garcia (1996) evaluated natural hazards by using support decision systems. GIS 

was also used to evaluate groundwater vulnerability (Kattaa et al., 2010; Hiscock et al., 

1995), and to assess groundwater quality (Babiker et al., 2007; Nas & Berktay, 2010). 

For hazard evaluation, GIS has been used to assess the potential risk with reference to 

bushfires (Chen et al., 2003), as well as estimating hurricane hazards (Taramelli et al., 

2008). In addition, GIS has been used for data management and site investigations 

(Deaton et al., 2001; Kunapo et al., 2005), as well as for earthquake assessments in 

urban areas, and to determine seismic microzonation (Kienzle et al., 2006; Slob et al., 

2002; Orhan et al., 2007; Tosun et al., 2007). Other GIS applications have been widely 

used around the world, for example, the site selection for waste disposal in the Granada 

district, Spain (Irigaray et al., 1994; Carver, 1991). Before geotechnical characterisation 

of an area, the task was arduous because of the soil boreholes and the log data 

representations. Hence, there was the need for GIS, namely, the transformation of all 

paper and sheet work into digital form and, consequently, to make digital mapping 

easier and more quickly accessed (Higashi & Dias, 2003). 

2.5.6.1 GIS applications of geotechnical data for a Brazilian oil pipeline 

One example of GIS being used for geotechnical and environmental risk management 

concerned a Brazilian oil pipeline (2010). Over 26 years, the annual frequent failure of 

the pipelines of São Paulo state, Brazil, increased. However, from 1996 to 1999 the 

failures began to fall (see Figure 2.39). 
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Figure 2.39 Number of oil pipeline accidents that occurred in the São Paulo 

state (Brazil) between 1982 and 2008 (Augusto Filho et al., 2010) 

To facilitate such a process, Augusto Filho et al. (2010) developed a decision support 

system to evaluate and manage geotechnical and environmental risks for the pipeline. 

Their Brazilian study area comprised 205.8 km
2
.
 
It was 48.5 km long and 2 km wide, 

each side of the São Paulo to Brasilia oil pipeline; it covered three municipalities in the 

northeast area of São Paulo state, located within the Rio Pardo basin. The area was 

considered an important hydrographic basin. The pipeline is located on the aeolian 

sandstones, and is isolated from one of the world’s largest water storage basin, the 

Guarani aquifer. Based on the study by Augusto Filho et al. (2010), the pipeline 

accidents were caused by: corrosion (mechanical), a lack of maintenance (operational), 

natural hazards, and third party activities. Indeed, GIS was used for accessing, 

modelling, and storing the São Paulo state’s database. The database was used to create a 

spatial database, an important GIS output; it utilised geo-processing procedures, 

geotechnical reports, and surface and subsurface investigations. The ouput was digital 

maps at a scale of 1:10,000, which were suitable for use by decision makers.  

Prior to this study, other research (e.g. Kirsanov (2000), Vonznessenskaya et al. (2000), 

Rosenbaum (2002), and Augusto Filho et al. (2002) highlighted the different 

applications for GIS, namely, environmental and geotechnical risk management for civil 

works in urban areas. The Brazilian study (Filho et al., 2010) adopted seven steps as its 

research methodology: the data collection and survey, the design of the system project, 

the preparation of digital cartographic based maps at the scale 1:10,000, the inventory, 

the hazards and risk analysis, and the customisation of the geotechnical and 

environmental risk management system. The objects used to produce the output were 

the printer, GPS, digital camera, ArcGIS 9.1 software, 17 topographical map sheets, and 
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32 digital aerial photos, at a scale 1:2,000 (for the years 2000 and 2003) (see 

Figure 2.40). 

         

Figure 2.40 Zoom, pan, database access and link tools available in projects 1 –

14 of the risk management system by using GIS in Brazil ( Augusto Filho et al., 

2010) 

2.5.6.2 GIS managing geotechnical data in Athens (Greece) 

Geotechnical data from in-situ observations and geotechnical surveys can be managed 

by GIS. For example, in Athens (Greece), geological, geographical, and geotechnical 

data contributed to the establishment of a system based on a relational database. The 

HelGeoRDaS (Hellenic Geotechnical Relational Database management system) (see 

Figure 2.41) was used to illustrate the distribution of engineering geological 

characteristics in GIS produced thematic maps based (Antoniou et al., 2008). Seven 

tables were implemented for different categories, such as boreholes, water table, in-situ 

tests, laboratory tests, lithology, rock mass classification, and Table’s real-ID. Each 

table had independent values. At the same time, the HelGeoRDaS was completely 

relational and so enabled fast data retrieval. Therefore, as seen in Figure 2.41, it was 

easy to access the data storage and the seven tables, which were related to each other. 

Interestingly, the data storage is accomplished by completing the data acquisition 

which, in turn, is achieved by the built in queries. 
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Figure 2.41 Implemented type of relations between the main tables of 

HelGeoRDaS (Antoniou et al., 2008) 

In the same study, Antoniou et al. (2008) also demonstrated the architecture of Athens’s 

geotechnical database, via on the interrelationship between the tables (see Figure 2.42). 

This interrelationship used the queries to access the data and acquire the information 

from forms and tables. As a result, the visual data becomes available for display, 

namely, a GIS map, scheme, or chart of the area.  

 

Figure 2.42 The structure of Hellenic Geotechnical Relational Database 

(showing the interrelationships) (Antoniou et al., 2008) 
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A GIS engineering geological map of Athens was created by Antoniou et al. (2008) 

using three main data categories: (1) surface geological unit outcrop data obtained from 

existing hard copy maps or previous geological studies; (2) data from field and in-situ 

explorations, such as trial pits and open shafts; and (3) data obtained from field 

geological features, such as faults and linear structures. These data represent and match 

the three essential GIS elements: polygon, point, and line, respectively. To produce an 

accurate and reliable GIS map, enormous numbers of input data are required. Therefore, 

much material, as input, needs to be taken into account. Further, these points or values 

must have the capacity to ensure a fair distribution; as a result, the GIS software is able 

to manipulate these points and generate a map (see Figure 2.43).  

 

Figure 2.43 An example of an engineering geological map produced by GIS of 

spatial distribution of the linear elastic fundamental soil for microzonation and 

earthquake purposes (Antoniou et al., 2008) 
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2.5.6.3 Visualisation of geotechnical data in GIS in Eskisehir city, Turkey 

A study by Orhan and Tosun (2010), in the Eskisehir urban area, approximately 250 km 

west of Ankara, Turkey, introduced a geo-engineering approach into GIS. This 

approach produced three geotechnical zonation maps, two panel-block diagrams, and 

two cross sections along five directions, for t densely settled residential area (about 30 

km
2
) to evaluate foundation soil suitability and conditions. The GIS facilitated the 

zonation map drawing processes, and helped estimate what other precautions were to 

ensure a safer area. In the process, 1,011 disturbed and 383 undisturbed samples, from 

170 boreholes, were examined to determine the physical and geotechnical properties of 

the soil profile. Geotechnical borehole data, lithological maps, and topographical base 

maps were used as the data sets for the GIS input procedure. Additionally, data files 

from the Shuttle Radar Topography Mission (SRTM) were used to understand and 

visualise the Eskisehir basin. The cell size for the digital elevation model (DEM) was 50 

m x 50 m.  

To build the initial database, topographic maps with a scale of 1:25,000 were used in the 

digitisation of the streams and roads. In contrast, 1:5,000 scale topographic maps were 

used to extract a real morphology by establishing a sufficient DEM of 10 m x 10 m 

(Orhan & Tosun, 2010). In the usage of the GIS project the most important point is the 

coordinates for the transforming process, that is, from an analogue to a digital formula, 

by using scanners that can be recognised by GIS software, such as remote sensing 

software (e.g. ERDAS IMAGINE) or by the GIS software itself. The ERDAS software 

is more accurate in the coordinate’s transformation operation (i.e. geo-referencing). All 

the existing landmarks on the map are defined as geographical features with their spatial 

location as x, y formula and with z, if the output is 3-D. However, the geotechnical 

properties (i.e. SPT-N values, Atterberg limits, uniaxial compressive strength, ground 

water levels, and soil class) of the Eskisehir soil were used as a GIS database, obtained 

from 170 boreholes. Moreover, Orhan and Tosun’s (2010) Eskisehir study area used the 

inverse distance weighting method (IDW), based on their field explorations. This 

method, according to Lu and Wong (2008), is a deterministic spatial interpolation 

model. Thus, ‘the attribute values of any given pair of points are related to each other, 

but their similarity is inversely related to the distance between the two locations’. 

Further, IDW is widely used by geologists due to its capability to be implemented in 

various GIS software.  
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As seen from the cross sections below (see Figure 2.44), the stratigraphy and layer 

sequence of this area includes: top soil (considered as a vegetable soil with a thickness 

ranging between 0.5 to 1.0 m;. then a low plasticity index sandy clayey silt (with a 

thickness of 1.2 m in some locations); followed by various uniaxial compressive 

strength soil (with a high plasticity clay layer). The qu values of this layer varied, and 

were dependent on how far it was from the underground water level, namely, 500 

kN/m
2
, when it was away from this level, and dropping to 50 kN/m

2
, near the ground 

water level. Low plasticity silty clay was found under the previous layer, with a 

thickness of 2.0 m in some sites, and with a plasticity index of less than 4. Finally, 

gravel and sand were identified beneath these strata (see Figure 2.44). 

GIS was also used to represent the SPT- N values; the colour scale was adopted to refer 

to the high and low values area (Orhan & Tosun, 2010). Figure 2.45 shows the Standard 

Penetration Test SPT- N values for Eskisehir City. As seen from this figure, the soil 

types at the shallow depth have an N value of about 5 blows or less at some locations, 

particularly near the Porsuk River. In contrast; at the deeper layers, the N value became 

higher due to the occurrence of the denser soils. In the zonation maps the SPT-N value, 

where the darker the colour the higher the N values. 

 

Figure 2.44 Eskisehir soil cross sections (Orhan and Tosun, 2010) 
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Figure 2.45 SPT blow count cross sections and zonation maps (Orhan & Tosun, 

2010) 
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2.5.6.4 Web-GIS based geotechnical information system in Singapore  

A web-GIS allows easy on-line access to geotechnical information for a specific area. 

This contrasts with previous times when large amounts of spatial data were hard to 

access, and so was unexploited, as an analysis tool (Parsons & Frost, 2000). Kunapo et 

al. (2005) defined the web-GIS based geotechnical information system technique as ‘a 

convenient and cost effective tool to promote accessibility, efficient distribution, 

effective administration, and cross-platform flexibility of geotechnical information’. In 

Singapore, a densely built-up area, different governmental organisations and private 

sector companies have a large volume of geotechnical information. For example, the 

Housing Development Board has more than 60,000 boreholes across approximately 625 

km
2
. In addition, recent internet development offers a good opportunity to enhance GIS 

structures which has real–time geo-data processing and accessing requirements (Wu et 

al., 2002). Therefore, when geotechnical data are sufficient and ready to use, GIS 

software is capable of storing, processing, analysing, and displaying the data and, with 

rapid internet access availabile, a web-GIS has been created (Kunapo et al., 2005).  

In 1994, Adams reported that the GIS technique available at that time did not have the 

ability to store, demonstrate, and display three dimensional geotechnical data. Since 

then, there have been accumulated developments in GIS 3-D approaches to solve such 

problems. By 2005, according to Kunapo et al. GIS capacity was still not sufficient to 

display 3-D data, namely, variation of soil characteristics with depth, and soil strata 

classification. To overcome this obstacle, images were used as a tool to store and 

present geotechnical data, for example, the Comprehensive Ground Information System 

used in Hong Kong (Lam, 2002) and the United Kingdom’s subsurface data image 

based borehole information systems (Kunapo et al., 2005). In Singapore Ong et al. 

(2003) reported how the links to the images of boreholes have been used as an intranet 

based technique (a geotechnical database information system). This practical documentl 

management system contains images that represent manually scanned existing data, 

such as soil borelogs and/or cross sections. However, the scanning process has many 

limitations, such as image resolution, scale inconsistency, file size, and analogue 

formula restrictions, such as cross section generation, 3-D prototype building, and 

geostatistical and spatial analysis.  

Nevertheless, based on Kunapo et al. (2005) proposals, GIS can be developed for 

purposes of 3-D geotechnical information systems in their digital forms and made 
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available through the internet. The architecture of this geotechnical information system 

(GeoInfoSys) comprises of three principal components: the database (for spatial and 

non-spatial data), the web interface, and the server side geotechnical engine (see 

Figure 2.46). The spatial data are represented by GIS layers as geographic features, such 

as, in Singapore, buildings, roads, boundaries, railway networks, and towns. The non-

spatial data are geotechnical borehole information and soil characteristics, which can be 

geographically generated by adding northing and easting coordination which become 

GIS layers. In practical terms, the users can navigate through the geotechnical web 

interface and choose an area of interest by going to the main search locations such as a 

train station, road or town name. After choosing the selected area, the user pays to view 

the borehole information. The Kunapo et al. (2005) database was developed from the 

UK Association of Geotechnical and Geoenvironmental Specialists. It followed a call 

for the electronic transfer of geotechnical data, in 1991, to help government and private 

authorities to adopt a new professional and effective way of geotechnical data being 

exchange (Chandler et al., 2002).  

 

Figure 2.46 System architecture diagram for GeoInfoSys (Kunapo et al.,2005) 

Having the data in digital form ensures that various outputs and analytical forms can be 

obtained, such as cross sections (see Figure 2.47), soil maps, geotechnical inquiries, and 

3-D geotechnical outputs. These outputs enable the creation of high flexibility in data 

exchange and improvements in the engineering construction industry (Kunapo et al., 

2005). 
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Figure 2.47 Typical cross section generated in GeoInfoSys (Kunapo et al.,  2005) 

A similar system, a database for the transportation section, was created in Louisiana, 

USA, in an attempt to save previous, current, and upcoming geotechnical information. It 

is impossible to effectively and easily managed search huge amounts of information 

without adopting the facilities available in information systems and databases (Chang & 

Park, 2004). According to Gautreau and Bhandari (2009), such a system allows for the 

creation of a global information system, with an easy interface (see Figure 2.48) for 

users to access links to existing and updated databases. In addition, this system has 

eliminated the need to dig more boreholes within an already established area, and has 

reduced the cost and time of foundation construction by helping decision makers or 

designers to choose the most appropriate borehole depths, as well as to estimate the data 

to be used for multi purposes, such as load tests, pile resistance, and pile driving logs.  

2.5.6.5 GIS modeling the stratigraphy of Amherst, Massachusetts, USA 

The town of Amherst, Massachusetts, USA, has used the GIS technique to create and 

perform models and datasets from soil borehole logs. These models represent 

transportation networks, topography, orthophotos, hydrology zones, wetlands, utilities, 

tax parcels, land use, etc. (Ho & Skeels, 2003). 
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Figure 2.48 Sample web page of boring logs searched (Gautreau & Bhandari, 

2009) 

 

The information for this approach was gathered from vast boring logs in the Lawrence 

Swamp Aquifer, as well as private engineering projects, town references and databases, 

water sampling and underground water quality information, GPS location data, and the 

United States Geological Survey (USGS) maps. The data ws converted (via digital 

elevation models DEM, AutoCAD drawings, digitized maps) to a format that GIS 

software could easily recognized when undertaking geostatistics and spatial analysis. 

Ho and Skeels (2003) digitised USGS topographic quadrangle maps, boring logs and 

well information for the Auto CAD
TM

. They then made depth and thickness models for 

different soils, aquifers, and bedrock. Further, ArcGIS was successfully used to 

manipulate and combine data from various formats into GIS coverage for spatial 

analysis. Once the data are established, queries can seek information for subsurface 

conditions, profiles, water quality, etc. Moreover, this generated model can be easily, 

and continuously, updated by adding new data or additional information to existing 

data. 
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2.5.6.6 Geotechnical database in a GIS for the Rio Grande Do Sul, Brazil 

Higashi and Dias (2003) created a geotechnical database for the north of the State of 

Rio Grande Do Sul, Brazil. The database was based on information obtained from 

geotechnical reports, dissertations, books, and published papers. The geotechnical 

mapping, based on geological and pedological aspects of the evolved soil (Latosoils) 

was associated with the GIS as scanned pictures. The integration of the spatial sampling 

locations and the soil data occurred within the GIS environment. Lithologically, this 

area of Brazil is comprised of 57% Basalt, 21% Rhyolite, 9% sandstone and siltite, 7% 

quaternary deposits, and 6% sandstone. However, pedologically, the soil in the north of 

the state consists of purple Latosoils (which occur on the highlands) and Litholic soils. 

The GIS mapping showed problematic soils near the water table of the hydromorphic 

soil’s B-horizon. These soils in the study area have a rare occurring problem, namely, 

presenting high compressibility, expansibility, and low bearing capacity. Moreover, 54 

geotechnical units varied in their geomechanical behaviours, especially the Latosoils, 

which have specific engineering characteristics.  

In their study, Higashi and Dias (2003) used chemical agents in the grain size test to 

estimate the geotechnical behaviour of soil with or without these agents. For the Cruz 

Alta Latosoils, they used deflocculating agents to break up the clusters, which led to the 

identification of changes in the engineering properties of these soils. However, the scale 

of 1:1,000,000 was not sufficient to determine an accurate division between the 

geotechnical units. However, the boundaries between these units do show a difference 

in the results, but the difference was due to the contamination of the sandstone in some 

units. In the study area, the dark red and purple Latosoils are the dominant soils. 

Consequently, they are used to determine the direct shear strength and compressibility. 

In the Carazinho and Palmeira das Missões sites, the soils showed decreased shear 

strength and resistance to waterlogging. Additionally, due to the minor weight load 

increase, most of the Latosoils are considered as well drained, sandy, compressible and 

collapsible soils (with permeability coefficients ranging from 10
-3 

to 10
-5

 cm/sec) soils. 

The results of the preconsolidation stress test in natural humid conditions show values 

ranging from 42 - 295 kN/m
2
 but, in flooding conditions, the preconsolidation stress 

values decrease from 30 to 205 kN/m
2
. Therefore, Latosoils present engineering 

instability with flooding. Furthermore, dark red sandy Latosoils in São Francisco and 

Maringá (Paraná, Brazil) are susceptible to collapse due to their structural weakness and 

the occurrence of quartz, which reduces soil aggregation and displays a great vertical 
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deformation at a pressure of 150 kN/m
2
. Most samples in the study area were 

collapsible, except for the Lagoa Vermelha site, the Vacaria site, and the areas located 

beneath the basalt. 

GIS mapping and a geotechnical database were used in the northern state of Rio Grande 

Do Sul to avoid extended urban cities constructed over compressible, expandable, and 

collapsible areas, and in locations where the water table was close to the surface. 

Consequently, the geotechnical analysis based on GIS is able to direct decision makers 

into adopting a precise, costless, and reliable approach in the selection of a suitable and 

favorable area for engineering projects. 

2.5.6.7 Geotechnical geographic information system in New Jersey, USA  

In 2002 the New Jersey Department of Transportation (NJDOT), USA, developed a 

Geotechnical Geographic Information System (GEOGIS). Its purpose was to create a 

statewide test boring management system and engineering soil series system for the 

NJDOT (Williams et al., 2002). A successful pilot study evaluated the efforts required 

for the full implementation of the system, and its feasibility. The study helped 

investigate the development of GIS so that the outcome would give a better 

representation, management, and dissemination of the soil data. A large database of 

individual soil boring logs and locations were used as the entry point. These resources 

had been stored in boxes and filing cabinets, and in hard copy format in plan drawers of 

the NGDOT staff. The new GEOGIS system, using GeoMedia computer software, 

comprised two modules: (1) the first module permitted users to access boring logs and 

scanned boring location plans (electronic format); (2) the second module allowed users 

to access to the electronic data from the engineering soil survey series.  

The Soil Boring Management System emerged from the efforts for 14 projects, with 32 

boring location plans for 267 boreholes throughout the state of New Jersey. These 

borelogs contained information about the project’s baseline (offset and stationing), a 

location map showing the local street name, local project name, municipality, depth, 

and sieve analysis. The bore locations were designated using the New Jersey State Plan 

Coordinate System and were projected on the statewide base map. The boring logs were 

linked to the symbols on the base map once the boring locations were properly 

positioned. Each bore log was given a unique Soil Boring Reference Number (SBRN) 

to facilitate data storage and retrival. The data were obtained by either selecting a 
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particular location (a symbol on the base map) or drawing a fence around a certain area 

on the base map. The steps can be tracked and the data acquired via a search of the 

system (see screen shots in Figure 2.49 to Figure 2.51). 

 

Figure 2.49 Bore logs locations on the New Jersey statewide base map (Williams 

et al., 2002) 



  

86 

 

 

Figure 2.50 Bore logs selection to get the required data (Williams et al., 2002)  

 

Figure 2.51 The outcome: test boring log (Williams et al., 2002)  
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2.5.6.8 Web-Based geotechnical GIS, Japan 

Over the past half a century, geotechnical data in Japan have been accumulated 

independently by many authorities (e.g. private companies, municipalities, professional 

associations, and governmental organisations) (Todo et al., 2013). The geotechnical 

(borehole) data were in paper format, MS-DOS digital data (Windows 3.1), and 

advanced versions of Windows using GIS. Between 2005 and 2010, these databases 

were developed for approximately 100 regions, with the existing geotechnical databases 

being linked with the new geotechnical data. Then in 2010, the nation-wide Electronic 

Geotechnical Database System (NEGDS) was published online for nine cities: (from 

north to south, Sapporo, Sendai, Niigata, Tokyo, Nagoya, Osaka, Hiroshima, 

Matsuyama, and Fukuoka) (see Figure 2.52). Once the geotechnical data is ready, 

another nine cities will be added to the existing system.  

         

 

Figure 2.52 NEGDS as of July 2012 and expected coverage in 2014 (Todo et al., 

2013) 

 

The NEGDS has five subsystems: (1) software to aid configuration of a single ground 

model; (2) archiving function for old non-digital information; (3) viewer for multi 



  

88 

 

collections of ground models; (4) viewer for users through the internet; and (5) system 

to connect to the internet (as shown in Figure 2.53) (Todo et al., 2013). 

      

Figure 2.53 System configuration of NEGDS (Todo et al., 2013)  

 

The system has been applied in six areas for testing and verification. These areas have 

different soil types and, for use with the NEGDS, have been identified as: clayey soil, 

sandy soil, gravel soil, peat, organic soil, volcanic clay, and artificial materials. Peat was 

found to be associated with volcanic ash in area of Sapporo. The soil coverage involves 

mesh 250 by 250 m to reach a maximum depth of 100 m. While additional data 

enhances the system output, some essential information is required for each 250 m 

mesh, namely: soil layers, ground surface elevation, ground water level, SPT-N value, 

and the thickness and the depth of the Holocene deposits. Using the modelling 

developed by the Japanese Geotechnical Society (JGS), a ground model for a specific 

location within the 250 m area can be constructed. This model (subsystem-1 in 

Figure 2.53) references the borehole information associated with geological and 

engineering data within the 250 m area. 

Standard Penetration Test–N values, cross sections, depths to the bearing layers, soil 

types, liquefaction information, and maximum surface velocity data are provided by 

NEGDS. One function displays the soil types at different depths in different colours, 
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namely: sandy soil in orange, clayey soil in green, and gravel in red (see Figure 2.54). 

Also, the variations in the tone of the colour denote different SPT-N values for different 

soil types (Todo et al., 2013).      

 

Figure 2.54 NEGDS - Soil types and SPT N-values at depth of 10 m, central 

Tokyo (Todo et al., 2013) 

While this system represents the average of the ground conditions in a particular area, it 

does not give the data for the center of the area. Further, the installed system is 

presented in Japanese, with no English translations, except for some translations on the 

home page. However, if further investigations are required, in English, or another 

language, the information provided is not adequate enough for such an investigation.  

2.5.6.9 Web-Based GIS for geological data and borehole management, Korea 

A prototype model of the web-based GIS for boreholes and geological data management 

was developed in Seoul, Korea, in 2004. Chang and Park (2004) used a standard form to 
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present the data for more than 10,000 boreholes, and other archived geological data, for 

the highly urbanised city of Seoul. Data from government and private organisations’ oil 

investigation reports were unified to avoid data redundancy and discrepancy. This 

system provided effective management for the geological data by establishing the web-

based system and its database. The authors anticipated that the system could be used for 

additional applications by being linked to contemporary GIS applications. Investigation 

reports and borehole logs for road, railway, and building projects were used for the 

borehole standard form, as well as for geological database purposes. The borehole 

information was categorised into classes, such as stratum information, project details, 

borehole information, in-situ and laboratory test data and, most commonly, The 

Standard Penetration Test (SPT) test data. Stratum information can be identified by its 

geotechnical or geological name, as well as its stratum colour. The project details 

include the number of boreholes, project duration, company name, and administrative 

areas. The borehole information comprises the date, location, drilling method, and name 

of the geotechnical engineer. The SPT data, available for most projects in Korea, occurs 

as a separate category. Also available are in-situ and laboratory tests, such as Rock 

Quality Designation (RQD) and Total Core Recovery (TCR) tests, and the engineering 

properties of the site. The main functions and structure of this system are shown in 

Figure 2.55. 

 

Figure 2.55 Structure and the main functions of the implemented web-based 

system in Korea (Chang & Park, 2004)  

The implemented web-based system’s functions are divided into four main groups: 

 Geological data search 
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 On-line geological functions 

 Administrative functions, and 

 Statistical summaries  

The system, designed using ESRI ArcIMS software, has many advantages, such as 

sharing, adding, updating, and querying geological and geotechnical data. Further, the 

system can be the distributor and data provider for other related projects, including 

transportation, environmental, and urban planning. 

However, Chang and Park’s (2004) implemented system faces the problem of 

interoperability, considered a vital issue, especially the development of software and 

internet connections with the various GIS concepts online. However, the system has the 

potential problem of adding data to the system (which may require additional 

maintenance) and the problem of 3D visualisation of cross sections. 

2.5.6.10 Web-Based information system for geoconstruction technologies, USA  

Forty-six geoconstruction technologies were used to develop a web-based information 

system for transportation infrastructures in the USA. These technologies were 

applicable for the following aspects: slope stability, grouting, alternative materials, soil 

stabilisation, ground improvement, recycling, geosynthetics, and soil reinforcement 

(Douglas et al., 2012).  

The potential users, able to apply and evaluate each technology through the available 

data, include geotechnical engineers, decision makers (at different US federal levels), 

academia, structural engineers, consulting and contracting companies, and 

transportation engineers. The main goal of the system was to avoid geotechnical and 

non-geotechnical obstacles, which are used in the utilisation of geoconstruction 

technologies.  

By collecting, integrating, and organising many critical data the system can solve 

geotechnical problems in an easy and accessible manner. According to Naik and 

Tripathy (2008), the Shewart cycle of information system explains the progress of the 

system. Thw Plan-Do-Check-Act cycle information system ia the overall concept of the 

web-based information system for geoconstruction technologies in transportation 

infrastructure (Figure 2.56). The system’s homepage screenshot is shown in 

Figure 2.57. Importantly, the system can be accessed by many users, around the world, 



  

92 

 

to investigate the illustrated information. Further, the system is maintained and located 

at Iowa State University, while the programming was undertaken using ColdFusion 

Markup Language (CFML) and Java Script Language (Douglas et al., 2012).  

 

Figure 2.56 Overall concept of the web-based information system (Douglas et 

al., 2012) 

 

Figure 2.57 The homepage screenshot of the web-based information system 

(Douglas et al., 2012)  

This web-based information system has four key components: the geotechnical design 

process, a catalogue of technologies, technological selection, and glossary (see 

Figure 2.58). 
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Figure 2.58 The overall map of the web-based information system (Douglas et 

al., 2012) 

 

When the system is used, the project engineer is responsible for adopting an appropriate 

design specific to the geotechnical project. Thus, the geotechnical design process 

displays an overview of a number of considerations relating to the assessment of the site 

conditions and the application of suitable geoconstruction technology. The catalogue of 

technologies is comprised of a list of the 46 geoconstruction technologies. Each 

technology is linked to an independent technology information webpage button. From 

this webpage, the browser can reach the following information (in a pdf format): design 

guidance, case histories, technology fact sheets, cost information, photographs, 

specification, and bibliography (Douglas et al., 2012). 
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The technology selection component, used when a user has already identified a 

particular site condition, looks for the most appropriate geoconstruction technology. 

Therefore, this category includes a list of various technologies organised by an 

interactive assistance tool (Douglas et al., 2012). 

The last component, the glossary, is used to identify the vast amount of technical terms 

available within the system. It is listed alphabetically to assist the user to reach the 

required term quickly. 

This contemporary system is utilised to access the most suitable geoconstruction 

technologies with regard to the transportation infrastructure. However, the 

inexperienced user may be misled and may misuse the system. Moreover, to use the 

system, experienced judgment is required, along with good data; both are vital for the 

efficient use of the information system (Marr, 2006).  

2.5.6.11 GIS-based borehole management and 3D visualisation system (BoreIS) 

McCarthy and Graniero (2006) designed a borehole management and 3D visualization 

information system toolset from data collected by geologists (also the potential users). 

This design was developed after interviewing geologists, while the borehole information 

system was developed as an extension in the ArcScene in GIS. Its purpose was to 

enable 3D visualization, and to query and analyse the geological data. The aim of this 

system was to help inexperienced users to work in the GIS environment by generating 

and automating GIS functions from the Excel spreadsheets. These users can discover 

their data in terms of spatial patterns which enable the solution of many geological 

challenges. The system includes three steps: (1) an interactive data discovery phase; (2) 

a GIS shape file created from the data, and (3) a phase to visualize and analyse the data 

(see Figure 2.60 for screen shot). The borehole information system toolbar arranges the 

tool within three classes (see Figure 2.59): Class 1: project management; Class 2: 

visualisation tools; and Class 3: masking tools. Classes 2 and 3 are used during the third 

step, a phase to visualize and analyse the data (McCarthy & Graniero, 2006).   
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Figure 2.59 Three steps in the Borehole information system: (a) collection of 

spreadsheet, (b) collection of lithology data, and (c) collection of other  

attributes (McCarthy & Graniero, 2006)  

In the project management class, information on spread sheet details, the table structure, 

and the lithology masks are stored. Using the ArcScene extension, the BoreIS project 

file works as a layer and the ArcScene matching file is created automatically. The 

visualisation tools, designed to visualise either the numerical or categorical data as 

requested. The third tool class, the masking tool, is limited to queries and the displayed 

data so as to avoid data interference and to organise the results (McCarthy & Graniero, 

2006). The result of the BoreIS, for example, is a spatial interpolation of the SiO2 

concentrations, which is overlain by high lead (Pb) concentrations (see Figure 2.60). 

This interpolated surface showed the highest concentration of Pb as black points; the 

highest concentrations of SiO2 were the dark areas. However, the authors did not 

mention to which country the data belonged. 
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Figure 2.60 Interpolated surface showing the concentrations of SiO2 and Lead 

(Pb) in the BoreIS (McCarthy & Graniero, 2006)  

2.5.6.12 Geotechnical zonation maps, Pakistan 

Hayat (2003) divided Pakistan into several zones mapping the geotechnical variation 

from the ground surface up to a depth of 12.2 m. Ten zones, between Chenab River and 

Sutlej, were chosen for extensive study. To develop these geotechnical zonation maps, 

detailed stratigraphic information was required. The relationships between the SPT-N 

value and the depths were determined, and indicated that the SPT-N value increased 

with depth, and that the amount of clay and silt decreased with depth. Further, the N 

values increased in the over compacted, as well as in the weakly carbonates and 

ferruginous layers.  

In Pakistan, 622 soil investigation reports were used to achieve the geotechnical 

zonation maps. Each report showed the total number of its boreholes, the type of project 

(school, hospital, commercial, or residential), the location, reference number, and soil 

classification. Most of Pakistan’s soils were identified as fluviatile and alluvium 

deposits, overlying calcareous or argillaceous rocks. The geotechnical parameters 

studied were: the position of the ground water table, the SPT, cohesion, angle of internal 
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friction, density, unconfined compressive strength, and bearing capacity. Geotechnical 

maps were developed for these geotechnical parameters.  

In addition, twenty two stations were established from a base line 0 - 0 passing through 

Islamabad to Karachi. These stations were used to investigate the area around the station 

in terms of soil type, geological situation, and the available engineering properties. 

Cross sections were assessed to explore the soil stratigraphy. The geotechnical map of 

Pakistan was created at 1 m depths so that: (1) the foundations of single and double 

story buildings lie within this depth; and (2) the root zone is cleared (see Figure 2.61). 

However, other geotechnical zonation maps were also prepared at an interval of every 1 

ft up to depth 20 ft (6 m); then the depths were changed into 22 ft, 24 ft, 25 ft, 28 ft, 30 

ft, 35 ft, and 40 ft. Accordingly, 27 geotechnical zonation maps were produced for all of 

Pakistan, for depths up to 40 ft (12.2 m) (see Figure 2.62) (Hayat, 2003). 

The relationships between the SPT-N values and depths, undertaken for different areas 

within Pakistan, produced correlations as a straight line (see Figure 2.63); they indicated 

that the N values were directly proportional to the depth and soil strength. Also, the 

relationships were undertaken between bearing capacity and depth; they showed that the 

values ranged between 0.5-1.0 kg/cm
2
 (see Figure 2.64). Moreover, the trend lines were 

established for the cohesion, friction angle, density, and bearing capacity of all zones. 

Contour maps of the SPT-N value and bearing capacity were also obtained for the 

breadth of the footing (Hayat, 2003). 

Hayat’s (2003) detailed study was completed in 2003, with the geotechnical zonation 

map of Pakistan being deemed as very precise. The map should more likely be called a 

soil type zonation map as it represents just one physical property, soil type. In the study, 

the SPT-N values were the uncorrected N values, in terms of the energy corrected value 

N60, while the overburden pressure was the corrected value (N1)60.  
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Figure 2.61 Geotechnical map of Pakistan at 1 m depth (Hayat, 2003) 
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Figure 2.62 Geotechnical zonation map of Pakistan at 1.52 m depth (Hayat, 

2003) 
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Figure 2.63 Regression between SPT-N value and depth in zone-9 in Pakistan 

(Hayat, 2003) 

 

 

Figure 2.64 Relationship between bearing capacity and depth in zone 1 -5 in 

Pakistan (Hayat, 2003) 

 



  

101 

 

2.5.6.13 GIS for soil classification and analysis, Gaza City, Palestine 

El Jamassi (2013) performed a study in Gaza City, Palestine, to assist geotechnical 

engineers with the necessary geotechnical information for designing purposes using 

GIS. The soil investigation reports used in the study related to 92 boreholes, which 

represented 72% of Gaza City. These boreholes were geo-referenced by using the 

satellite images from Google Earth, obtained from the spatial coordinates, based on the 

1923 Palestine coordinates system. The geotechnical data were uploaded to the ArcGIS 

as two types of tables: (1) the general information table (containing the borehole 

location, date of test, and water table); and (2) the geotechnical properties table (that 

included the soil properties, such as liquid limit, water content, etc.). The Rockworks 

2006 software was used jointly with the GIS to produce the cross sections, the fence 

diagrams, and the lithology profiles. The surface maps included analyses of bearing 

capacity (max gravel, max fines, max water content, max liquid limit, max plastic limit, 

and minimum dry density) (see Figure 2.65). 

 

Figure 2.65 GIS-based surface maps of bearing capacity, max gravel, max 

liquid limit, minimum dry density in Gaza, Palestine (modefied from El Jamassi, 

2013) 
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The surface maps (El Jamassi, 2013) (Figure 2.65) are similar to the zonation maps 

produced by Orhan and Tosun (2010) for the Standard Penetration Test SPT-N values of 

soil, Eskisehir city, Turkey (see Figure 2.45). Importantly, the geographic information 

system facilitates the representation of the geotechnical properties’ magnitudes in an 

area as separate zones; each zone denotes a particular range of the geotechnical 

characteristic.     

2.6 SUMMARY 

This chapter has summarised the literature review related to three main categories: (1) 

the geotechnically problematic peat layer around the world; (2) the applications of 

geographic information system used to mitigate and manage problematic soils; and (3) 

the geotechnical information systems in different countries. These categories are 

discussed in terms of the information provided about the geological perspective for the 

region of the Gold Coast and its main stratigraphic formation units. Also illustrated in 

the chapter are the peat layer’s formation, the engineering properties of peat, and the 

peat occurrence. Moreover, the case studies referred to into the chapter explain the 

challenges for any construction on peaty soils, as well as the problem caused by the peat 

itself. The GIS applications using the geotechnical data is also given for case studies in 

Brazil, Greece, Turkey, Singapore, USA, Japan, Korea, Pakistan, and Palestine.  

The aforementioned literature review highlighted a number of areas that require an in-

depth study, outlined below: 

 An extensive and detailed study is required for the peat layer in Surfers 

Paradise, situated within a growing region of Australia. It is also an area where 

the cost of engineering constructions and soil investigations are increasing 

dramatically (see Table 1.1). For example, the cost of soil investigations in 

Surfers Paradise have increased by 71 times, between 1973 and 2002,; it is 

anticipated that this number will double over the next few years. 

 The thickness and the extent of the geotechnically problematic peat layer are 

still unidentified in the Surfers Paradise area.  

 The physical and engineering properties of soil and peat in Surfers Paradise 

have not been examined or correlated. 
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 The subsurface conditions of Surfers Paradise have not been studied in detail in 

terms of bed rock depth, the dissemination of each soil type, and the 

performance of cross sections.  

 The prediction of the new values for the geotechnical properties has not been 

extensively examined.  

 A representation of the geotechnical data using Geographic Information System 

(GIS) has not been specifically created for Surfers Paradise.  

 A comparison among the different Spatial Analyst interpolation techniques have 

not been performed for the geotechnical data. 

 Deciding which technique is the most suitable interpolation method that 

provides a better representation of the geotechnical data has not been 

determined in Surfers Paradise. 

 Surfers Paradise has no geotechnical information system or borehole 

management system to collect, store, maintain, and update its relevant 

geotechnical data in a systematic and professional route. 

From this, the following research questions have been arisen: 

1. How to visualise, examine, and display the subsurface conditions underneath the 

engineering structures in the Surfers Paradise area? 

2. To what extent does the peat layer extend beneath the engineering structures in 

Surfers Paradise? What is the peat layer thickness and depth? What are the 

physical and engineering properties of peat and soil? 

3. What are the relationships, correlations, and comparison between the physical 

and engineering properties of peat and soil?  

These questions were answered in Chapter four, five, and six respectively. 
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CHAPTER 3. RESEARCH METHODOLOGY 

3.1 INTRODUCTION 

This chapter presents and discusses the methods used in the current study to accomplish 

the research objectives. The methodology was divided into two main parts: the 

geotechnical methodology and the GIS methodology. The geotechnical methodology 

includes: (1) data collection, (2) data processing, (3) data analysis, and (4) establishment 

of empirical equations. The outcome of this approach provided empirical relations 

between different physical and engineering properties of peat and soil in Surfers 

Paradise. In addition, this approach was adopted to identify the extent and the thickness 

of the peat layer underneath the engineering structures. Further, this procedure was 

useful in creating the cross sections. 

The geographic information system (GIS) application (the second method) to the 

geotechnical data included: (1) the creation of borehole coordinates; (2) the GIS-form 

borehole data preparation; (3) the spatial analysis of the geotechnical data; and (4) 

investigations and comparisons among different interpolation techniques. The aim was 

to produce the GIS-based SPT-N value zonation maps for different depth levels up to 

R.L. -40 m. In addition, the method examined different interpolation techniques to 

assess the data to provide a better representation for geotechnical data.   

3.2 GEOTECHNICAL METHODOLOGY 

3.2.1 Data collection  

In the current research, 51 soil investigation reports, related to the already construccted 

high rise buildings, skyscrapers, and other engineering structures, were used as the 

sources from which the geotechnical properties of soil, for the region of Surfers 

Paradise, were extracted. Similarly, 168 boreholes were used to extract geotechnical 

information for the soil and peat. Thirty-five (35) reports (for 113 boreholes) showed 

the occurrence of a peat layer underneath buildings at different depths. In contrast, 18 

reports (for 55 boreholes) failed to show the existence of any peat layer underneath the 

buidlings. The absence of the peat layer in these locations could mean that there was no 

peat layer at any depth, that the boreholes did not reach the depth of the peat.  
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The 168 boreholes and 73 CPT bores were used in the current study. The total length of 

the boreholes was 4,096.53 m, while 2,353 tests were carried out at all the engineering 

properties. These tests covered density, water content, liquid limit, etc. (see Table 3.1).  

These reports came from 14 private investigation companies (i.e. Ground Test Pty 

Limited, D.J. Douglas and Partners Pty Limited, Soil Surveys Engineering Pty Limited, 

Frankipile Australia Pty Limited, Goffy & Partners Pty Limited, Longworth & 

McKenzie Pty Limited, Soil Surveys and Exploration Pty Limited, Hollingsworth 

Consultants, ARUP Geotechnics, Golder Associates, Jupiters Limited, Weathered 

Howe, Golder McConnell, and Butler Partners Geotechnical Investigation).  

Table 3.1 Geotechnical tests count for the region of Surfers Paradise 

Test name No. of tests Test name No. of tests 

Density Test 39 Permeability (k) 78 

Water Content 30 Compression Index 2 

Liquid Limit 8 Apparent Cohesion 3 

Plastic Limit 8 Apparent Friction Angle 3 

Plasticity Index 10 Coefficient of Compressibility 15 

Linear Shrinkage 10 Coefficient of Consolidation 7 

Shear Strength 20 Cone Penetration Test 30 

Initial void ratio 2 Standard Penetration Test 1,754 

Total Tests: 2,353 

3.2.2 Data processing  

Once the data is collected the data processing (data extraction, data tabulation, and data 

sorting) begins. The data extraction process used in the current study involved two 

approaches. The first approach was achieved using the arduous manual extraction of the 

data from the soil reports available in many different forms and locations. Considerable 

time was allocated for the conversion of the geotechnical properties units, many of 

which used the old unit system (Imperial units). The same approach was used to identify 

the peat layer’s minimum and maximum depth levels. The geotechnical and physical 

properties of soil were also collected, namely, Atterberg limits, consolidation 

parameters, strength parameters, soil types, standard and cone penetration tests, 

moisture content, dry density, permeability, apparent cohesion, and apparent friction 

angle. 

The data sorting process was used to categorise the soil properties (consolidation 

parameters, strength parameters, physical parameters), bed rock properties 

(sedimentary, igneous, weathering status), soil types (sand types: very loose, loose, 
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medium dense, dense, very dense; or clay types: soft clay, stiff clay, hard clay) or peat. 

The data were tabulated so that it would be acceptable for use later in the GIS 

environment. 

The second approach used the Get Data software to obtain the information from the 

charts and graphs. The CPT results were represented as figures and charts, such as the 

values of the cone penetration resistance, the friction resistance, and the friction ratio. 

3.2.3 Data analysis  

The data analysis commenced following the collection of the data using a systematic 

formula. In this stage, the correlations between the different physical and engineering 

properties of soil established new empirical relationships between physical and 

geotechnical properties of soil. The correlations were between moisture content and 

compression index, organic content and liquid limit, water content and dry density, 

consolidation pressure and compression index, dry density and liquid limit, plasticity 

index and liquid limit, water content and liquid limit, plasticity index and friction angle, 

coefficient of volume compressibility (mv) and applied stress, coefficient of 

consolidation (Cv) and applied stress.  

Additionally, the variations in the geotechnical properties with depth were investigated. 

The engineering and physical properties of peat were presented using a separate formula 

which showed the indicative parameters of peat in Surfers Paradise.Thus, this research 

provides the unique engineering properties of peat in the Surfers Paradise region. 

The depth and the engineering properties of the bed rock were identified to help 

determine the bed rock types and other engineering parameters. Further, cross sections 

in the centre of the study area were performed using AutoCAD 2013. North-south and 

east-west direction cross sections determined the propagation and the extent of the 

problematic peat layer and other soil layers underneath the engineering structures.   

3.2.4 Establishment of empirical equations 

The physical and engineering properties of the soil in Surfers Paradise were used to 

establish the empirical equations. Regression analyses revealed the new empirical 

relations using the available data from the consolidation parameters (Cv, mv), strength 

parameters (c and ϕ), liquid limit, plastic limit, plasticity index, moisture content, and 
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dry density. Then, the characteristics of the peat and soil were compared with the well-

known published relationships of peat and soil, from various regions, for the purpose of 

soil characterisation. The empirical relations for the geotechnical properties of peat and 

soil were obtained from the estimated and measured values. These empirical relations 

provide important information for geotechnical engineers, researchers, and public 

engineering agencies. 

3.3 GIS METHODOLOGY 

The GIS methodology, using ArcMap10, formed the second complementary part of the 

main methodology. ArcMap10 was designed to manage different amounts and types of 

information. Importantly, the software allows the data to be represented spatially by 

referencing the data to its own geographical reference. For example, even though the 

geotechnical data are not easily represented, especially if there are many boreholes (see 

Figure 3.1), this technique can produce zonation maps which can categorise the 

engineering properties of soil in the study area. Further, GIS was used for less data 

redundancy, more timely information, better data management, the easy analysis of 

data, and the expanded opportunities for spatial analysis. Moreover, it is a valuable tool 

for decision management. 

This approach involved four stages: the establishment of geographic coordinates for 

each borehole; the GIS-form boreholes’ data preparation; the spatial analysis for the 

geotechnical data by using ArcMap10; and an examination and comparison of the 

different interpolation methods to assess its suitability to classify the geotechnical 

profile.  

3.3.1 Establishment of a borehole coordinates  

The site plan of each existing project in Surfers Paradise was considered a sole GIS-

base map upon which to designate the actual locations of the boreholes. Google Maps 

was used to determine the actual building locations based on each project’s address. 

Some buildings were easily recognised by their unique design or the number of storeys. 

Accurate measurements were calculated, based on each site plan scale. The distance 

between the boreholes, the distance between the borehole itself and the adjacent streets 

or buildings, and the site dimensions were used to determine the actual borehole 

locations.   
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Figure 3.1 Standard penetration test SPT-N value data in the Arc Map10’s attribute table.  
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Figure 3.2 shows the first step for determining the building’s location. This site (as an 

example) is located between two named streets and has other additional specifications, 

such as a 15 storey framed structure, one basement level, and an extension outside the 

plane area of the tower block, as well as over the major portion of the site). These 

specifications are essential in distinguishing the building from the neighboring 

buildings. The building’s designation process began by matching the building’s site 

plan with the appropriate address on Google Maps. Consequently, Google Earth was 

used to obtain the coordinates for each borehole. By calculating the distances between 

the separate boreholes, the distance between the borehole itself and the adjacent 

boundaries on the site plan, the coordinates were readily acquired from Google Earth. 

Applying these building measurements on the Google Earth provided the coordinates 

for the building and its boreholes. The coordinates for each borehole enabled the 

transfer of the data from its analogue format into the digital spatial format, which then 

can be read in ArcMap 10.  

 

Figure 3.2 Site Plan of the building in Surfers Paradise showing building 

boundaries and scale 
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3.3.2 GIS-form boreholes data preparation 

The GIS-form borehold dat preparation stage involves making the data digitally usable, 

up-datable and GIS readable. Microsoft Excel software was used to tabulate the 

geotechnical data extracted by the geotechnical methodology. The data were 

horizontally tabulated in a way that was acceptable to the Arc Map 10 GIS software 

environment (see Figure 3.3). The coordinates for each borehole were tabulated with 

other borehole information, namely, location, depth, and geotechnical properties of the 

log to be exported to the GIS. This process is a very critical element due to the huge 

amount of data involved, and their different forms. The research process adopted this 

data representation method because of the divergence of the data. 

 

Figure 3.3 Data configuration in the Excel sheet before exporting to the GIS 

environment 

3.3.3 Spatially analysing geotechnical data 

The spatial analyst extension in the Arc Map 10 software was utilised to interpolate the 

geotechnical data and generate new values for each geotechnical property. Several types 

of interpolation techniques exist for geostatistical and spatial analysis in ArcMap. One 

example is Inverse Distance Weighting (IDW), which was used to characterise the 

Standard Penetration Test SPT-N values to produce the zonation maps. The 

interpolation, in turn, predicted the values of the cells at specific locations that lacked 

sampled points. The main aim of this process was to provide new geotechnical 

properties in locations where there no geotechnical data existed. The spatial analyst 
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extension employed one of the interpolation methods to create these maps. Further, it 

was based on the principle of spatial dependence (or spatial autocorrelation), and 

measured the degree of the dependence/relationship between the distant and near 

objects (Childs, 2004).  

The boreholes were displayed as spread points on the GIS base map as related to its 

geographic locations. The Surfers Paradise cadastral map’s GIS shape file, provided by 

the Gold Coast City Council, was used as a base map. The file was an essential 

preliminary database, with basic information for each polygon, such as shire name, 

locality, feature name, area, GIS feature’s type, and other identification symbols (see 

Figure 3.4). When the geotechnical data layer is displayed, all the boreholes are 

automatically fitted to their original and actual locations on the base map, including 

their coordinates. Subsequently, each point shows its own geotechnical properties (see 

Figure 3.5). 

                   

Figure 3.4 Surfers Paradise’s shape file as a base map with the identity field 

window (ArcMap screenshot) 
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Figure 3.5 Borehole’s location on the core  of the Surfers Paradise region  

Each geotechnical characteristic was represented as a separated GIS layer for each 

borehole, at different depths. Importantly, the higher the number of tests counts, the 

most accurate the geotechnical map will be. In the current study, the highest test number 

count was the Standard Penetration Test SPT-N (i.e. 1,754 values). Figure 3.6 shows the 

locations of the SPT tests in the Surfers Paradise region. Each point denotes a full 

record for the SPT-N value for each borehole, at different depths.  
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Figure 3.6 SPT test location and N values distribution in the region of the 

Surfers Paradise 

 

3.3.4 Interpolation methods investigation and comparison 

During the interpolation methods investigation and comparison stage, eight 

interpolation techniques were used in two extensions within the ArcMap10, namely, the 

Geostatistical and Spatial Analyst interpolation techniques. They were used to assess 

which interpolation technique gave the best geotechnical data representation. The 

interpolation techniques used were: (1) Geostatistical Analyst Tools, IDW method (2) 

Geostatistical Analyst Tools, Diffusion method (3) Geostatistical Analyst Tools, Global 

Polynomial method (4) Geostatistical Analyst Tools, Kernel method (5) Spatial Analyst 

Tools, Ordinary Kriging (6) Spatial Analyst Tools, Universal Kriging (7) Spatial 

Analyst Tools, Spline (8) Spatial Analyst Tools, IDW method. From the comparison 

among these techniques, the Spatial Analyst Inverse Distance Weighting (IDW) 

technique was deemed the most suitable method to represent the SPT-N value data in 
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Surfers Paradise, with specific parameters. A discussion of these comparitive results is 

given in Chapter 4. 

Figure 3.7 shows a screenshot for the IDW interpolation process in the ArcMap10. The 

mandatory fields in the process include the input point features, the z value (e.g, SPT-N 

value), and the output raster name. The optional fields in the process include the output 

cell size, the power, search radius, and distance, which all have specific purposes.  

 

Figure 3.7 Inverse Distance Weighting (IDW) interpolation technique in 

ArcMap. 

In summary, peaty soils are highly organic and highly compressible compared with 

other soils. According to Huat (2004), peat possesses high compressibility and low 

undrained strength. Therefore, buildings constructed on peat are typically suspended on 

piles. Despite this foundation, the ground surrounding it may still settle and create a 

vulnerable scenario. Hence, it is essential to develop knowledge of the Surfers Paradise 

peat and peat layer, especially in terms of its mechanical behaviour and geotechnical 

properties.  
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By using these research methodologies, the current study was able to provide the 

following geotechnical and GIS outcomes: 

(1) Geotechnical methodology outcomes: 

 Empirical relationships established between: 

o Compression index Cc and liquid limit LL. 

o Liquid limit LL and plasticity index PI. 

o Compression index Cc and water content. 

o Dry density and water content. 

o Moisture content and coefficient of consolidation. 

o The energy-corrected SPT-N60 values and apparent preconsolidation 

stress. 

 Relationships established between peat and soil settlement parameters 

(coefficient of consolidation Cv, compression index Cc, coefficient of volume 

compressibility mv, and void ratio). 

 Relations established for the variations of different engineering and physical 

properties of soil and peat with depth. 

 Subsurface cross sections in different locations determined the peat layer 

occurrence underneath study area. 

 Typical engineering and physical properties of the peat layer identified for 

Surfers Paradise. 

 Bed rock depths in each location and its engineering and physical properties 

identified. 

(2) GIS methodology outcomes: 

 Spatial analysis of the geotechnical data generated new geotechnical 

properties in locations that lacked geotechnical data. 

 Comparison among eight different spatial analyst methods in the GIS Arc 

Map 10 software examined its suitability for soil characterization. 

 New geotechnical information system for the Surfers Paradise region to 

easily manage, store, and update geotechnical data on Surfers Paradise. 

  Support for decision makers at local and state levels, with trusted, compiled, 

and well linked geotechnical information. 
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Figure 3.8 shows the flowchart of the research steps and stages. 

3.4 Summary 

This chapter has shown the research approaches that have been used to accomplish this 

research. Two main methodologies were adopted: geotechnical and GIS-based 

methodology. The geotechnical methodology included data collection, data processing, 

data analysis, and the establishment of empirical equations. The GIS methodology 

comprised creation of a borehole coordinates, GIS-form boreholes data preparation, 

spatially analysing geotechnical data, and interpolation methods investigation and 

comparison. Following this chapter, the GIS visualisation of soil in Surfers Paradise is 

presented. 
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Figure 3.8 Flowchart of the research activities and expected results  
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CHAPTER 4. GIS VISUALISATION OF SOIL PROFILE 

IN SURFERS PARADISE 

4.1 INTRODUCTION 

Due to the escalating cost of site investigations throughout the world, geotechnical data 

has become expensive. It has also contributed substantially to the cost of geotechnical 

work. Additionally, budgetary constraints mean that small projects are often overlooked 

in terms of the site characterisation (Ho & Skeel, 2003). As an applied science, GIS is 

used as a vital tool in the civil engineering fields, for a variety of applications. Further, 

the statistical models, developed in GIS, are used widely to evaluate landslide hazards 

(Carrara et al., 1991; Xie et al., 2006; Orhan & Tosun, 2010; Chacon et al., 2006). 

Moreover, Atkinson and Massari (1998) developed a linear model for the susceptibility 

of land slides in the central Apennines, Italy. Furthermore, Orhan and Tosun (2010 

utilised GIS to develop zonation maps, as well as to estimate, if further precautions are 

required safer areas in Turkey. Three SPT-N value zonation maps have been 

interpolated by using the GIS Spatial Analyst IDW method, based on the field data 

collected. Before GIS, geotechnical characterisation of an area was an arduous task 

because of the complexity of soil logs and its data representation (Higashi & Dias, 

2003). Thus, GIS has transformed all paper work (hard copies) into digital format to 

ensure its data can be quickly accessed and easily analysed.  

As noted previously, the current GIS case study examined the subsurface conditions in 

Surfers Paradise, Gold Coast, Australia, in terms of soil stiffness. The field geotechnical 

property represents the largest number of test counts in the collected data. The Spatial 

Analyst extension in the Arc GIS 10 was employed to develop zonation maps for 

different depths. The depth classification scheme was created to easily manage each 

depth layer. The depths were interpolated as a surface to create Standard Penetration 

Test SPT-N value GIS-based zonation maps. The Inverse Distance Weight (IDW) 

method in the Spatial Analyst extension was used to interpolate the SPT-N values for 

each depth, and up to the depth of R.L. -40 m.  

This chapter begins with the introduction, followed by the design of depth classification 

scheme. Then, the GIS interpolated surfaces, produced by the Spatial Analyst IDW 

method, is presented. These interpolated maps are explained for each depth and show 

the soil stiffness, in terms of the SPT number of blows for each location. A comparison 
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between the selected interpolation methods is provided, with an examination of which 

interpolation method is suitable for the better representation of the geotechnical data. 

Finally, a proposed Borehole Management Information System (BMIS) is outlined. This 

information system is the first step towards establishing a web-based geotechnical 

information system for the study area.       

4.2 DEPTH CLASSIFICATION SCHEME (DCS) 

To facilitate the GIS-based SPT-N zonation map drawing, the Depth Classification 

Scheme (DCS) was performed for different depth levels. The depth level was classified 

into nine classes, at every five meter intervals except for the first depth, which depends 

on the ground surface elevation. Each class includes three subclasses, starting from the 

ground surface until a depth of R.L. -40 m is reached (see Figure 4.1). The last depth 

category, between R.L. -35 to R.L. -40, is classified into two categories due to the lack 

of data at this depth level. The depth classes in the study area were classified as follows: 

 Class_1: represents the depth levels from the ground surface till R.L. 0 m, where 

the Australian Height Datum (AHD) is located. This class, in turn, is categorised 

into the following three subclasses: 

 Subclass 1: given the symbol CL1_SPT-N_D1; represents the depth from the 

ground surface to R.L. 4.6 m (CL1 denotes class 1, SPT-N is the Standard 

Penetration Test value for that depth (the zonation maps were performed for 

this particular geotechnical property), and the D1 represents the first depth 

within class 1. 

  Subclass 2: given the symbol CL1_SPT-N_D2; represents the depth from 

R.L. 4.6 to R.L. 2.3 m. 

  Subclass 3: given the symbol CL1_SPT-N_D3, represents the depth from 

R.L. 2.3 to R.L. 0 m. 

 Class_2: comprises the depth levels from R.L. 0 m (AHD) until R.L. -5; it is 

divided into the following three subclasses: 

 Subclass 1: given the symbol CL2_SPT-N_D1; represents the depth from R.L. 

0 until R.L. -1.6 m. 

 Subclass 2: given the symbol CL2_SPT-N_D2; represents the depth from R.L. 

-1.6 to R.L. -3.2 m. 

 Subclass 3: given the symbol CL2_SPT-N_D3; represents the depth from R.L. 

-3.2 to R.L. -5 m. 
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 Class_3: comprises the depth levels from R.L. -5 m to R.L. -10; it is divided into 

three subclasses: 

 Subclass 1: given the symbol CL3_SPT-N_D1; represents the depth from R.L. 

-5 to R.L. -6.6 m. 

 Subclass 2: given the symbol CL3_SPT-N_D2; represents the depth from R.L. 

-6.6 to R.L. -8.3 m. 

 Subclass 3: given the symbol CL3_SPT-N_D3; represents the depth from R.L. 

-8.3 to R.L. -10 m. 

 Class_4: comprises the depth levels from R.L. -10 m to R.L. -15; it is ivided into 

three subclasses: 

 Subclass 1: given the symbol CL4_SPT-N_D1; represents the depth from R.L. 

-10 to R.L. -11.6 m. 

 Subclass 2: given the symbol CL4_SPT-N_D2; represents the depth from R.L. 

-11.6 to R.L. -13.3 m. 

 Subclass 3: given the symbol CL4_SPT-N_D3; represents the depth from R.L. 

-13.3 to R.L. -15 m. 

 Class_5: comprises the depth levels from R.L. -15 m to R.L. -20; it is divided 

into three subclasses: 

 Subclass 1: given the symbol CL5_SPT-N_D1; represents the depth from R.L. 

-15 to R.L. -16.6 m. 

 Subclass 2: given the symbol CL5_SPT-N_D2; represents the depth from R.L. 

-16.6 to R.L. -18.3 m. 

 Subclass 3: given the symbol CL5_SPT-N_D3; represents the depth from R.L. 

-18.3 to R.L. -20 m. 

 Class_6: comprises the depth levels from R.L. -20 m to R.L. -25; it is divided 

into three subclasses: 

 Subclass 1: given the symbol CL6_SPT-N_D1; represents the depth from R.L. 

-20 to R.L. -21.6 m. 

 Subclass 2: which has been given the symbol (CL6_SPT-N_D2) represents the 

depth from R.L. -21.6 to R.L. -23.3 m. 

 Subclass 3: given the symbol CL6_SPT-N_D3; represents the depth from R.L. 

-23.3 to R.L. -25 m. 

 Class_7: comprises the depth levels from R.L. -25 m to R.L. -30; it is divided 

into three subclasses: 
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 Subclass 1: given the symbol CL7_SPT-N_D1; represents the depth from R.L. 

-25 to R.L. -26.6 m. 

 Subclass 2: given the symbol CL7_SPT-N_D2; represents the depth from R.L. 

-26.6 to R.L. -28.3 m. 

 Subclass 3: given the symbol CL7_SPT-N_D3; represents the depth from R.L. 

-28.3 to R.L. -30 m. 

 Class_8: comprises the depth levels from R.L. -30 m to R.L. -35; it is divided 

into three subclasses: 

 Subclass 1: given the symbol CL8_SPT-N_D1; represents the depth from R.L. 

-30 to R.L. -31.6 m. 

 Subclass 2: given the symbol CL8_SPT-N_D2; represents the depth from R.L. 

-31.6 to R.L. -33.3 m. 

 Subclass 3: given the symbol CL8_SPT-N_D3; represents the depth from R.L. 

-33.3 to R.L. -35 m. 

 Class_9: comprises the depth levels from R.L. -35 m to R.L. -40: it is divided 

into two subclasses, as mentioned above, due to the lack of data at this depth 

level: 

 Subclass 1: given the symbol CL9_SPT-N_D1; represents the depth from R.L. 

-35 to R.L. -37.5 m. 

 Subclass 2: given the symbol CL9_SPT-N_D2; represents the depth from R.L. 

-37.5 to R.L. -40 m. 

 

The topography and elevation values varied within each location of the study area. For 

example, in the eastern parts (a strip along the coastal line of the Coral Sea), the values 

of elevation ranged between R.L. 5 m and R.L. 8.25 m above the Australian Height 

Datum (AHD). Whereas, in the western parts, which are very close to the Nerang River, 

the elevation values ranged from R.L. 1.4 m to R.L. 3 m (see Figure 4.2). The rest of the 

locations had elevation values within the range of between R.L. -0.5 m and R.L. 8.25 m. 

The minimum value (R.L. -0.5 m) was located in the core of the study area at Beach 

Road, while the maximum value (R.L. 8.25 m) was located the western part of the study 

area at Clifford Street. 
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Figure 4.1  Depth Classification Scheme (DCS) of the study area  
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Figure 4.2 Topographic elevations in Reduced Level (R.L.) in the study area  
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4.3 GIS- ESTABLISH ZONATION MAPS 

4.3.1 Introduction 

The word ‘zonation’ means partitioning a particular map into divisions or areas. 

Linguistically, it is a state of being zonate or arranged in zones. In the current study, 

each division (area) is called a zone, and is represented as so on the map. Each zone has 

its own value (or range of values) representative of this zone, which differs from other 

zones on the same map. To produce a zonation map in the conventional method, at least 

two sets of data (groups of related and organised information) are required to present a 

map with two different zones. Importantly, the higher the dataset, the more accurate is 

the map. The efficient management of various types of data is a key factor in the 

success of civil engineering activities (Saadi, 2012). Such zonation maps have been 

used in different disciplines for many purposes, such as in slope stability, seismic 

microzonation, groundwater quality, watershed, vegetation, and landslide hazard 

assessment. In the past, zonation maps were produced by using paper maps or contour 

maps to show the distribution of zones. Nowadays, in geotechnical engineering, 

zonation maps are produced to determine the suitability of foundations in residential 

areas by using GIS (Orhan & Tosun, 2010). In addition, GIS has been used to produce 

zonation maps for soil classification and analysis in Gaza City, Palestine (El Jamassi, 

2013). 

The efficient management of various types of data is also a key factor in the success of 

civil engineering activities (Saadi, 2012). For instance, a case study by Player (2004) 

managed the geotechnical investigation data by using GIS for design purposes in 

transportation projects. GIS identifies potential geotechnical challenges through 

integrating soil survey maps, aided by geographic coordinates and project specific 

geotechnical data. The outcome of such GIS is the early identification of the 

geotechnical problems which require an additional budget, the result of substantial time 

consuming design changes.  

Four case studies, undertaken by Hellawell et al. (2001), verified the benefits of using 

GIS in geotechnical engineering for small-scale geotechnical projects in the United 

Kingdom. The outcome indicated that the GIS outputs enhanced the analytical and 

technical range of these projects, when compared with traditional techniques and high 

quality produced maps, which are comprehensible and popular with engineers. The GIS 

maps areeasily used by geotechnical engineers, who are familiar with spreadsheets, 
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CAD drawings, data interpolation and extrapolation, and databases. The zonation maps, 

kind of GIS maps, have significant advantages over regular paper maps (see comparison 

in Table 4.1). 

Table 4.1 Comparison between regular paper map and zonation map 

Regular paper map GIS map 

Fixed scale Changeable scale; zoom facility to view ranges of 

scales  

Two dimensions, flat 3D visualisation  

Fixed extent Unlimited coverage 

Stationary view Animated 

Unupdatable  Updatable with additional data in its attribute 

table 

Fixed colours Colours and symbols change to highlight selected 

or important features 

A map producer centric sight A user-centric sight 

Unabel to change number of 

classes, zones, categories, 

projection  

Change number of classes, zones, categories, 

projection  

Unableto change the method of 

zonation 

Change the method of zonation 

Unableto cigitally comparable with 

other GIS layers  

Digitally comparable with other GIS layers  

Unable to be easily fragmented into 

layers: river, buildings, roads, etc. 

Easily fragmented into layers: river, buildings, 

roads, etc. 

 

The many extensions of GIS help facilitate the production of zonation maps, such as 

Spatial Analyst, Spatial Statistic Tools, and Geostatistical Analyst Tools. In the current 

research, the Spatial Analyst extension in ArcMap10 was utilised to produce the SPT-N 

value zonation maps. The maps were used to examine the soil stiffness, to characterise 

the soil, and to identify the occurrence of peat. The input for the zonation maps was the 

Standard Penetration Test SPT-N values. The test was selected because of the data 

availability (1,754 values). 
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4.3.2 Soil stiffness variation spatial models 

4.3.2.1 Soil stiffness and SPT-N value essence 

Before detailing the examination of the GIS based SPT-N value zonation maps, a brief 

explanation is provided with relation to the soil stiffness and the SPT-N value used in 

the drawing of these maps. The Standard Penetration Test (SPT), developed around 

1972, is the oldest and most widely used in-situ test due to its simplicity, fast conduct, 

and low cost (Knappett & Craig, 2012; Bowels, 1996). Thetest is used to determine the 

soil constitutive behaviour, such as stiffness, to characterise the soil type (sand, clay, or 

gravel), and to provide some correlation with the other properties of soil. Additionally, 

information regarding the stress history and overburden pressure can also be obtained. 

In North and South America, around 85 to 90 percent of conventional foundations are 

designed using SPT (Bowels, 1996).  

As shown in Figure 4.3, the test requires a 51 mm split spoon sampler, in conjunction 

with a 63.6 kg drive weight. The SPT reports the N value, which is the number of blows 

resulting from driving the sampler 0.3 m into undisturbed soil using the aforementioned 

weight falling 0.76 m. The blow count is recorded separately for each 152 mm, and the 

result of the SPT test is the number of blows required for the latest 0.3 m of the driving 

(McCarthy, 2007).  

 

Figure 4.3 The SPT test (a) general arrangement, (b) UK standard hammer 

system,and (c) test procedure (Knappett & Craig, 2012)   
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4.3.2.2 GIS based SPT-N zonation maps 

Geotechnical data is hard and expensive to obtain, especially when costly drilling 

investigations are undertaken at every location in a study site (Bardet & Zand, 2009; 

Environmental Sciences Research Institute (ESRI), 2012). However; it is also possible 

to predict new information from existing data by using GIS extension techniques. GIS 

(i.e. the Spatial Analyst Tools and Interpolation methods in ArcMap software) is used to 

spatially analyse existing data to derive new information. The ESRI (2012, p.1) reported 

that: 

        “Visiting every location in a study area to measure the height, concentration, or 

magnitude of a phenomenon is usually difficult or expensive. Instead, you can measure the 

phenomenon at strategically dispersed sample locations, and predicted values can be assigned 

to all other locations. Input points can be either randomly or regularly spaced or based on a 

sampling scheme. 

To predict a value that would be numerically accepted and accurate, several 

interpolation methods, within the GIS extensions, can be used. Two such methods are: 

(i) Spatial Analyst Tools (e.g. IDW, Kriging, Natural Neighbour, Spline, Spline with 

Barriers, and Trend); and (ii) Geostatistical Analyst Tools (e.g. Diffusion Interpolation 

with Barriers, Global Polynomial Interpolation, Kernel Interpolation with Barriers, 

Local Polynomial Interpolation, Moving Window Kriging, and Radial Basis Functions). 

The interpolation, in turn, is used to predict the value of cells at locations that lack 

sampled points. It is based on the principle of spatial dependence or autocorrelation; it 

measures the degree of dependence or the relationship between near and distant objects 

(Childs, 2004). 

From a limited number of sample data points, the values can be predicted for the cells in 

a raster by using the interpolation. Existing values for any geographic point can be used 

to predict the data, such as elevation, rainfall, chemical concentrations, noise levels, and 

so on (ESRI, 2007). Figure 4.4 shows the distribution and values of sample points and 

the raster generated from them. The left graphic shows a dataset of known values, 

whereas the right illustration shows a raster interpolated from this dataset. Unknown 

values can be generated with a mathematical formula that utilises the values of nearby 

known points. 
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Figure 4.4 The distribution and values of sample points (a: left graphic), and 

the raster generated from the distributed points (b: right graphic) (ESRI, 2007)  

Figure 4.5 also illustrates an example of the interpolation in the prediction of rainfall 

values. In this example, seven rainfall values were predicted from two existing values 

(i.e.1 and 2). 

                     

Figure 4.5 Interpolation process between two values (Childs, 2004)  

To justify using the interpolation as a tool to predict or generate new values from 

existing values, ESRI (2007) postulates that: “The assumption that makes interpolation a 

viable option is that spatially distributed objects are spatially correlated”. Thus, objects 

that are close to each other tend to have similar characteristics. For example, if it is 

raining on one side of the street, you can confidently predict that it is raining on the 

other side of the same street. However, you would be less confident if it was raining 

across town, and unsure about whether it was raining in an adjacent province, county or 
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shire (ESRI, 2007). Further, as mentioned earlier, interpolation includes several terms 

for predicting new values.    

“There [is] a variety of ways to derive a prediction for each location; each method is 

referred to as a model. With each model, there are different assumptions made of the data, and 

certain models are more applicable for specific data—for example, one model may account 

for local variation better than another. Each model produces predictions using different 

calculations” (ESRI, 2012, p.1). 

In the current research, several interpolation methods were used to predict the SPT-N 

values in locations that lacked sampled points. Eight interpolation methods were tested 

to recognise the most suitable method that would give a better representation of the 

result. These methods are extensively discussed in the next section, namely, a 

comparison between the different interpolation methods. Attempts were made to 

determine the most suitable method to manage SPT data. The Spatial Analyst IDW 

method was found to be the most suitable method for giving the best representation of 

the SPT-N value data, with certain parameters, in the study area.   

Therefore, the Inverse Distance Weight (IDW) interpolation method was used to 

spatially analyse the produced SPT-N value zonation maps. This GIS method involves 

spatial analysis. It determines the cell values by using a linear-weighted combination set 

of sampled points. The IDW method is a deterministic interpolation technique which 

creates maps or interpolated surfaces, based on mathematical formulas and measured 

points (Childs, 2004). 

Further, the IDW is one of the more popular interpolation methods being adopted by 

researchers and geoscientists (Lu &Wong, 2008). The technique is used widely to 

predict unknown attributes at particular locations. For example, Bekele et al. (2003) 

used it to predict and map the potassium soil. Also, Lloyd (2005) used IDW to estimate 

the monthly precipitation in the UK, while Orhan and Tosun (2010) used it to predict the 

properties of the foundation soil, as well as to produce useful predictor maps for Turkey. 

However, the output points for a surface produced by the IDW method is limited to the 

range of values utilised to interpolate (see Figure 4.6). Further, the IDW is the average 

weighted distance; however, the average cannot be greater than the highest or less than 

the lowest input (ESRI, 2008). 
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Figure 4.6  Inverse Distance Weighted (IDW) model of interpolation points 

(Childs, 2004) 

The best outputs from the IDW can be obtained when the sampling is adequately dense. 

However, the results may not have sufficiently represented the desired surface, 

particularly if the sampling of the input points is uneven, (Watson & Philip, 1985). In 

contrast, if all the sampled points are even, or dense enough, or sufficiently distributed, 

there is no need for interpolation to predict new values with new attributes. 

4.3.2.3 SPT-N value data in the study area 

The data, collected from 168 boreholes were available in many different forms and 

locations within the study area. This data came from 51 soil investigation reports related 

to the already constructed high rise buildings, multi-story buildings, and other 

engineering structures. Table 4.2 summaries the study types used to produce the SPT-N 

value zonation maps.  

Table 4.2 Summary of the study types used in the SPT-N value zonation maps 

Study type Unit Value 

Soil investigation reports Amount 51 

 Number of boreholes Amount 168 

Deepest borehole depth Metres 46.45 

Total SPT-N tests  Amount 1,754 

Interpolation method Amount 8 

Depth class Amount 9 

Depth subclass Amount 26 

Interpolated surfaces Amount 26 
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4.3.2.4 Case study locations and boreholes 

As mentioned in this chapter’s introduction, the case study was located within Surfers 

Paradise, the study area (see Figure 4.7 and Figure 4.8). Surfers Paradise has an area of 

about 4 by 1.3 km
2
, while the Nerang River divides the area into two main parts: the 

Nerang River and the beach side. However, the study area was represented by the beach 

side which has the most high rise buildings and skyscrapers, including the Q1 tower 

(considered the tallest building in Australia, and the 25
th

 tallest building in the world) 

(Gold Coast City Council, 2008). The study area is located between 27.98° to 28.01° 

Southing, and between 153.41° - 153.43° Easting, based on the projection of the 

Universal Transverse Mercator (UTM) zone 56. The area also has the majority of the 

Gold Coast tourist activities and population. Further, all the soil investigation reports 

related to the beach side of the study area (i.e. east of the Nerang River and west of the 

Coral Sea). Further, this aquatic presence has a direct impact on the physical and 

engineering properties (i.e. saturation and decayed organic layer) of the study area.  

 

Figure 4.7 Location of study area: (a) location within Australia, (b) Gold Coast 

region, and (c) study area 



  

132 

 

 

Figure 4.8  Location of the study area within Surfers Paradise  

Within the study area, 35 locations were investigated and researched in terms of the 

physical and engineering properties of soil. The locations (shown in Figure 4.9) have 

varied numbers of boreholes (e.g.; 19 boreholes for one project (Site_15), one borehole 

for Sites 11, 16, 25, 28, and 19, with most averaging 4 - 5 boreholes). The geographic 

distribution of the investigated boreholes is presented in Figure 4.10, with the core of 

the study area has the largest number of boreholes. To facilitate the process of reaching 

the required data or to check a particular value at a certain location within the study 

area, ID numbers were given to each location (see Figure 4.9).  

 Site_1:  Ferny Avenue 

 Site_2:  Paradise Place 
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 Site_3:  The Esplanade 

 Site_4:  Ocean Avenue 

 Site_5:  Oak Avenue 

 Site_6:  Ferny Avenue_1 

 Site_7:  Riverview Parade 

 Site_8:  Elkhorn Avenue   

 Site_9:  Ferny Avenue_2 

 Site_10:  Orchid Avenue 

 Site_11:  The Esplanade_1 

 Site_12:  Ferny Avenue_3 

 Site_13:  Wahroonga Place 

 Site_14:  Cavill Avenue 

 Site_15:  Beach Road 

 Site_16:  Alison Street 

 Site_17:  The Esplanade_2 

 Site_18:  Hanlan Street 

 Site_19:  Trickett Street 

 Site_20:  Remembrance Drive 

 Site_21:  Clifford Street 

 Site_22:  Clifford Street_1 

 Site_23:  Hamilton Avenue_1 

 Site_24:  Hamilton Avenue_2 

 Site_25:  Northcliffe Terrace 

 Site_26:  Markwell Avenue 

 Site_27:  Enderley Avenue 

 Site_28:  Thornton Street 

 Site_29:  Garfield Terrace 

 Site_30:  Aubrey Street 

 Site_31:  Fredrick Street 

 Site_32:  Old Burleigh Road 

 Site_33:  Gold Coast Highway 

 Site_34:  Surf Parade 

 Site_35:  Peninsular Drive 
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Figure 4.9 Studied locations and its ID number within the study area  
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Figure 4.10  Investigated borehole locations within the study area  
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The number of boreholes varied with depth, depending on the availability of the data at 

each depth class. The shallowest depths have the greatest number of boreholes, while 

the deepest depths have the least number of boreholes (see Figure 4.11). 

               

Figure 4.11 Variation of the number of boreholes with depth in the study  
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4.3.3 Comparison among the interpolation methods 

Eight interpolation methods were examined to determine the most suitablemethod for 

giving a better representation of the SPT-N data in the study area. These methods were: 

geostatistical Analyst Tools: Interpolation (IDW method;, Diffusion method, Global 

Polynomial method, and Kernel method), and the Spatial Analyst Tools: Interpolation 

(Kriging, Ordinary method, Kriging, Universal method, Spline method, and the IDW 

method). 

In this context, each technique produced a different result, with diverse data 

representation for the same data. A difficulty arose in recognising each value of each 

point (location) and comparing it with the adjacent points to verify whether or not the 

interpolated point fell within the range of the actual sampled points. Considerable time 

was consumed by this comparison, as each interpolation technique has many built-in 

parameters to help in interpolating the produced surface. Table 4.3 shows the 

parameters of each interpolation technique tested. 

All the aforementioned interpolation techniques were examined with their individual 

parameters to verify their suitability to represent the SPT data. Many interpolated 

surfaces were produced for each individual method; however, some were extremely 

meaningless. A decision was made about the suitability of each method, based on the 

physical visual inspection that assessed whether or not the reality matched the 

interpolated maps. This approach was taken due to the lack of additional SPT data in the 

study area. 

As mentioned earlier, the most suitable interpolation method that demonstrates a better 

representation of the SPT-N value data was the Inverse Distance Weighted (IDW), with 

specific parameters under the Spatial Analyst Tools extension in ArcMap (see 

Table 4.4). These parameters were output cell size, power, search radius, and distance. 

These parameters show that the power of the formula used in the mathematical 

computations of the IDW technique was power (2). Further, Lloyd (2005) used power 

(2) of the IDW to interpolate precipitation in the UK. Also, Ping et al. (2004) used IDW 

power-2 (with powers 1-2) to explore the spatial dependence of a cotton yield in Texas. 

Other researchers (e.g. Orhan & Tosun, 2010) have used the IDW method without 

mentioning the power level. Therefore, the value of power (2), adopted in the current 

research, was identified by Lu and Wing (2008) as a frequently used value.  
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Table 4.3 The eight interpolation techniques and relevant parameters 

GIS tools Interpolation technique Parameters 

Geostatistical 

Analyst 

IDW Output cell size, power, search 

neighbourhood, major semi axis, 

minor semi axis, max neighbour, min 

neighbour, angle 

Geostatistical 

Analyst 

Diffusion Output cell size, number of iterations, 

weight field, band width 

Geostatistical 

Analyst 

Global Polynomial Output cell size, order of polynomial, 

weight field. 

Geostatistical 

Analyst 

Kernel Output cell size, Kernel function, order 

of polynomial, output surface type   

Spatial Analyst Ordinary Kriging Output surface raster, semivariogram 

model (spherical, circular, exponential, 

Gaussian, linear), output cell size, 

search radius, number of points, 

maximum distance 

Spatial Analyst Universal Kriging Output surface raster, semivariogram 

model (linear with linear drift, linear 

with quadratic drift), output cell size, 

search radius, number of points, 

maximum distance 

Spatial Analyst Spline Output cell size, Spline type 

(regularized, tension), weight, number 

of points 

Spatial Analyst IDW Output cell size, power, search radius 

(Fixed, Variable), number of points, 

Max distance 

Table 4.4 The adopted IDW parameters in the drawing of the zonation maps 

Method Output cell size Power Search radius Distance 

Spatial Analyst 

IDW 

2.719E-05 2 Fixed 0.25 

No comparison was found, in the literature review, between the interpolation methods of 

the application of this procedure in the field of geotechnical engineering. However, there 

was a comparison between the Ordinary Kriging and the IDW methods, as performed by 

Mueller et al. (2004), regarding soil fertility management in the UK. The authors 

showed that there are many varied opinions about the most suitable method for their 

discipline. For example, some identified Ordinary Kriging as the best method, while 

others identified the IDW as the best method. A cross validation was suggested as a way 

to verify the better method. However, Cressie (1993) and Goovaerts (1997) cautioned 

against using the cross validation when trying to select interpolation methods for 

mapping purposes. Mueller et al. (2004) supported this contention by stating that cross 
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validation should not be used as the sole criteria for deciding whether or not a specific 

interpolation method should be used over another.   

In the current research, a comparison of the interpolation methods was adopted using the 

results of the produced zonation maps. In other words, the results of the predicted SPT-N 

values were verified to see whether or not they interpolated correctly. The answer is 

easily observed from the final interpolation appearance (visual inspection), that is, 

whether a certain map provides a better data representation or not. Figure 4.12 to 

Figure 4.18 show how the interpolation methods differ from the IDW method; the IDW 

method was deemed the most suitable method for the data representation in the study 

area. A selected depth category was used to compare different interpolation methods. 

Based on the Depth Classification Scheme (DCS) (see Figure 4.1), Class_4 subclass 2 

(CL4_SPT-N_D2), which represents the depth from R.L. -11.6 m to R.L. -13.3 m, was 

chosen for this comparison. This depth class was selected because it contained different 

soil types (very dense sand, dense sand, medium dense sand, loose sand, very loose 

sand, and peat). The variety of soil types within one area, on one map, provided a good 

way to examine the interpolation methods.  

The current study identified the Inverse Distance Weighting (IDW) technique as the 

most suitable interpolation method; it gave the best representation for the SPT-N values. 

The following sections provide a comparative overview of the results of the IDW 

technique using seven interpolation techniques. 

4.3.3.1 Geostatistical Analyst Tools, IDW with Spatial Analyst Tools, ID method   

The IDW in the Geostatistical Analyst Tools was compared with the IDW in the Spatial 

Analyst Tools (see Figure 4.12). Both interpolation methods were very close to each 

other in terms of the data representation, except in the southern part of the study area 

(see Figure 4.12A and B). A generalisation of the value of the SPT (≥ 50 blow) went 

towards the west (see Figure 4.12A), while there were no measured points in that part of 

the study area. However, the interpolated value was specifically close to a measured 

point (Figure 4.12B). Using the interpolation technique, the closer the distance the more 

accurate the result was. However, it was not possible to verify the result far away from 

the original (measured) point (see Figure 4.12A). The reason for this difficulty arises 

that there might be a change in the soil profile (sand, clay, or gravel) layers, which may 

show different SPT values.  
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Figure 4.12 Comparison between Geostatistical IDW and Spatial Analyst IDW 

interpolation method at the same depth 

 

4.3.3.2 Geostatistical Analyst Tools, Diffusion with Spatial Analyst Tools, IDW 

method   

A comparison between the two interpolation techniques, shown in Figure 4.13A and B, 

revealed no comparative outcome. The Geostatistical method did not show any type of 

representation. This interpolation technique (Diffusion) utilised a Kernel; it was based 

on the heat equation and allowed for the use of a combination of raster, and featured 

datasets that acted as a barrier between the sampled points (ESRI, 2012). Thus, the 

Spatial Analyst IDW gives a better illustration of the SPT-N value data in the study area.  

4.3.3.3 Geostatistical Analyst Tools, Global Polynomial with Spatial Analyst IDW  

No comparison was observed between the two interpolation methods, as seen in 

Figure 4.14A and B, because the global polynomial interpolation technique fits a smooth 

surface, which is defined by a mathematical function (polynomial) to the measured 

(input) points. Many parameters were manipulated in the geostatistical method to 

generate the best representation for the data, however, none were effective. Thus, no 

comparison was found with the IDW method.     

(A) Geostatistical, IDW 

 

(B) Spatial Analyst, IDW 
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Figure 4.13 Comparison between Geostatistical Diffusion and Spatial Analyst 

IDW interpolation methods at the same depth  

  

Figure 4.14 Comparison between Geostatistical, Global Polynomial and Spatial 

Analyst IDW interpolation methods at the same depth  

(A) Geostatistical, Diffusion 

 

(B) Spatial Analyst, IDW 

 

(B) Spatial Analyst, IDW 

 

(A) Geostatistical, Global Polynomial 
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4.3.3.4 Geostatistical Analyst Tools, Kernel with Spatial Analyst IDW method 

The result of the comparison between the two interpolation methods are shown in 

Figure 4.15A and B. The Geostatistical Kernel method used the shortest distance 

between the points so that points on either side of the line barriers were linked (ESRI, 

2012). As seen from the above figures, many soil type categories are connected with 

each other, as well as being generalised in locations without the occurrence of the 

sample points. Also, there is an ignorance of the low SPT-N values in the Kernel method 

in the core of the study area. Therefore, the IDW method gives a better representation 

for the SPT-N value data. 

 

Figure 4.15 Comparison between Geostatistical, Kernel and Spatial Analyst 

IDW  

4.3.3.5 Spatial Analyst Tools, Kriging, Ordinary with Spatial Analyst IDW 

method 

The Ordinary Kriging method showed no similarity when compared with the IDW 

method (see Figure 4.16A and B). The Kriging technique interpolates the new points 

through creating variograms and covariance functions to estimate the spatial 

autocorrelation (statistical dependence) values, which depend on a particular model, the 

model of autocorrelation (ESRI, 2007). Also, the Ordinary Kriging is the most widely 

(A) Geostatistical, Kernel   (B) Spatial Analyst, IDW 
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used, being generally considered the default method. In Figure 4.16A, no noticeable 

similarity can be found between the two interpolation methods. Importantly, Childs 

(2004) identified that the Ordinary Kriging assumes no constant mean for the data over 

an area mean. Further, this method is often applied in geology and soil science because 

it is the most common and appropriate method for distance spatial correlation. However, 

contrary to this finding, the current study found that Ordinary Kriging was not a suitable 

method for giving the best representation of the SPT-N value data for the soil in the 

study area.  

 

 

Figure 4.16 Comparison between Spatial Analyst, Ordinary Kriging and Spatial 

Analyst IDW interpolation methods at the same depth  

4.3.3.6 Spatial Analyst Tools, Universal Kriging with Spatial Analyst IDW 

method 

Two zonation maps were created using the Universal Kriging (see Figure 4.17A) and the 

Spatial Analyst IDW (see Figure 4.17B) methods. The Universal method is basically 

similar to the Ordinary Kriging, but with the difference that the semivariogram models 

are linear with a linear drift and linear with quadratic drift models. No reasonable 

comparison could be made between the two maps. The Kriging method, however, 

(B) Spatial Analyst, IDW 

 

(A) Spatial Analyst, Ordinary Kriging  
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showed a sharp and scattered distribution of the SPT-N value zones, while the IDW 

method showed a logical distribution of the data in the study area. 

 

Figure 4.17 Comparison between Spatial Analyst, Universal Kriging and Spatial 

Analyst IDW interpolation methods at the same depth  

4.3.3.7 Spatial Analyst Tools, Spline with Spatial Analyst IDW method 

The two zonation maps show no comparison between the Spline method and the IDW 

method (Figure 4.18A and B, respectively). The Spline method interpolates a surface 

from points using a two dimensional minimum curvature spline technique (ESRI, 2012). 

The resulting smooth surface passes exactly through the sampled points, so that it does 

not represent the actual SPT-N values, which are uploaded to the GIS from the Excel 

spreadsheets. Figure 4.18A illustrates that the core of the study area contains many low 

SPT-N values, whereas the actual values presented in Figure 4.18B are based on the 

collected field data. 

4.3.3.8 Summary 

In summary, seven comparisons were performed among eight interpolation techniques 

to assess the most suitable interpolation technique to determine which gave the better 

representation of the geotechnical data in Surfers Paradise. 

(A) Spatial Analyst, Universal Kriging  (B) Spatial Analyst, IDW 
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Figure 4.18 Comparison between Spatial Analyst, Spline and Spatial Analyst 

IDW interpolation methods at the same depth 

Based on the visual inspection of the interpolated zonation maps and the logical 

representation of the data, the Spatial Analyst Inverse Distance Weighting (IDW) 

interpolation techniques was deemed to provide a better representation of the SPT-N 

value data in Surfer Paradise, with specific parameters, as given in Table 4.4. Therefore, 

for the current study, the SPT-N value zonation maps for Surfers Paradise adopted the 

IDW method, as outlined in the next section. 

4.4 ZONATION MAPS OF SPT-N  

Standard Penetration Test SPT-N values were used as the key data for the production of 

the GIS based zonation maps. This procedure enabled the interpolation (generation) of 

new N values in the areas that lacked sampled SPT-N data. Such interpolation is 

important in any attempt to solve problems or, at a very least, reduce the escalating cost 

of, for example, soil investigations. However, the zonation maps do not substitute for the 

the soil field and laboratory tests. Nevertheless, the maps do provide a perception, 

perspective, and preliminary understanding of the subsurface soil conditions.        

Based on the depth classification scheme (see Figure 4.1), 26 interpolated surfaces were 

performed for all the depth categories. As mentioned previously, each depth class has 

(B) Spatial Analyst, IDW 

 

(A) Spatial Analyst, Spline 
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three depth subclasses, except for the last depth class (Class 9) that has two subclasses, 

due to the lack of data in this depth class (R.L. -35 to R.L.-40). The SPT-N value 

zonation maps are presented in the current research as separate individual classes. 

4.4.1 CLASS_1 zonation maps 

Three zonation maps were created for Class 1 (see Figure 4.19 to Figure 4.21). They 

represent the subclasses of Class_1, and are based on the data taken from 160 boreholes 

(the number represent the summation of the boreholes at different depth for same sites) 

for the depth from the surface ground until R.L. 0 m (AHD) is reached. The description 

of the sandy types, in terms of SPT-N value, are given in Table 4.5, which are based on 

Look’s (2007) classification of sand. The SPT-N values are the uncorrected field values 

and the corrected values (N60 and (N1)60) are calculated and presented in Chapter 5. The 

three subclass zonation maps are discussed below. 

Table 4.5 Description of sand based on SPT-N value (modified from Look, 2007) 

Description SPT-N (blows/300 mm) 

Uncorrected field value 

Very Loose N ≤ 4 

Loose N = 4 – 10 

Medium Dense Sand N = 10 – 30 

Dense Sand N = 30 – 50 

Very Dense Sand N > 50 

 

4.4.1.1 CL1_SPT-N_D1 zonation map    

The CL1_SPT-N_D1 zonation map for this depth shows the variation of the N value 

within the depth of R.L. 7 m to R.L. 4.6 m, from 23 boreholes. The SPT-N value ranged 

between 2 and 14 blows, while the soil type was characterized by loose sand, except for 

locations which had very loose sand and medium dense sand (see Figure 4.19). Two 

areas can be observed on the map. The first area comprises the boreholes and researched 

locations; this map has the study area showing its boundaries. The second area, the 

interpolated SPT-N value zonation map, overlies the base map; it is indicated by three 

colours: green, yellow, and red. The green colour denotes the area which has the SPT-N 

value between 0 - 4 blows, and refers to the very loose light brown-white and grey 

medium sand; the yellow colour refers to the area with an N value between 5 - 10 blows 

with loose sand; the red colour refers to the northern area, which has medium dense 

light brown fine to medium sand, with N value ranging between 11 - 30 blows.  
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4.4.1.2 CL1_SPT-N_D2 zonation map    

The CL1_SPT-N_D2 zonation map for this depth showed a variation in the N value 

within the depth of R .L. 4.6 m to R.L. 2.3 m from 64 boreholes. The SPT-N values 

ranged from 1 to 50 blows; however, the dominant values ranged from 11 to 30 blows. 

The soil type was commonly characterised by medium dense sand and loose sand, 

except for some locations having very loose sand and dense sand. The zonation map 

(see Figure 4.20) illustrates that the base map represents the boundaries of the study 

area. The interpolated zonation map has five colours. The colours, from the lowest N 

value to the highest, are: dark green (which denotes the values between 0 - 4 blows 

(very loose sand), green (which represents the values from 5 - 10 blows (loose sand)), 

yellow (which symbolises the values from 11 - 30 blows (medium dense sand)), light 

brown (which characterises the values from 31 - 49 blows (dense sand), and red (which 

denoted the values that are equal or higher than 50 blows (very dense sand)). 

4.4.1.3 CL1_SPT-N_D3 zonation map    

The zonation map at the CL1_SPT-N_D3 depth shows the variation in the N value 

within the depth of R.L. 2.3 m to R.L. 0 m, from 73 boreholes. The R.L. 0 represents the 

Australian Height Datum (AHD), considered as the reference to all the elevations in 

Australia. The SPT-N values at this depth ranged from 4 to 50 blows; however, the 

dominant values ranged from 11 to 49 blows. The soil type was characterised by 

medium dense sand and dense sand, except for one location which had very loose sand 

in the core study area; many others had very dense sand in the eastern parts of the area. 

Further, in the zonation map (see Figure 4.21) the base map represents the boundaries of 

the study area, whereas the interpolated zonation map has five colours. The colours, 

from the lowest N value to the highest, are: dark green (which denotes the values 

between 0 - 4 blows (very loose sand)), green (which represents values from 5 - 10 

blows (loose sand)), yellow (which symbolise values from 11 -30 blows (medium dense 

sand)), light brown (which characterises the values from 31 - 49 blows (dense sand)), 

and the red colour (which denotes the values equal to or higher than 50 blows (very 

dense sand)). The layers on the map become denser and more compact with the increase 

in the depth, that is, as the very loose and loose sand layers recede and disappear into 

the deeper layers. In contrast, the dense and very dense sand layers gradually emerge 

underneath this level of depth. 
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Figure 4.19 SPT-N value zonation map for CL1_ND1 depth R.L. 7 m – R.L. 4.6 

m in the study area 
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Figure 4.20 SPT-N value zonation map for CL1_ND2 depth R.L. 4.6 m – R.L. 

2.3 m in the study area 
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Figure 4.21 SPT-N value zonation map for CL1_ND3 depth R.L. 2.3 m – R.L. 0 

m in the study area 
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4.4.2 CLASS_2 zonation maps    

In CLASS_2, three zonation maps represent the subclasses of class 2 from 242 

boreholes at depths between R.L. 0 to R.L. -5 m (see Figure 4.22 to Figure 4.24 below). 

The description of the sand types are shown in Table 4.5, while the description of the 

clay types, in terms of SPT-N value, are given in Table 4.6, being based on Look 

(2007). The three subclass zonation maps are: CL2_SPT-N_D1, CL2_SPT-N_D2, and 

CL2_SPT-N_D3. 

Table 4.6 Description of clay based on SPT-N value (modified from Look, 2007) 

Description SPT-N (blows/300 mm) 

Uncorrected field value 

Very Soft N ≤ 2 

Soft N = 2 – 5 

Firm N = 5 – 10 

Stiff N = 10 – 20 

Very Stiff N = 20 – 40 

Hard N > 40 

 

4.4.2.1 CL2_SPT-N_D1 zonation map    

The zonation map at the CL2_SPT-N_D1 depth level shows the variation of the N 

values within the depth of R.L. 0 to R.L. -1.6 m from 81 boreholes. The SPT-N value 

ranged between 0 to ≥ 50 blows, while the soil type was generally characterised by 

medium dense sand to very dense sand. Some locations in the eastern north parts of the 

study area had very loose sand (the location is close to the Nerang River), while the two 

other locations had very soft organic clay and hard clay, with SPT-N valued 0 and 50 

blows, respectively (see Figure 4.22). 

4.4.2.2 CL2_SPT-N_D2 zonation map    

The zonation map CL2_SPT-N_D2 of this depth shows the variation in the N value 

within the depth of R.L. -1.6 m to R.L. -3.2 m from 82 boreholes. The SPT-N values 

ranged from 11 to 50 blows. The soil types were commonly characterised by medium 

dense sand to very dense sand, except for two locations, which had very soft organic 

clay and peat in the eastern part of the study area (see Figure 4.23). The two types of 

soils have SPT-N values of 1 and 6 blows, respectively. The zonation map shows that 

the dense and very dense sand layers emerge as the depth increases toward the deepest 
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layers. Also, the first occurrence of the peat layer (organic layer) starts within this level 

of depth in the middle of the study area, and had a low N value of 6 blows.   

4.4.2.3 CL2_SPT-N_D3 zonation map    

The CL2_SPT-N_D3 zonation map shows the difference in the N value within the depth 

of R.L. -3.2 m to R.L. -5 m from 80 boreholes. The SPT-N values at this depth ranged 

from 32 to 50 blows, except for two locations which consisted of peat and loose sand in 

the core of the study area. The N values for these two locations were 5 and 7 blows, 

respectively, while the soil type was categorized as dense sand and very dense sand (see 

Figure 4.24). The peat occurred at this depth in the same location as at the previous 

depth level. 

4.4.3 CLASS_3 zonation maps    

Three zonation maps represent the SPT-N value variation with depth (see Figure 4.25 

toFigure 4.27). These maps show the three subclasses of class 3, which is located 

between R.L. -5 m and R.L. -10 m. The data of these maps was taken from 211 

boreholes. In this class, the soil types were homogenous and consisted generally of 

dense and very dense sand. The three subclasses are: CL3_SPT-N_D1, CL3_SPT-

N_D2, and CL3_SPT-N_D3. 

4.4.3.1 CL3_SPT-N_D1 zonation map    

The CL3_SPT-N_D1 zonation map at this depth level shows the variation of the N 

value within the depth of R.L. -5 m to R.L. -6.6 m from 78 boreholes. The SPT-N value 

ranged between 38 and ≥ 50 blows, while the soil type was mostly characterised by very 

dense sand (see Figure 4.25). Two locations had dense sand in the eastern north parts of 

the study area, close to the Nerang River, with N values of 38 and 40 blows. 

4.4.3.2 CL3_SPT-N_D2 zonation map    

The CL3_SPT-N_D2 zonation map at this depth level was exactly the same as the 

previous zonation map. It showed the variation in the N value within the depth of R.L. -

6.6 m to R.L. -8.3 m, from 63 boreholes within the study area. All the SPT-N values 

were ≥ 50 blows, which were characterised by very dense sand, except for three 

locations which consisted of dense sand, with an N value between 43 and 45 blows (see 

Figure 4.26). These locations are located in the eastern parts of the study area close to 

the Nerang River. 
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Figure 4.22 SPT-N value zonation map for CL2_ND1 depth R.L. 0 –  R.L. -1.6 m 

in the study area 
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Figure 4.23 SPT-N value zonation map for CL2_ND2 depth R.L. -1.6 – R.L. -3.2 

m in the study area 
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Figure 4.24 SPT-N value zonation map for CL2_ND3 at depth R.L. -3.2 m – R.L. 

-5.0 m in the study area. 
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4.4.3.3 CL3_SPT-N_D3 zonation map    

The CL3_SPT-N_D3 zonation map shows the difference in the N value within the depth 

of R.L. -8.3 m to R.L. -10 m, from 70 boreholes within the study area. The SPT-N 

values at this depth ranged from 13 to 50 blows, and generally consisted of very dense 

sand. Three locations contained medium dense sand with N values ranging between 13 

and 26 blows. Also, four locations had dense sand of an N value ranging from 33 - 43 

blows. Peat occurred in the core of the study area, with an N value of 6, and had a 

thickness of 2 m from R.L. -10 to -12 m in Site_12 (see Figure 4.27). 

4.4.4 CLASS_4 zonation maps    

Depth Class_4 has three zonation maps, representing the SPT-N value variations, with 

the depth between R.L. (-10) - (-15) m (see Figure 4.28 to Figure 4.30). The data were 

taken from 174 boreholes. Further, the peat layer was repeatedly encountered, with very 

low SPT-N value, ranging from 0 to 36 blows. This layer occurred as embedded peat 

within the very dense sand layer. The findings support those of Oh et al. (2008).  

4.4.4.1  CL4_SPT-N_D1 zonation map    

The CL4_SPT-N_D1 zonation map for this depth level showed the variation of the N 

value within the depth of R.L. -10 m to R.L. -11.6 m, from 57 boreholes. The SPT-N 

values ranged between 0 and ≥ 50 blows, and the soil type is mostly characterised by 

very dense sand and interbedded peat (see Figure 4.28). The low N values reflect the 

existence of peat in 19 boreholes; these values were between 0 and 22 at this depth 

level. The peat thickness was between 1.2 and 2.8 m, except in two locations where the 

thickness was 0.4 m and 5.0 m in Site_8 and Site_27, respectively.  

4.4.4.2 CL4_SPT-N_D2 zonation map    

The CL4_SPT-N_D2 zonation map at this depth level showed the variation of the N 

value within the depth of R.L. -11.6 m to R.L. -13.3 m from 60 boreholes (see 

Figure 4.29). The SPT-N values ranged between 1 and ≥ 50 blows; the soil type is 

mostly characterised by very dense sand, peat, medium dense clayey sand, and silty 

clay. The low N values reflect the existence of peat in 17 boreholes, and very soft silty 

clay. The N values of peat at this depth level ranged between 1 and 19 blows, whereas; 

the very soft silty clay has an N value of 0 at Site_8 in the core of the study area. 



  

157 

 

 

Figure 4.25 SPT-N value zonation map for CL3_ND1 at depth R.L. -5 – R.L. -

6.6 m in the study area 
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Figure 4.26 SPT-N value zonation map for CL3_ND2 at depth R.L. -6.6 – R.L -

8.3 m in the study area 



  

159 

 

 

Figure 4.27 SPT-N value zonation map for CL3_ND3 at depth R.L. -8.3 – R.L. -

10 m in the study area 
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The peat thickness at this depth level is between 1.05 and 3.43 m, except in two 

locations where the thickness was 0.45 and 0.6 m in Site_8 and Site_15, respectively. 

4.4.4.3 CL4_SPT-N_D3 zonation map    

For the CL4_SPT-N_D3 zonation map, there was a difference in the N value within the 

depths of R.L. -13.3 m to R.L. -15 m from 57 boreholes (see Figure 4.30). The SPT-N 

values at this depth ranged from 0 to ≥ 50 blows consisting generally of very dense 

sand, peat, and medium dense clayey sand. The N values of the peat layer were between 

0 – 17 blows in 12 boreholes. The clay was found in four boreholes with an N value 

ranging from 7-22 blows, consisting of sandy, silty, or peaty clay. The peat thickness at 

this depth level was between 1.0 and 5.0 m, except in one location where the thickness 

was 0.45 at Site_8. 
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Figure 4.28 SPT-N value zonation map for CL4_ND1 at depth R.L. -10 – R.L. -

11.6 m in the study area 
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Figure 4.29 SPT-N value zonation map for CL4_ND2 at depth R.L. -11.6 – R.L. 

-13.3 m in the study area 
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Figure 4.30 SPT-N value zonation map for CL4_ND3 at depth R.L. -13.3 –R.L.  

-15 m in the study area 
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4.4.5 CLASS_5 zonation maps    

For the depth CLASS_5 there were three zonation maps representing the SPT-N value 

which fluctuated within the depth between R.L. -15 m and -20 m (see Figure 4.31 

toFigure 4.33). The data were taken from 186 boreholes within the study area. Also, the 

peat layer occurred with a very low SPT-N value, ranging from 7 to 15 blows. 

Similarly, this layer continued to be embedded within the very dense sand layer, as 

happened in the previous depth class. The total number of boreholes used to produce 

these zonation maps was 168 boreholes. The three zonation maps of the subclasses are: 

CL5_SPT-N_D1, CL5_SPT-N_D2, and CL5_SPT-N_D3. 

4.4.5.1  CL5_SPT-N_D1 zonation map    

The CL5_SPT-N_D1 zonation map at this depth level showed a variation in the N value 

within the depth of R.L. -15 m to R.L. -16.6 m from 65 boreholes. Generally, the SPT-N 

value was greater than or equal to 50 blows, which reflect the very dense sand, except in 

the peat locations where the N value ranged between 7 and 14 blows. In addition, the 

very loose silty sand with an N value of 4 blows was encountered at Site_8. The soil 

types were characterised by: very dense sand, interbedded peat, medium dense clayey 

sand, dense gravelly sand, soft sandy clay, and very loose silty sand (see Figure 4.31).  

4.4.5.2 CL5_SPT-N_D2 zonation map    

The CL5_SPT-N_D2 zonation map related to the depth of R.L. -16.6 m to R.L. -18.3 m 

from 66 boreholes (see Figure 4.32). In the main, the SPT-N value was greater than or 

equal to 50 blows at this depth to reflect the very dense sand, except in the peat 

locations where the N value ranged between 12 and 15 blows. Two locations showed 

the peat occurrence with a thickness of 0.45 and 4.0 m in Site_8 and Site_15, 

respectively. Moreover, the sandy clay, sandy silty clay, and silty clay occurred with an 

N value of 8 - 29 blows.  

4.4.5.3 CL5_SPT-N_D3 zonation map    

The CL5_SPT-N_D3 zonation map at this depth level showed the variation of the N 

value within the depth of R.L. -18.3 m to R.L. -20 m from 55 boreholes (see 

Figure 4.33). The SPT-N value, in general, was greater than or equal to 50 blows, which 

reflected the dense and very dense sand. Clay was encountered in 9 boreholes with an N 

value between 10-44 blows, which denoted firm to hard clay (as based on Look’s 
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(2007) classification). Peat was found as an interbedded layer with the medium dense 

sand, with an N value of 22 blows. 

 

Figure 4.31 SPT-N value zonation map for CL5_ND1 at depth R.L. -15 – R.L. -

16.6 m in the study area 
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Figure 4.32 SPT-N value zonation map for CL5_ND2 at depth R.L. -16.6 – R.L 

.-18.3 m in the study area 
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Figure 4.33 SPT-N value zonation map for CL5_ND3 at depth R.L. -18.3 – R.L. 

-20 m in the study area 
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4.4.6 CLASS_6 zonation maps    

The Class_6 depth had three zonation maps, which characterised the SPT-N value 

variation within the depth between R.L. -20 m to R.L.-25 m (see Figure 4.34 to 

Figure 4.36). These zonation maps were performed, based on the data taken from 143 

boreholes. In this class, the peat layer diminished as it occurred in just two boreholes in 

two locations (Site_13 and Site_15) with an SPT-N value of 2 and 10 blows, 

respectively. A clay layer emerged at this depth level and increased with the depth. For 

these zonation maps 143 boreholes were used. The three zonation maps of the 

subclasses are: CL6_SPT-N_D1, CL6_SPT-N_D2, and CL6_SPT-N_D3. 

4.4.6.1 CL6_SPT-N_D1 zonation map    

The CL6_SPT-N_D1 zonation map at this depth level showed the variation of the N 

value within the depth of R.L. -20 m to R.L. -21.6 m from 53 boreholes. The SPT-N 

value varied at this depth because of the differences in the soil types, where it ranged 

between 0 to 50 blows (see Figure 4.34). The interpolated area was very small because 

of the data limitation at this depth. The lowest value reflected very soft sandy clay, 

whereas the highest value denoted, normally, very dense sand. The SPT-N value of the 

clay layer ranged between 0 and 23 blows, which characterised it as very soft to very 

stiff clay. The very soft clay was encountered in Site_13 at a depth R.L. 20.3 m, while 

the peat occurred in Site_15 at a depth R.L. -21.1 m.  

4.4.6.2 CL6_SPT-N_D2 zonation map    

The CL6_SPT-N_D2 zonation map characterised the depth between R.L. -21.6 m and 

R.L. -23.3 m from 52 boreholes (see Figure 4.35). The clay layer increasingly emerged 

at this depth level with the SPT-N value, which ranged from 0 to 36 blows (very soft to 

very stiff clay), except at Site_12, where the value was 50 blows, which was 

characterised as hard clay. A layer of dense sandy clayey gravel appeared at a depth of 

R.L. -22.6 m at Site_15. Further, very loose clayey sand layer was encountered at two 

locations at a depth of R.L. -21.85 m and R.L. -21.7 m at Site_13 and Site_12, 

respectively. The remaining soil types were between medium dense and very dense 

sand. 
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4.4.6.3 CL6_SPT-N_D3 zonation map    

The CL6_SPT-N_D3 variation of the N value within the depth of R.L. -23.3 m to R.L. -

25 m was characterised from 38 boreholes (see Figure 4.36). The majority of the soil 

types at this depth were represented by clays with an SPT-N value between 0 to 26 

blows (very soft to very stiff clay). Also, the low N values were encountered at depths 

R.L. -24.2 m, R.L. -24.4 m, and R.L. -23.3 m at the two locations, Site_12 and Site_13. 

These low values represented very soft clay, very loose sand, and peat, respectively. 

The peat was characterised as dark grey, partially decomposed organic matter. 

4.4.7 CLASS_7 zonation maps    

Similar to the other classes, the Class_7 depth has three zonation maps, characterised by 

the SPT-N value difference within the depth of between R.L. -25 m to -30 m from 120 

boreholes (see Figure 4.37 to Figure 4.39). While peat seldom occurred at this depth 

class, remarkably, clay was observed. Most of the sand deposits had a stiffness ranging 

between medium dense and dense sand with an SPT-N value ranging between 11 to 50 

blows. The total number of boreholes used to accomplish these zonation maps was 120 

boreholes. The three maps are: CL7_SPT-N_D1, CL7_SPT-N_D2, and CL7_SPT-

N_D3.  

4.4.7.1 CL7_SPT-N_D1 zonation map    

The CL7_SPT-N_D1 zonation map at this depth level showed the variation of the N 

value within the depth of R.L. -25 m to R.L. -26.6 m from 43 boreholes. The SPT-N 

value varied at this depth because of the differences in the soil types, where it ranges 

between 0 to 48 blows (see Figure 4.37). The majority of the soil type was medium 

dense sand and clay, with a range of an N value between 4 - 26 blows. The lowest value 

reflected very soft sandy clay and very loose clayey sand, whereas the highest value 

symbolised dense and very dense sand. The SPT-N value of the clay layer ranged 

between 0 and 32 blows characterised it as very soft to very stiff clay. Peat was also 

found as peaty wood, organic sand, and peat particles within the sand layers in Site_8 

and Site_13.   
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Figure 4.34  SPT-N value zonation map for CL6_ND1 at depth R.L. -20 m – R.L. 

-21.6 m in the study area 
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Figure 4.35 SPT-N value zonation map for CL6_ND2 at depth R.L. -21.6 – R.L. 

-23.3 m in the study area 
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Figure 4.36 SPT-N value zonation map for CL6_ND3 at depth R.L. -23.3 – R.L. 

-25 m in the study area 
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4.4.7.2 CL7_SPT-N_D2 zonation map    

The CL7_SPT-N_D2 zonation map characterised the depth between R.L. -26.6 m to 

R.L. -28.3 m from 42 boreholes (see Figure 4.38). The clay layer progressively 

developed at this depth level, with the SPT-N value ranging from 3 to 26 blows (very 

soft to very stiff clay), except at Site_ 13, depth R.L. -26.75 m where the value was 50 

blows characterised as hard sandy clay. Medium dense to very dense sand represented 

the rest of the soil types at this depth.  

4.4.7.3 CL7_SPT-N_D3 zonation map    

The CL7_SPT-N_D3 variation of the N value within the depth of R.L. -28.3 m to R.L. -

30 m was characterised from 35 boreholes (see Figure 4.39). The majority of the soil 

types at this depth were medium dense sand to very dense sand. The clays also had N 

values between 9 to 22 blows. The gravel was also observed at Site_14 and Site_31, 

with N values of 29 and ≥50 blows. The low values reflected the occurrence of loose 

sand and firm clay. Further, the peat was absent at this depth level.  

4.4.8 CLASS_8 zonation maps    

Similar to other classes, Class_8 depth had three zonation maps, which characterised the 

SPT-N value difference within the depth between R.L. -30 m and -35 m from 81 

boreholes (see Figure 4.40 to Figure 4.42). The gravel and clay were observed at this 

depth class, whereas peat was absent. Most of the sand deposits were characterised as 

medium dense sand and, sometimes, loose and dense sand. To accomplish these 

zonation maps 81 boreholes were used. The three zonation maps were: CL8_SPT-

N_D1, CL8_SPT-N_D2, and CL8_SPT-N_D3. 

4.4.8.1 CL8_SPT-N_D1 zonation map    

The CL8_SPT-N_D1 zonation map at this depth level showed the variation of the N 

value within the depth of R.L. -30 m to R.L. -31.6 m from 35 boreholes. The SPT-N 

value fluctuated at this depth because of the differences in the soil types; they ranged 

from 6 to 50 blows (see Figure 4.40). There were three main soil types: (i) sand 

(medium dense, dense, and very dense) with an N value between 11-50 blows; (ii) clay 

(firm to hard) with an N value between 6-49 blows;and (iii) gravel (medium dense to 

very dense) with an N value between 20-50 blows.  
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Figure 4.37 SPT-N value zonation map for CL7_ND1 at depth R.L. -25 – R.L. -

26.6 m in the study area 
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Figure 4.38 SPT-N value zonation map for CL7_ND2 at depth R.L. -26.6 – R.L. 

-28.3 m in the study area 
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Figure 4.39 SPT-N value zonation map for CL7_ND3 at depth R.L. -28.3 – R.L. 

-30 m in the study area 
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4.4.8.2 CL8_SPT-N_D2 zonation map    

The CL8_SPT-N_D2 zonation map describes the soil types at depth between R.L. -31.6 

m to R.L. -33.3 m from 29 boreholes (see Figure 4.41). The soil types were 

characterised by sand (from loose to very dense with an N value from 5-50 blows), 

gravel (dense to very dense with an N value ranging from 34 to 50 blows), and clay 

(firm to very stiff with an N value between 5-24 blows). The dominant N value in this 

zonation map ranged from 11 to 30 blows.    

4.4.8.3 CL8_SPT-N_D3 zonation map    

The CL8_SPT-N_D3 variation of the N value within the depth of R.L. -33.3 m to R.L. -

35 m was characterised from 17 boreholes (see Figure 4.42). The soil types were 

medium dense to dense sand, clay, and gravel. The lowest N value (10 blows) was for 

stiff clay at Site_8, whereas the highest value (50 blows) was for gravel and hard clay at 

Sites_12 and Site_31, respectively.  

4.4.9  CLASS_9 zonation maps    

Different from other classes, the_Class_9 depth had just two zonation maps, which were 

characterised by the SPT-N value which fluctuated within the depth between R.L. -35 m 

and -40 m, from 18 boreholes (see Figure 4.43 and Figure 4.44). The number of 

boreholes was less than the other classes, probably because of the lack of data in the 

deepest layers. The sand and gravelly sand with some clays were characterised by the 

soil types at this depth class. There was no peat at this depth. The two zonation maps 

were: CL9_SPT-N_D1 and CL9_SPT-N_D2. 

4.4.9.1 CL9_SPT-N_D1 zonation map    

The CL9_SPT-N_D1 zonation map at this depth level showed the variation of the N 

value within the depth of R.L. -35 m to R.L. -37.5 m from 12 boreholes. Because of the 

differences in the soil types, the SPT-N value ranged from 7 to 50 blows (see 

Figure 4.43). Further, there were three main soil types: (i) sand (loose to dense) with an 

N value between 7-32 blows, (ii) clay (stiff to hard) with an N value between 15-50 

blows, and (iii) very dense gravel with an N value of more than 50 blows. The soil types 

were mixed between each other, such as clayey gravelly sand, silty gravely clay, silty 

sand clay, or clayey gravel. 
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4.4.9.2 CL9_SPT-N_D2 zonation map    

The CL9_SPT-N_D2 zonation map describes the soil types at the last depth between 

R.L. -37.5 m to R.L. -40 m from just 6 boreholes (see Figure 4.44). The soil types in 

map were characterised, in the main, by dense to very dense gravel with an N value 

ranging between 40 to more than 50 blows. Medium dense sand also occurred with an N 

value of 25 blows, as well as hard clay with more than 50 blows stiffness. In addition, 

the soil types varied in terms of mixing with each other as clayey gravel and silty sandy 

clayey gravel.  

4.5 DISCUSSION  

The results, presented above, showed a direct proportional relationship between the 

SPT-N value and many other parameters in terms of a geotechnical perspective. These 

parameters were: soil type, organic content, physical status of each soil type, and depth. 

From the GIS point of view, there was a consistency in the results performed with this 

direct relationship. For instance, in the SPT-N value zonation maps, there was an 

obvious transition from the low N value in the shallow depths (near the ground surface) 

towards a high number of blows in the deepest layers, except for specific locations. 

These transitions are clear when the interpolated surfaces (maps) showed a gradual 

change in the number of blows, from the ground surface (very loose and loose sand with 

an N value less than 10 blows and sometimes zero) to the deepest depths (very dense 

sand and gravel with an N value of more than or equal to 50 blows). Thus, the deeper 

the layer the higher was the soil stiffness and the higher the corresponding SPT-N 

values.  
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Figure 4.40 SPT-N value zonation map for CL8_ND1 at depth R.L. -30 – R.L. -

31.6 m in the study area 
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Figure 4.41 SPT-N value zonation map for CL8_ND2 at depth R.L. -31.6 – R.L. 

-33.3 m in the study area 
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Figure 4.42 SPT-N value zonation map for CL8_ND3 at depth R.L. -33.3 – R.L. 

-35 m in the study area 
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Figure 4.43 SPT-N value zonation map for CL9_ND1 at depth R.L. -35 – R.L. -

37.5 m in the study area 
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Figure 4.44 SPT-N value zonation map for CL9_ND2 at depth R.L. -37.5 – R.L. 

-40 m in the study area 
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The interpolated (predicted) values in the zonation maps appeared sensible as the 

resulted SPT-N values of the soil in specific selected locations were consistent and 

comparable with other engineering laboratory tests, such as dry density, moisture 

content, void ratio, shear strength, and compression index. These physical and 

engineering properties indicated that there was a valid relationship between, for 

example, the interpolated high value of the SPT-N value (>50 blows for the very dense 

sand) and its related soil properties, such as high density (1.92 Mg/m
3
), low moisture 

content (1.5 %), low void ratio (0.23%), low compression index (0.11), and high shear 

strength (>200 kPa). In contrast, the resulting SPT-N values with low SPT-N values 

(between 0 to 4 blows for the loose sand or organic soil) had magnitudes of low density 

(0.31 Mg/m3), high moisture content (239%), high void ratio (4.7 %), high compression 

index (1.23), and low shear strength (25 kPa). In addition, these results were consistent 

with what had been reported by Day (2001) and Look (2007). 

4.5.1 Soil profiles 

The occurrence of the low stiffness layers at the deepest layers represented a kind of 

anomaly in terms of the direct proportional relationship between the N value, soil 

stiffness, soil type, and depth. These anomalies were found in the soil profile of the 

study area, represented by the existence of a layer of loose sand in Class 8, at a depth of 

35.5 m below the ground surface (R.L. -32.3 m), with an N value of 5 blows at Site_12. 

The other layers, at the same depth in other sites, were dense to very dense sand with 

values of more than 30 blows. Similarly, in Class 6, there were three anomalies at 

Site_12 and Site_13, at depths between 23.5 m - 25 m below the ground surface (from 

R.L. -21.7 m to -21.85 m). These abnormalities indicated the occurrence of a very loose 

sand layer and a very soft sandy layer in those sites at these particular depths. 

In addition, the increasing existence of a clay layer within the depth also created a kind 

of anomaly in terms of the SPT-N value count. The occurrence of the clay layer existed 

in Class 6 until Class 8 (from R.L. -20 m to -35 m), while the last traces were observed 

at depths reaching to R.L. -35 m. The deepest clay occurred at a depth of 41.5 m below 

the ground surface, as hard clay, with an N value of more than 50 blows. The clay layer 

had an average N value of about 20 blows compared with the dense to very dense sand, 

which existed at the same depth in other locations.  

The minimum depth of the bed rock was R.L. -27.3 m (30.8 m below the ground 

surface) located in Site_6. The maximum depth of the bed rock was R.L. -44.5 m (46.88 
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m below the ground surface) located in Site_12. Geologically speaking, there was an 

obvious geosyncline occurring at Site_12, which was located in the core (centre) of the 

study area. The geosyncline was a downward geological fold that contained the younger 

layers closer to the centre of the fold. The hypothesis that led to this finding occurred, 

due to the gradual decrease in the depth of the bed rock (the bed rocks became 

shallower in depth) in the surroundings sites, towards the deepest bed rocks in Site_12.  

4.5.2 Problematic soil layer 

Further, the most important anomaly, detected in the soil profile, was the occurrence of 

peat layer. Peat is an organic soil consisting largely of decayed plant remains. Peat is 

considered a geotechnically problematic layer due to its high compressibility and low 

shear strength. It also has a high moisture content, which can reach 800% with a low 

density. 

Additionally, peat was found at certain depths within the soil profile as identified in the 

SPT-N value zonation maps. These maps highlighted the occurrence of peat, being 

based on its low N value count and this, in turn, was reinforced by the description of 

each borehole log at each site within the study area. The description, assisted by the GIS 

zonation maps, lead to the identification of the extent of the peat layer, peat thickness in 

each site, and the physical and engineering properties of peat.  

Furthermore, the initial traces of peat were found in Class 3 at depth R.L. -10 m (14.5 m 

below the ground surface) with an N value of 6 blows at Site_12, as an interbedded 

layer within the very dense sand layer. This peat is described as dark brown decaying 

organic matter, firm, moist, and low-medium plasticity. 

The main peat layer was observed in Class 4 at a depth between R.L. -10 m to -15 m 

with very low N values. A peat layer was also noticed in Class 5 where the last peat 

occurrence was logged at a depth of R.L. -19.6 m (19.5 m below the ground surface) in 

Site_15. This peat was defined as stiff dark brown peat, low plasticity, and moist with 

an N value of 12 blows. Chapter 5 provided extensive details regarding the physical and 

engineering properties of peat associated with the new empirical relationships between 

different geotechnical characteristics.  

4.5.3 Interpolation comparison 

In terms of the comparison among the interpolation methods, the results showed that the 

Inverse Distance Weighting (IDW) technique gave the better representation of the SPT-
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N data. This finding was consistent with the results of Gotway et al. (1996) and Orhan 

and Tosun (2010). All the researches undertaken were used with the spatial 

interpolation, while the predicted maps covered vast study areas. For instance, one study 

area of the spatial distribution of soil heavy metal pollution covered 650 km
2
 (Xie et al., 

2011). In addition, such research was related to environmental contamination, air 

pollution, soil chemistry, and agricultural yields. This research was only the second time 

that a new approach was made in the field of SPT-N geotechnical mapping after Orhan 

and Tosun (2010). Rarely have these interpolation methods been compared for 

geotechnical results and throughout the SPT-N values, in particular. 

4.6 PROPOSED BOREHOLE MANAGEMENT INFORMATION 

SYSTEM (BMIS) 

4.6.1 Background  

In geotechnical engineering, site investigations are usually implemented to determine 

the soil engineering properties which play an important role in any project lifecycle. The 

geotechnical data characterises the soil’s physical and engineering properties from field 

investigation and laboratory tests. Due to the escalation in the cost of site investigations 

throughout the world, geotechnical data is expensive and contributes substantially to the 

cost of the geotechnical work. Additionally, due to budgetary constraints, small projects 

often overlook site characterisation (Ho & Skeel, 2003). Moreover, geotechnical 

information is data that is considered an arduous task to manage and organise. In the 

current study, geotechnical data was found at different locations (boreholes), and in 

various and scattered forms. As some borelogs contained vague and minimal data 

descriptions, it was necessary to use GIS to organise the datasets in a way that was 

readable, understandable, and updatable. The geotechnical community in the study area 

and its neighbourhood lacked an intrinsic repository for organising, summarising, and 

displaying a tremendous amount of geotechnical data in one central borehole 

management information system. The geotechnical information systems in Australia 

were either not been done yet or publicly unpublished. Although some authorities had 

local geotechnical information systems, such as city councils, private geotechnical 

companies, and governmental decision support centres. The geotechnical data of Surfers 

Paradise had not been spatially in existence or well researched in any information 

system. Bardet and Zand (2009) stated that although the geotechnical data was obtained 

by costly drilling investigations, the data was poorly exchanged among other 

researchers and practitioners.  
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To help solve this problem, this study proposed the development of the Borehole 

Management Information System (BMIS), with the goal of gathering the geotechnical 

data into a unique information system. A vast amount of geotechnical data was 

collected, coordinated, tabulated, synthesised, and organised into this system. This 

important data related to the physical and engineering properties of soil and its related 

design parameters. Further, the information in the proposed system will facilitate 

obtaining the required data reachable to the user.   

4.6.2 Motivation 

Presently, there is also no over-arching geotechnical data management system to refine 

the information and make it comprehensively integrated. Thus, proposing a borehole 

data management system will assist in developing and improving geotechnical and 

geological knowledge within the Surfers Paradise area. According to Todo (2013), 

geotechnical information should be systematically collected, stored, and maintained as 

well as be efficiently and effectively utilised. As such, there is a need to easily access 

the existing geotechnical and geological data for different purposes, namely: assessing 

the potential soil behaviour, facilitating the estimation of the cost of future engineering 

structures, diagnosing geotechnically problematic locations, and updating the existing 

data with new geotechnical data obtained from recent projects. 

The literature review highlighted that several countries around the world have already 

had their own geotechnical information systems, either publically published or having it 

as a sealed system within their local authorities. For example, in 2002 the New Jersey 

Department of Transportation (NJDOT) developed the Geotechnical Geographic 

Information System (GEOGIS). The system was created to establish a state-wide test 

boring management system by maintaining a large dataset of soil boring location maps 

and logs. Its main purpose, according to Williams at al. (2002), was to transform the 

hard copy data format in the drawers and filing cabinets into an information system to 

include engineering soil maps and tables of engineering properties of soil. Additionally, 

Singapore had its national geotechnical information system (GeoInfoSys), which could 

locate or purchase borehole information of interest (Kunapo et al., 2005). Also, the 

online generated cross section can be viewed, the geotechnical queries can be 

performed, and the additional data can be downloaded. Another system, the Hellenic 

Geotechnical Relational Database (named HelGeoRDaS) management was developed in 

Greece (Antoniou et al., 2008). This system was used for automated seismic 

microzonation. 
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Further systems were developed, as outlined below. A Comprehensive Ground 

Information System in Hong Kong (Lam, 2002) and a United Kingdom subsurface data 

image based borehole information system (Kunapo et al., 2005) were also developed. In 

addition, in 2009, a geotechnical information system was created from the existing and 

current geotechnical data at the Louisiana Department of Transportation and 

Development (USA) (Gautreau & Bhandari, 2009). Moreover, a GIS–based decision 

support system for the management of geotechnical and environmental risks in oil 

pipelines was developed in Brazil (Augusto Filho et al., 2010). Further, a Nation-wide 

Electronic Geotechnical Database System (NEGDS) was developed in Japan in 2010 

(Todo et al., 2013), while, in Iowa (USA) a web-based information system for 

geoconstruction technologies in transportation infrastructure was created by Douglas et 

al. (2012). 

From the current study, the proposed Borehole Management Information System 

(BMIS) will fill a gap for the national and international geotechnical engineering 

community. This gap relates to the lack of a central repository that summarises, presents 

and distributes the abundant data for a study area. The target audience of this system is 

engineering consultants, contractors, engineers, academics, students, and architects. 

Further, in the future, this system could be modified (upgraded) to become a web-based 

information system. This web-based information system, in turn, could be promoted to a 

decision support system after adding additional features. Such information system 

provides easy access functions to find and purchase borelogs, cross sections, and to 

download attached test results for the area of interest (Kunapo et al., 2005). 

4.6.3 Geotechnical data and spatial data 

The geotechnical data, as described in the current research, were obtained from routine 

soil investigations prior to any engineering project. From field and laboratory tests, the 

data could be obtained in terms of soil profile, and soil description, as well as the 

physical and engineering properties of soil and rock. Normally, borehole logs contain: 

the project name, location, borehole number, date, depth of strata, surface reduced level, 

soil classification, field test result, noted water table, steady level, drill equipment type, 

driller name, and test type. These test types include: SPT-Standard Penetration Test; 

U50-Undisturbed thin walled 50 mm diameter sampler tube within the hollow flight 

auger; D-Disturbed sample; DCPT-Dynamic Cone Penetration Test; VST-Vane Shear 

Test; and PMT-Pressuermeter. 
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Spatial data is a database used to store and query any data related to an object with its 

three dimensions. The first law of geography was described by Tobler (1970, p.1) as 

“everything is related to everything else, but near things are more related than distant 

things”. Thus, Tobler developed the first spatial demographic model about the 

distribution of population growth in Detroit, Michigan (USA) by using the basic spatial 

analysis interpolation (see Figure 4.45).  

Further, according to Cressie (1993), the [spatial] dependency is present in every 

direction and gets weaker the more the dispersion in the data localization increases. 

Therefore, if we find a contaminated surface in a certain place, it is very likely that 

surfaces or places nearby are also contaminated. This observation also applies to the 

spatial analysis of elevation, temperature, and pollution concentration. Consequently, 

for any given x, y location, a single and unique z value will be stored, as opposed to 

multiple z values (Childs, 2004). In summary, spatial data has three dimensions (x, y 

and z) which are functionally represented in the space; in other words, this sort of data 

needs to be referenced to a third dimension (z value).  

Moreover, spatial data can be encountered in several engineering disciplines, 

particularly in those describing geographical structures, such as borders, rivers, lakes, 

buildings, pipelines, bridges, and roads. Spatial data, as Bardet and Zand (2009) 

described, are connected through different spatial relationships, such as adjacency 

(which means connectivity and touching), containment (which means inside and 

overlapping), and proximity (which means distance). However, spatial relationships are 

not just interested in location, but are also interested in interactions between objects that 

are very hard to model outside the spatial domain (Blasby, 2001). 

In summary, spatial data stores and manipulates spatial objects, just like other objects, 

to describe either the shape or location. The shape includes three main features: point, 

line, and polygon, whereas the location is always represented by the coordinates. 

Practically, geotechnical data can be considered as intrinsically geospatial if it is linked 

to its third dimension (Bardet & Zand, 2009). The third dimension for any geotechnical 

data is represented by the borehole’s geographic coordinate’s relativity to the earth.    
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Figure 4.45 Model of the distribution of population growth in Detroit between 

1930 to1960 (Tobler, 1970)  

4.6.4 Proposed Borehole Management Information System (BMIS) 

During the data collection stage of the current research, no guidance system could be 

found that led to the researcher, or their personnel, being able to obtain the necessary 

information. Such a system would facilitate and simplify this process. Additionally, nor 

organised, categorised, or consolidated geotechnical information system could be found 

in one place. Thus, what was required was a place or system which contained analogue 

and spatial data, the method for choosing this data, and other linked data. Consequently, 

this research proposed a new geotechnical information system, the Borehole 

Management Information System (BMIS).  

4.6.5 Proposed BMIS structure 

The proposed BMIS contains four comprehensive categories, which are the key factor 

to accessing the various sources of data. The framework of this system includes the user 

interface (that is, the threshold query). From this point, the user can select the most 

appropriate way to manage this system, either as a standalone computer package or as a 

web-based system. The latter could be developed into an internet based system at some 

time in the future. Both approaches have access to the four categories: existing data, site 

selection, data bank, and GIS-based data. Each category has several sub-categories 
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which represent the core data of this group of information. The following sections 

provide an overview of the new system to facilitate our understanding of it.  

4.6.5.1 Existing data   

The first column in the proposed system refers to the existing data related to the study 

area. This data includes: geographic location (map and satellite), and building height 

categories (six categories in terms of building height and number of stories, based on 

the local area plan-maximum building height) (see Figure 4.46). Also, the prominent 

features in the study area are given, as there are many such as the Q1 tower, which is 

considered the tallest tower in Australia, and one of the tallest tower in the world. Roads 

and transportation networks also form a segment of this column as information is 

provided regarding the road networks, the main roads, traffic, bus stations, and transit 

centres. Further, useful links are included to guide the inquirer in terms of a number of 

governmental authorities’ websites, such as the Gold Coast City Council, and the 

Queensland Government. Other information could also be included, namely, tourist 

areas, places to go, accommodation, population (residents and tourists), real estate 

companies, and climate. 

4.6.5.2 Site selection 

The second column relates to the site selection. In this category, the user has the chance 

to obtain the required data by selecting either coordinates or location. All the 

investigated boreholes were provided with their own geographic coordinates. If the user 

wishes to obtain the required data by selecting the location choice, they need to type in 

the location name or address. Thirty-five locations were researched in terms of the 

geotechnical properties of the soil within the study area (see Figure 4.9). 

4.6.5.3 Data bank 

The bank within the BMIS represents the store of the fundamental geotechnical data, 

namely, the core of the physical and engineering properties of soil in the study area. 

Some related information also relates to the bed rock, such as the geological situation, 

depth profile, and the bed rock type. The data bank category comprises of two main 

parts, which encompassed the spatial data and the analogue data. These parts are 

discussed in the following sections. 
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Figure 4.46 Surfers Paradise local area plan-maximum building height (an 

example of the existing data in the study area) (Gold Coast City Council 

Planning Scheme, 2003) 

4.6.5.3.1 Spatial data  

The spatial data represents the data related to its third dimension, as explained above. 

This data includes: 

(i) The already produced SPT-N value zonation maps for different locations at different 

depth levels. Additional zonation maps for different geotechnical properties could also 

be dproduced at a later stage to enrich the spatial data set; (ii) The Digital Elevation 

Model (DEM), another type of spatial data, will be included in this system to show the 
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topographic elevation on the ground (the actual ground level), with reference to the 

reduced level (R.L.). 

4.6.5.3.2 Analogue data  

The second main category in the data bank, the analogue data, comprises conventional 

geotechnical information. There are two types of data selection categories, soils and 

rocks. In the current study, both materials were investigated in relation to their depth 

levels below the ground surface (as described in the depth classification scheme (DCS)) 

(see Figure 4.1).  

Soil category 

In the soil category, three key parts (the engineering properties of soil, the physical 

properties of soil, and the groundwater table) can be examined. 

(i) The first key part, the engineering properties of soil, includes the consolidation 

parameters (i.e. Coefficient of Consolidation Cv, Coefficient of Volume Compressibility 

mv, Coefficient of Secondary Consolidation Cα, and Compression Index Cc), the 

Friction Angle, Cohesion, Void Ratio, Vertical Effective Stress, and Apparent 

Preconsolidation Stress. 

(ii) The second key part, the physical engineering properties of soil, include the 

Atterberg limit (i.e. Liquid Limit LL, Plastic Limit PL, and Plasticity Index PI), 

Moisture Content, Density, Permeability, Organic Content, Specific Gravity, Soil 

Stiffness (Standard Penetration Test SPT-N value), Soil Resistance (Cone Penetration 

Test CPT parameters, such as Cone Resistance, Friction Resistance, and Friction Ratio).  

(iii) The third key part of the soil category is represented by the groundwater level 

information. The current underground water table level was approximately 3.5 m, on 

average. The fluctuation of the groundwater level, from the 1950s until the current day, 

can also be provided. 

Rock category 

In the the rock category, three sub categories are included: the geological situation, bed 

rock depth profile, and bed rock type. 
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(i) In the first sub category, the geological situation, information about stratigraphy, 

topography, geological age, formations, tectonic situation, seismic waves, and lithology 

are established.  

(ii) In the second sub category, the bed rock depth profile can be identified from the 

depth of the bed rock for each location, with reference to the ground surface, or to the 

reduced level (R.L.) elevations. Gaining knowledge about the depth of the bed rock is 

significant because it contributes to the design of the proposed foundation type.  

(iii) The third sub category is the bed rock type. Knowing the bed rock type (whether 

igneous, sedimentary or metamorphic) is essential when determining the most suitable 

type of piles, and their dimensions, and choosing the type of foundation for a proposed 

project. Extra details can also be valuable for any decision making, for example, 

whether the sedimentary rock is mudstone, siltstone, greywacke, or argillite. 

Correspondingly, the available data about this rock can also be provided, such as 

fractures, weathering status, colour, strength, Rock Quality Designation (RQD), core 

recovery, density, shear moduli, failure load, and Young modulus. 

4.6.5.4 GIS-based data 

The last main category in the proposed BMIS is the GIS-based data. The information in 

this category forms a GIS base, which can be accessed through the GIS ArcMap 

software. The data in this category will be geographically referenced and rectified, 

according to the Geographic Coordinate System GCS GDA-1994 (Geocentric Datum of 

Australia), which is the latest Australian coordinate system. The GDA is part of a global 

coordinate reference frame and is directly compatible with the Global Navigation 

Satellite Systems (GNSS). Also, the Datum is the D-GDA-1994, Prime Meridian: 

Greenwich. These data are consistent with the parameters given by Geoscience 

Australia, the Australian Government, Earth Monitoring, and reference systems.  

The GIS based layers are related to different physical and engineering properties of soil. 

For instance, the SPT-N value layers for different depth classes are based on the depth 

classification scheme, and its related data, such as soil description for the particular 

depth. Also, as an example of the GIS layer, will be the peat location layers, and their 

relevant data, such as the depth and the thickness of the peat, as well as the peat 

description. The permeability layers are also accompanied by their own values and 

depth. The cone penetration, friction resistance, and friction ration layers can be 
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attached to the proposed BMIS. The data from these test results can be projected into 

the GIS environment, along with its related data, such as CPT value, depth, and 

location. 

The density values are also characterised as the GIS layers with their own values, 

density type, depth of sample, and location. Additional layers can be added to enrich the 

BMIS through further investigations or collecting supplementary data. Another layer is 

available in this category, that is, the layer of geology. The layer comprises the 

geological formations which, in turn, explain the type of formation, colour, 

composition, origin, source of accumulation, and boundary of each formation, and its 

descriptions. Further, the bed rock layer is also available to display the bed rock type in 

each location with the rock description, as mentioned in the bed rock part of the rock 

category. In addition, the layer of suburb boundaries, the Nerang River layer can be 

comprehensively integrated into the BMIS. 

4.6.6 Potential outcome of BMIS 

The outcome of the BMIS is displayed as four main outputs, which are discussed below. 

The first output is the borehole logs, which contain information related to the borehole’s 

history or ID, such as borehole name or number, date of drilling, location name, 

coordinates, reduced level, inclination, hole diameter, field test, depth, material 

description, consistency, moisture, density, penetration resistance (drilling), SPT-N 

value (sampling), and additional observations. 

The second output involves two cross sections of the study area, that is, the N-S and E-

W directions. The cross sections give the extent of each layer (sand, peat, clay, and 

gravel), the depth of bed rock in some locations, the elevation of the ground surface 

with reference to the Australian Height Datum (AHD), and the thickness of each layer. 

The third output comprises the attached laboratory test results for each location, namely, 

the CPT test charts, particle size distribution reports, quality PSD graphs, permeability 

test results, water pressure test, pressuremeter test results, consolidation test results, 

triaxial shear test results, Atterberg limit results, and oedometer test results. 

In the current study, however, not all the above were investigated because of the lack of 

data for some of these results. Nevertheless, the data needs to be represented or 

characterised in a useful way so as to produce or derive new relations. Importantly, it is 
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useful to attach and display this information to the system to aid the geotechnical 

perspective of the study area.  

Moreover, Excel spread sheets can attached to identify the source of the information, 

with its arrangement in such a way that it can be presented in a GIS environment. The 

sheets are horizontally tabulated to be consistent with the ArcMap setting. Each spread 

sheet represents one borehole in a certain location, along with its location name, depth 

of sample in metres, reduced level in metres, density of the sample (whether saturated or 

unsaturated), the effective overburden pressure (σv), SPT-N60 corrected for field 

procedures to an average energy ratio of 60%, the correction factor for overburden 

pressure (CN), SPT-(N1)60 which is the value corrected to a reference stress of one 

atmosphere, the borehole coordinates, soil description, and other geotechnical 

properties. Each location has one main spread sheet, with each spread sheet containing 

many sub-sheets to show the number of boreholes in the location. From the current 

study, the BMIS has 168 boreholes as its initial entrance. Figure 4.47 shows the 

proposed Borehole Management Information System BMIS. 

4.7 CONCLUDING REMARKS 

The Depth Classification Scheme (DCS) was designed, in the study area, to facilitate 

the drawing of the zonation maps. The DCS extended the depth from the ground surface 

to the R.L. -40 m. Overall, 26 GIS-based SPT-N value zonation maps were established 

for the soil. These maps, drawn using the Spatial Analyst extension in the ArcMap, 

identified the soil profile of the study area, recognised the stratified layer types, and 

determined the stiffness of each soil type in terms of the SPT-N value with the classified 

depths. 

Further, eight interpolation techniques were used and compared to determine which 

interpolation technique provided the best representation to develtheop zonation maps. 

The Inverse Distance Weighting (IDW) interpolation technique provided the better 

representation, with specific parameters. The problematic peat layer was found within 

the soil profile at depths between R.L. -10 to -19.6 m. The peat is an organic, but 

geotechnically problematic, layer due to its high compressibility, low shear strength, 

and excessive moisture content. (Chapter 5 provides essential information about the 

physical and engineering properties of peat in the study area.) 
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The newly created Borehole Management Information System (BMIS) is proposed as a 

potential tool for future practice in the field of the geotechnical investigation of soil. 

The system provides an enhanced procedure for engineers, researchers, and, perhaps, 

the public to obtain the requested information in a systematic process. It can also be 

modified and upgraded to a web-based geotechnical information system for public use 

with additional features that could be used as a decision support system at local and 

global levels.    
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Figure 4.47 Proposed Borehole Management Information System BMIS for the study area in Surfers Paradise
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CHAPTER 5. CHARACTERISATION OF SOIL 

PROPERTIES IN SURFERS PARADISE 

5.1 INTRODUCTION 

This chapter illustrates the characterisation of soil and peat within the soil profile of 

Surfers Paradise. The soil profile of the study area comprises loose to medium dense 

sand as a top layer (see Chapter 4), above a layer of dense to medium dense sand. Next, 

a layer of peat of varying thicknesses is embedded within the very dense sand layer, 

which is above a layer of clay of various stiffnesses located above the bed rock. This 

stratigraphy is shown in the developing GIS-based zonation maps.  

As mentioned in the preceding chapter, the data were collected from 51 soil 

investigation reports, covering various sites within the study area. To extract the 

geotechnical data, 168 boreholes were examined in the study area. However, only 117 

boreholes were used to produce the GIS based zonation maps. The physical and 

engineering properties were also investigated to characterise the soil and peat at 

different depths. As identified in the literature review, “peat is an organic layer that 

contains unconsolidated organic material, consisting largely of organic residues 

accumulated as a result of incomplete decomposition of dead plant remains under 

conditions of excessive moisture” (Landva, 2007, p. 2136). 

The peat occurrence locations within the study area were determined, while the peat 

thickness in each borehole was specified. The main purpose for elaborating the 

explanation of peat’s geotechnical properties is related to the presence of peat in a soil, 

which causes a detriment in its geotechnical and engineering qualities (Malkawi et al., 

1998). Peat has an adverse effect on the settlement of foundations, and the raft 

foundations in particular. The highly compressive peat can bring about exorbitant 

settlements for buildings constructed above it (Oh et al., 2008). 

Further, the geotechnical properties of the soils were examined as there is a lack of data 

related to the physical and engineering properties of peat and the soil. Some of these 

characteristics have been estimated, based on well-known published equations. The 

results of the observed and estimated magnitudes were obtained and the variations of 

each geotechnical property, with the depth, were plotted. Furthermore, the magnitudes 
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of the geotechnical properties of the peat and the soil were compared with the published 

literature.  

This chapter has been structured to highlight the characterisation of the soil and peat 

within the study area. It begins with the introduction, which is followed by a discussion 

of the geological perspective of Surfers Paradise. Then, a brief background and 

summary is given in relation to the peat and organic soils, while the differences from 

them and normal mineral soils are illustrated. Next, the peat occurrence locations are 

outlined, and the physical and geotechnical properties of the peat and soil are examined. 

These properties include: the Standard Penetration Test (SPT) N value, Cone 

Penetration Test (CPT) values (cone resistance, friction resistance, and friction ratio), 

hydraulic conductivity (permeability), shear strength, Atterberg limits, and moisture 

content. Moreover, the consolidation parameters (compression index Cc, coefficient of 

consolidation Cv, coefficient of volume compressibility mv, and coefficient of secondary 

consolidation Cα) are presented. Further, due to the lack of data in the study area, four 

geotechnical properties (friction angle φ, apparent preconsolidation pressure σʹp, void 

ratio, and organic content) are estimated.  

Additionally, two cross sections (East-West direction and North-South direction) were 

drawn to examine the extent and the propagation of the peat layer within the soil profile, 

as well as to determine the thickness of each soil type (including peat). From these two 

cross sections, the depth of the bed rock was determined in locations where the 

boreholes reached the depth of the bed rock. Such data has the potential to improve pile 

foundation design in the study area. 

5.2 GEOLOGICAL PERSPECTIVE OF THE STUDY AREA  

The geological setting of the study area consists of five geological formations, which 

are given below in the order of the formations occurrence in the study area: 

 Anthropogenic fill 

 Beach ridges 

 Estuarine channels 

 Contemporary beach, and 

 Artificial channel/canal 
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Figure 5.1 Geological map of the study area (Queensland geological digital 

data) 
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The Anthropogenic Fill forms a part of the Landscape Fill formations; it consists mainly 

of clays, sands, and gravel (Whitlow, 2000). The majority of the Landscape Fill is 

underlain by marine and alluvial sediments, up to a depth of 25 m. It covered 

approximately two thirds of the study area (see Figure 5.1) 

The Holocene beach ridge formation was located where much of the high rise urban 

buildings were constructed. This formation, which comprises quartz and shelly sand, 

was a part of the marine deposits; it extended along the landward margins (Whitlow, 

2000). The beach ridge covers the east (middle) and the south east of the study area (see 

Figure 5.1) 

The Estuarine channel deposit, a kind of marine deposit, tends to be underwater at high 

tide. These estuarine deposits consist of sandy muds, muddy sands, and minor gravel 

(Whitlow, 2000). It occurred mainly in the north of the study area (see Figure 5.1). 

The Contemporary beach deposits (that is, the ridge and berm) are comprised mainly of 

quartz sand. The deposits extend as a strip along the Coral Sea (the beach) to the east of 

the study area. The Artificial channel/canal deposits, a part of the anthropogenic 

geological units, include the sandy mud floors and rock-lined margins with revetments 

(Whitlow, 2000). These deposits were found in the west of the study area, particularly 

in the middle of the meandering segment of the Nerang River (see Figure 5.1).  

5.3 PEAT AND ORGANIC SOILS 

Before investigating the location of peat in Surfers Paradise, a brief summary was 

provided to clarify the perception of peat. Technically, any material that contains carbon 

is considered as ‘organic’. An organic soil has a significant amount of recent plant 

remains, which can preserve its colour, odour, and distinctive texture (Huat, 2004). 

According to Soper and Osbon (1922), Radforth (1969), Babel (1975), Moore (1989), 

and Van der Heijden et al. (1994), peat deposits can be defined as the remains of plants 

that have partly fragmented and decomposed, then accumulated and fossilised. The 

many definitions in the literature reflect the purpose of using peat. For instance, peat can 

be used as a fertiliser in agricultural and economic studies; or peat can be used as an 

essential material to produce an organic fuel. 

From an engineering point of view, peat can be defined as a compressible, low shear 

strength, wet, unconsolidated, and soft layer because it cannot support the structures 

constructed above it. Generally, soils are termed as organic if they comprise an organic 
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material greater than 20% (Huat, 2004). In addition, peat is a naturally occurring 

substance with high organic content, derived from plant materials when the 

accumulation rate is faster than the decomposition or decay process (see Table 5.1).  

Table 5.1 Organic content ranges (modified from Huat, 2004) 

Basic soil type Description Organic content % 

Clay or Silt or Sand Slightly organic 2 - 20 

Organic Soil Organic 25 – 75 

Peat Organic >75 

 

However, between soil scientists and engineers there is concensus about the specific 

definition for peat. Soil scientists define peat as a soil with more than 35% organic 

content. In contrast, geotechnical engineers define peat as organic soil if it contains 

greater than 20% organic materials; their definition is based on the mechanical 

properties of soil (Huat 2004). Further, peat can occur as superficial deposits, or strata 

underneath the stratigraphic column, or interbedded as strips with other soil stratum. 

Also, peat also defined by its texture and fibre content. For example, Karlsson and 

Hansbo (1981) classified peat on the basis of decomposition, and joined this property to 

the Von Post scale (see Table 2.5 in Chapter 2) to give a fuller explanation of the 

internal structure peat (see Table 5.2). 

Table 5.2 Classification of peat on the basis of decomposition on the Von Post scale (Karlsson 

& Hansbo, 1981) 

Designation Group Description 

Fibrous peat H1 – H4 Low degree of decomposition, fibrous structure, 

easily recognised plant structure, primarily of 

white masses 

Pseudo-fibrous 

peat 

H5 – H7 Intermediate degree of decomposition, 

recognisable plant structure. 

Amorphous peat H8 – H10 High degree of decomposition, no visible plant 

structure, mushy consistency. 

 

Further, on the basis of the organic soil composition, Karlsson and Hansbo (1981) 

classified such soil into three types: gyttja, dy, and peat. However, based on the content, 
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into the medium organic soils are categorised by the composition of mineral materials, 

and the nature of the organic matter (see Table 5.3). 

Table 5.3 Guiding values for the classification of soils on the basis of organic content 

(Karlsson & Hansbo, 1981) 

Soil Group Organic content in weight % 

of dry material (<2 mm) 

Examples of designations 

Low-organic soils 2 - 6 Gyttja-bearing clay 

Dy-bearing silt 

Humus-bearing, clayey sand 

Medium-organic soils 6 - 20 Clayey gyttja 

Silty dy 

Humus-rich sand 

High-organic soils >20 Gyttja 

Dy 

Peat 

Humus-rich topsoil 

     

5.4 PEAT OCCURRENCE LOCATIONS IN SURFERS PARADISE 

Peat covers about 8 per cent of the earth’s land surface (Ulusay et al., 2010). Further, 

peat lands are a common and distinctive type of wetland throughout the world.  

However, in Australia, peat is considered rare (Bilney, 1997), being found on 

approximately 500 million ha of the entire Australian continent. Studies on these lands 

are still comparatively young (Whinam & Hope, 2005). Historically, peat formation 

process in Australia started about 14,700 years ago with the accumulation rate 

averaging about 24 cm each hundred years; this rate produced peat layers ranging 

between 3 to 6 m in thickness (Bilney 1997).  

According to Whitlow (2000), peat deposits result from the current and past marine 

processes near coastal zones. These marine deposits were laid down ten thousand years 

ago, or during the Holocene geological period. The deposits, found at 26.8m in depth, 

have been aged at 10,585 ± 140 years predating the present, using the radiocarbon 

method (Thom & Chappell, 1975). 

From an agricultural and environmental point of view, peat is considered a beneficial 

resource. It can be used as a natural organic additive to a soil to enhance the overall 

health of plants. Also, according to Vepsäläinen et al. (2004), it can be used as a rapid 

means for restoring soil fertility, for example, being added to the plough layer. It’s 

natural characteristics include it’s wood remains content, fibre content, rapid absorption 

of water, slow release of water, and unconsolidated structure. These characteristics 
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promote peat as a standalone agricultural field for cultivating varieties of crops. Parish 

et al. (2012) identified that peatlands in Southeast Asia are naturally vegetated with peat 

swamp forests, which contain a wide range of plant species with particular adaptations 

for growing in peat conditions (i.e. high water levels, limited nutrients, low bulk 

density, and high acidity). Indonesia and Malaysia have the most extensive experience 

in peatland rehabilitation and management in terms of cultivation on peat. 

Further, from an environmental point of view, peat can be considered a true carbon sink. 

The carbon can be converted back into the peat formation by biological activity and by 

sequestering it out of the system (Sorensen, 1993). Peat plays a very important part in 

the Indonesian ecosystem because the peat swamp forests sequester between 0.01 - 0.03 

Giga tonnes of carbon each year. In addition, Densham (2011) refers to peatlands as a 

giant store of carbon with the potential to be a natural solution to reducing greenhouse 

gas emissions, sequestering massive amounts of carbon from the atmosphere.        

However, from the geotechnical engineering point of view, peat is considered a 

problematic soil due to its high compressibility and low shear strength. Such 

occurrences of organic matter in soils reduces the quality their geotechnical and 

engineering abilities (Malkawi et al., 1998). For this reason, construction over peat 

tends to be considered by many engineers as a ‘black art’. Consequently, there is a 

tendency to avoid constructing buildings, etc. over peat layers, especially when the 

engineers are without peat experience (Munro & MacCulloch, 2006). Specifically, peat 

has an adverse effect on the settlement of the foundations, particularly raft foundations. 

The highly compressive peat can result in exorbitant settlements for buildings erected 

above it (Oh et al., 2008). The unique geotechnical properties of peat contrast with those 

of inorganic soils (such as sandy, silty or clayey soils), which consist of only soil 

particles (Hashim & Islam, 2008c). 

The region of Surfers Paradise has an embedded peat layer in its soil profile, but at 

different depths and of different thickness in various locations. As noted above, the 

layer has geotechnically problems. By examining 168 boreholes related to 51 soil 

investigation reports in the study area, and by categorising the soil types into groups 

based on their depths, the subsurface soil profile was identified, as follows:  

 Loose to medium dense sand occurs from the ground surface to R.L. 2.3 m. 

 Medium dense to dense sand is underlain from R.L. 2.3 m to R.L. -3.2 m. 

 Very dense sand is encountered from R.L. -3.2 m to R.L. – 20 m. 
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 Within the very dense sand layer, a varying thickness peat layer occurs at a 

depth of between R.L. -10 to R.L. -19.6 m, at different locations, with a 

thickness ranging from 0.1 to 7.0 m. 

 An interbedded firm to very stiff clay layer is found up to R.L. -26.6 m, where a 

layer of firm to hard clay occurs underneath it, until a depth of R.L. -29 m. 

 The last layer of the soil profile varies within the study area; in some locations 

there is an interbedded layer of medium dense sand, gravelly sand, clayey sand, 

sandy clay, or hard silty clay. 

This subsoil profile is consistent with the description given by Oh et al. (2008). The 

reduced level used in the current research is based on the Australian Height Datum 

(AHD). 

The geographic locations of the peat layer were determined from the existence of peat in 

each borehole within the study area (see Figure 5.2), that is, 168 boreholes from 35 

locations (see Figure 4.9), with 113 boreholes showing peat in their soil profile. 

However, 55 boreholes had no peat within these boreholes’ stratigraphic column. This 

result may be attributed to the fact that the peat does not exist in these locations, or the 

depth of the peat layer was not reached.   

Nevertheless, a peat layer was identified in 16 locations (Site_4:  Ocean Avenue, 

Site_5:  Oak Avenue, Site_6:  Ferny Avenue_1, Site_7:  Riverview Parade, Site_8:  

Elkhorn Avenue, Site_9:  Ferny Avenue_2, Site_10:  Orchid Avenue, Site_12:  Ferny 

Avenue_3, Site_13:  Wahroonga Place, Site_14:  Cavill Avenue, Site_15:  Beach Road, 

Site_20:  Remembrance Drive, Site_22:  Clifford Street_1, Site_27:  Enderley Avenue, 

Site_34:  Surf Parade, and Site_35:  Peninsular Drive) within the study area (see 

Figure 5.3), with the locations of the peat containing boreholes being determined. The 

occurrences of peat at these locations, depth and thicknesses are shown in Table 5.4. 

The sites were given numbers to ensure property confidentiality in the study area (see 

Figure 4.9). Table 5.4 shows the depth and the thickness of the peat at the different 

sites. Each site has a different borehole number, and each borehole has peat in its 

stratigraphic profile. The boreholes containing peat were identified, with their 

geographic locations being shown in Figure 5.4. The aggregation of the boreholes in 

one location represents a specific site with its boreholes. For example, some sites only 

had two boreholes, while others had 19 boreholes; the number of boreholes depended 

on the each site’s soil investigation. The description of the peat layer at each site, based 

on Table 5.4, is given in Table 5.5.  
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Table 5.4 Peat thickness and depth below the ground surface in the study area 

 

Location 

 

Site number 

 

Peat depth 

(m) 

 

Peat depth 

(R.L) (m) 

 

Peat thickness 

(m) 

Ocean Avenue Site_4 27.2 ـــ   24.6- 32.2 ـــ   -29.6 5.0 

 1.6 35.4-  ـــ 33.8- 38.6 ـــ 37

Oak Avenue Site_5 1.2 5.5 3.7-  ـــ 1.8 + 6.7 ـــ 

Ferny Avenue_1 Site_6 14.9 2.6 13.3-  ـــ 10.7- 17.5 ـــ 

Riverview Parade Site_7 12.6 1.8 12.4-  ـــ 10.6- 14.4 ـــ 

Ferny Avenue_2 Site_9 16.0 7.0 18.0-  ـــ 11.0- 23.0 ـــ 

Elkhorn Avenue Site_8 17.75 – 21.0 -11.95 3.25 15.2-  ـــ 

Orchid Avenue Site_10 17.1 1.2 12.3-  ـــ 11.1- 18.3 ـــ 

Ferny Avenue_3 Site_12 18.0 4.5 16.5-  ـــ 12.0- 22.5 ـــ 

Cavill Avenue Site_14 17.0 3.0 17.3-  ـــ 14.3- 20.0 ـــ 

Wahroonga Place Site_13 15.4 4.0 16.4-  ـــ 12.4- 19.4 ـــ 

Beach Road Site_15 17.7 4.0 21.8-  ـــ 17.8- 21.7 ـــ 

Peninsular Drive Site_35 11.6 0.8 9.9-  ـــ 9.1- 12.4 ـــ 

Remembrance 

Drive 

Site_20 11.3 1.2 5.5-  ـــ 4.3- 12.5 ـــ 

Clifford Street_1 Site_22 21.4 1.6 15.05-  ـــ 13.45- 23 ـــ 

Enderley Avenue Site_27 17.0 5.0 16.8-  ـــ 11.8- 22.0 ـــ 

Surf Parade Site_34 0  ـــ   5.3 + 1.5 ـــ   + 8.3 1.5 
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Table 5.5 Peat description in each site within the study area 

 

Location 

 

Site number 

 

Peat description 

Ocean Avenue Site_4 Fine brown to dark grey organic peaty clay, peat 

and timber fragments throughout. 

Oak Avenue Site_5 Very soft dark grey organic sandy clay. 

Ferny Avenue_1 Site_6 Peat, very soft, brown, strong organic odour with 

root fibres.  

Riverview Parade Site_7 Soft to firm black peat with alternate zones of 

firm black peat and grey organic silty fine to 

medium sand 

Ferny Avenue_2 Site_9 Peat and organic clay 

Elkhorn Avenue Site_8 Peat, dark brown, fibrous, H2S odour. 

Orchid Avenue Site_10 Dark grey peat 

Ferny Avenue_3 Site_12 Peat, dark brown, wood present in various states 

of decay to clayey silt, moist, stiff to very stiff 

Cavill Avenue Site_14 Peat, dark brown, fibrous 

Wahroonga Place Site_13 Peat, high plasticity, dark brown, decomposing 

organic matter, moist, stiff, strong odour. 

Beach Road Site_15 Peat, very stiff, low plasticity, dark brown, 

decaying vegetation and logs, moist. 

Peninsular Drive Site_35 Dark brown peat 

Remembrance 

Drive 

Site_20 Soft dark brown-black peat 

Clifford Street_1 Site_22 Loose black organic slightly silty sand with layers 

of  soft black organic clay 

Enderley Avenue Site_27 Peat, black, high plasticity with fine sand, trace 

shells becomes dark brown. 

Surf Parade Site_34 Organic material, some rootlets sand with. 
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Figure 5.2 Peat and no peat occurrence locations in the study area  
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Figure 5.3 Peat occurrence location site’s numbers within the study area  
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Figure 5.4 Locations of peat contained boreholes in the study area  
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5.5 PEAT CHARACTERISTICS FROM IN-SITE TESTS  

Peat, an organic soil with high water content and organic solids, shows mechanical 

properties that are unlike the normal geotechnical behaviour of inorganic soils (Edil & 

Wang, 2000). Such properties were very obvious during the two in-situ tests: the 

Standard Penetration Test (SPT) and the Cone Penetration Test (CPT). The Standard 

Penetration Test SPT- N value included the Energy corrected SPT-N60, and the 

Overburden pressure corrected SPT (N 1)60, while the Cone Penetration Test (CPT) 

included the Cone resistance, Friction resistance, and Friction ratio. 

5.5.1 Standard Penetration Test SPT- N value 

The SPT test (discussed in Section 4.3.2.1 in Chapter 4) was used to evaluate the soil 

stiffness, to characterise the soil type (sand, clay, or gravel), and to provide correlations 

with other properties of soil. Additionally, information regarding the stress history and 

overburden pressure can also be acquired.  

The standard penetration test was developed in the 1900s to determine the capability of 

the ground to support end bearing piles (Akbar et al., 2008). Further, the test provided 

good quality, representative, disturbed samples which helped in the on-site evaluation 

and assessment of the soil consistency, relative density, compactness, and stiffness. The 

process is used in many countries around the world, and is included in their testing 

standard, such as the ASTM D1586, BS 1377, and the JIS 1219 (Hayat, 2003), as well 

as the Australian Standard AS1289. 

A number of geotechnical engineers have identified the Standard Penetration Test as 

being of limited value (Lutenegger, 2008). This view developed because the test, 

conventionally, was considered to provide a one number, that is, the N value. The SPT 

also supplied the soil samples used to determine the moisture content, void ratio, index 

properties, degree of saturation (especially in the soil below the water table), the soil 

profile, and to obtain additional information on the soil’s behaviour (i.e. the peat 

occurrence). According to Schmertmann (1979), the standard penetration test is a 

combination of the side resistance test and the dynamic end bearing. The contribution 

from the end resistance and the side resistance also indicates the soil type, while the 

friction ratio of the soil can be estimated from the incremental penetration resistance. 

Furthermore, from a practical position, it can also contribute to the features of the SPT, 

that is, the torque measurement, which is similar to the adding of the friction resistance 

(sleeve) to the Cone Penetration Test. Moreover, the SPT can be modified into the SPT-
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T by the provision of the conventional test with the torque measurement (Lutenegger, 

2008). This outcome can be achieved by rotating the spoon to produce a torsional 

failure condition between the soil and the spoon, after applying the torque to the top of 

the drill rod string, with an additional minute for the test to be completed. A direct 

correlation was made between the SPT-N value and the unit side resistance acquired 

from SPT-T (Lutenegger & Kelly, 1998; Kelly & Lutenegger, 2004).              

From the test the penetration resistance reflects the number of blows N which are 

required for the penetration of the last two 150 mm (300 mm) of the sampler. For 

example, if the number of blows was 7, 11, and 12, for a particular sample, the N value 

will be the summation of the last two counts of the test drive. As such, 11+12=23 blow 

represents the actual field value with no correction factors. The blow count showed a 

measurement of the strength of soils, which led to many empirical correlations with the 

laboratory results for stiffness and strength, or the direct estimation of the settlement 

and bearing capacity (Akbar et al., 2008). The SPT-N value can be considered as an 

index value, and it is directly proportional to the soil’s stiffness, firmness, and 

compactness. Thus, the stiffer the soil, the higher the N value required for the soil to be 

penetrated.  

Moreover, the SPT-N value has been successfully correlated with different geotechnical 

and physical characteristics, such as the friction angle, bearing capacity, shear strength, 

relative density, and consolidation parameters (Terzaghi & Peck, 1967; Skempton, 

1986; Bowles, 1996; Look, 2007; McCarthy, 2007). As such, empirical equations were 

used to convert the N value into meaningful soil parameters. While the SPT resistance 

reports a reliable value for cohesionless soils, it provides only a crude estimation for the 

cohesive soils (Hayat, 2003).   

The total number of SPT-N values used in the current research was 1,754 values, from 

128 boreholes, at 30 locations within the study area. The soil types were classified using 

Look’s (2007) classification of sand and clay (see Table 4.5 for sand, and Table 4.6 for 

the clay description based on the SPT-N value). This classification was consistent with 

the classification given by Terzaghi et al. (1967) for sandy and non-cohesive soils. 

However, the classification had a slightly different result in terms of the classification of 

the clay and cohesive soils (see Table 5.6). 
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Table 5.6 Difference in the classification of clay between Terzaghi et al. (1967) and Look 

(2007)   

Terzaghi et al. (1967) Look (2007) 

SPT-N value Description SPT-N value Description 

Below 2 Very Soft N ≤ 2 Very Soft 

2 – 4 Soft N = 2 – 5 Soft 

4 – 8 Medium N = 5 – 10 Firm 

8 – 15 Stiff N = 10 – 20 Stiff 

15 – 30 Very Stiff N = 20 – 40 Very Stiff 

Over 30 Hard N > 40 Hard 

 

The SPT-N value of peat and soil varied in relation to the soil type and its depth in the 

study area. For example, the SPT-N value of peat ranged between 0 and 19 blows. The 

high value of N for the peat can be attributed to the occurrence of the fine or coarse 

fibres within the peat mass; the more fibres in the peat the more strength that is added to 

the peat structure. The spatial orientation of these fibres provides reinforcement and 

enhances the strength behaviour of peat, especially when the direction of the load is in 

the same direction as the fibres (Kazemian et al., 2011). In addition, the SPT-N value of 

the soils was from 0 to greater than 50. The low values of N indicated very loose sand or 

very soft clay, whereas, the high values reflected very dense sand, very dense gravel, or 

hard clay. The SPT-N values were plotted with depth at three locations within the study 

area: Borehole 2 at Site_15, Borehole 3 at Site_14, and Borehole 10 at Site_12 in the 

centre (core) of the study area (see Figure 5.5). 

As can be seen from Figure 5.5A, there was a gradual increase in the stiffness of the 

medium dense sand (between R.L. -3.5 to R.L. -6.5 m), where the N value increased 

from 27 to 52 blows. In the current research, when the N value exceeded 50 blows it 

was denoted as 50. After that point, the sand became denser (dense and very dense 

sand) with depth until a depth of R.L. -12.5 m was reached. From then, the soil stiffness 

dropped dramatically between R.L. -12.5 and R.L. -14 m, due to the existence of a peat 

layer. As such, the N value rapidly decreased from more than 50 blows to just 3 blows. 

At this location, the peat was characterised as wet and dark brown, with a strong organic 

smell, and a trace of wood and organic fibres. Further, as peat is considered a non-

cohesive or frictional material, due to the spatial direction of the fibres and the fibre 

content, the high friction angle of peat did not reflect high shear strength. This outcome 

results because the peat fibres are not always hard, and may be occupied by water and 

gas (Kazemian et al., 2011). Moreover, the soil stiffness suddenly increased to return to 
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its original state as very dense sand with an N value greater than 50 blows, up to a depth 

of R.L. -21.5 m. Additionally, the curve dropped slightly to reflect a decrease in the N 

value from more than 50 blows to 18 blows, due to the occurrence of stiff, wet, medium 

plasticity clay. Then, the N value of the clay became 12 blows at a depth of R.L. -24.5 

m.Also, the fluctuated values were observed with the variation in the soil type, from 

dense to medium dense sand, clayey gravelly sand, clayey sandy gravel, and dense sand 

with an N value ranging from 14 blows to greater than 50 blows.     

The variation of the SPT-N value with depth, in borehole 3 at Site_14, is shown in 

Figure 5.5B. There were two dramatic increases in the curve at a depth of R.L. -14.2 

and R.L. -21.2 m, due to the occurrence of dark brown fibrous peat and stiff clay, 

respectively. This result is similar to that noted in borehole 2 at Site_15. 

Further, the soil profile of borehole 10 at Site_12 also had the same stratigraphic 

sequence (see Figure 5.5C). The peat layer was encountered at a depth of R.L. -12.4 m 

with an N value of 6 blows; it was characterised as strong odour, brown black peat. 

Moreover, clay was observed as being interbedded as thin layers with medium dense to 

very dense sand at a depth of R.L. -21.4 m with an N value of 19 blows.   

The correction factors were applied to ascertain the hammer energy and the overburden 

pressure in the granular soils (Look, 2007). Therefore, in the current research, the 

measured SPT-N values were adjusted using the dropped hammer energy and 

overburden pressure corrections (see Figure 5.6 and Figure 5.7).  

5.5.1.1 Hammer energy correction  

Skempton (1986) suggested that a correction factor for the energy of the drop hammer 

in the drill rod, as it affects the SPT-N value. In practice, the average energy ratio is 

about 55 to 60% of the theoretical free fall energy for the SPT. From the standard 

practice, the value being corrected was the “N60”, which is defined as the corrected SPT 

number at 60% of the hammer energy. 

Normally, the N60 value provides better design parameters when they correlated with the 

soil strength, bearing capacity, unit weights, liquefaction susceptibility, and other 

properties. 
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                  Figure 5.5A                         Figure 5.5B                       Figure 5.5C 

Figure 5.5 Standard Penetration Test SPT-N results with depth in the study area 

The variations in the testing techniques may be compensated by adapting the measured 

N to N60, as described in the following equation: 

 𝑁60 = 𝐸𝑚 𝐶𝐵𝐶𝑆𝐶𝑅𝑁 0.60⁄                    (5.1) 

Where: 

N60 = The SPT- N value corrected for field procedures to average energy ratio of 

60% 

Em = the hammer efficiency (see Table 5.7) 

            CB = the borehole diameter correction (see Table 5.8) 

            CS = the sample correction (see Table 5.8) 

            CR = the rod length correction (see Table 5.8) 

N  = the measured SPT- N value  
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Table 5.7 Hammer efficiency factors for SPT data correction (Clayton, 1990) 

Country 
Hammer 

Type 
Hammer Release Mechanism 

Hammer 
Efficiency Em 

Argentina Donut Cathead 0.45 

Brazil Pin weight Hand dropped 0.72 

China Automatic Trip 0.60 

Donut Hand dropped 0.55 
Donut Cathead 0.50 

Colombia Donut Cathead 0.50 

Japan Donut Tombi trigger 0.78 – 0.85 

Japan Donut Cathead 2 turns + special release 0.65 – 0.67 

UK Automatic Trip 0.73 
US Safety 2 turns on cathead 0.55 – 0.60 
US Donut 2 turns on cathead 0.45 

Venezuela Donut Cathead 0.43 
Gold Coast, AU Automatic Trip 0.73 

Table 5.8 Other correction factors for SPT data (Skempton, 1986) 

Factor Equipment Variables Value 

 
Borehole diameter factor, CB 

65 – 115 mm 1.0 

150 mm 1.05 
200 mm 1.15 

 
Sampling method factor, CS 

Standard sampler 1.00 

Sampler without liner 1.20 

 

 
Rod length factor, CR 

3 – 4 m 0.75 

4 – 6 m 0.85 

6 – 10 m 0.95 

>10 m 1.00 

 

In the current research, the N60 values were calculated from the aforementioned 

information of the Gold Coast City, Australia. These values were obtained for the eigth 

depth classes, based on the Depth Classification Scheme from the ground surface up to 

R.L. -40 m (see Table 5.9). Further, the N60 values were calculated for the sand and peat 

(see Table 5.10) and for the clay (see Table 5.11).  
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Table 5.9 SPT- N value and the energy corrected N60 values for each depth class in the study 

area 

Depth Class  

R.L. (m) 

SPT-N 

Range 

 

SPT-N 

 Average 

N60 

Range 

 

N60 

Average Min Max Min Max 

+7 - 0 2 >50 17.25 2.06 51.71 17.84 

0 – (-5) 0 >50 38.97 0 51.71 40.30 

(-5) – (-10) 12 >50 48.89 12.40 51.71 50.55 

(-10) – (-15) 0 >50 35.32 0 51.71 36.52 

(-15) – (-20) 0 >50 42.39 0 51.71 43.83 

(-20) – (-25) 0 >50 29.39 0 51.71 30.57 

(-25) – (-30) 4 >50 22.4 4.13 51.71 23.16 

(-30)–(-40) 5 >50 27.64 5.17 51.71 28.58 

 

Table 5.10 SPT- N value and the energy corrected (N60) values for sand and peat in the study 

area 

Soil Type SPT-N 

Range 

SPT-N 

Average 

N60 

Range 

N60 

Average 

Min Max Min Max 

Very Loose 

Sand 

0 4 1.74 0 4.13 1.8 

Loose Sand 4 10 7.30 4.13 10.34 7.55 

Medium 

Dense Sand 

11 29 18.7 11.37 32.05 19.34 

Dense Sand 31 49 38 31.02 50.6 39.28 

Very Dense 

Sand 

50 >50 50 51.7 >51.7 51.70 

Peat 0 22 8 0 22.7 8.27 
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Table 5.11 SPT- N value and the energy corrected (N60) values for clays in the study area 

Soil Type SPT-N 

Range 

SPT-N 

Average 

N60 

Range 

N60 

Average 

Min Max Min Max 

Very soft 

clay 

0 1 0.28 0 1.03 0.29 

Soft clay 3 5 4.2 3.1 5.17 4.34 

Firm clay 5 10 7.76 5.17 10.34 8.02 

Stiff clay 10 20 14.91 10.34 20.68 15.41 

Very stiff 

clay 

20 36 25 20.68 

 

37.224 

 

25.85 

 

As explained earlier, the total SPT-N values in the study area were 1,754 values from 31 

sites. In this context, based on Table 5.10, the low SPT-N values reflected the 

occurrence of the peat, very loose sand, or very soft clay organic clay in the soil profile 

of the study area. In contrast, the high values denote the existence of very dense sand, 

very stiff clay, or very dense gravel.  

Further, Table 5.11 shows the measured SPT-N values and the corrected parameters for 

the clay at nine sites within the study area. One hundred and twenty (120) values were 

used to calculate the N60 and (N1)60 values from Site_05, Site_06, Site_08, Site_12, 

Site_14, Site_15, Site_27, Site_31, and Site_34. Very soft organic clay and very soft 

peaty clay showed the N values of 0 and 1 blow at Site_05 and Site_08, at a depth 

between R.L. -0.9 to R.L. -10.75 m, respectively. In addition, firm peaty clay was also 

observed at Site_15, at the depth of R.L. -14, with a blow count of 7 blows.  

The correlations between the measured SPT-N values with the energy corrected values 

N60, for the aforementioned three locations in the study area, are shown in Figure 5.6. 

From the above three figures, there is a match between the two values in those 

locations. 
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                        Figure 5.6 (A)                    Figure 5.6 (B)                    Figure 5.6 (C) 

Figure 5.6 Comparison of SPT-N and N60 for three locations in the study area  

5.5.1.2 Overburden pressure correction  

The SPT data was also adjusted using an overburden correction that compensated for 

the effects of the effective stress. The deep tests in a uniform soil deposit have higher N 

values than in the shallow tests of the same soil. Thus, the overburden correction 

adjusted the measured N value to the corrected value, so that the SPT- N value provided 

a consistent point of reference (see Equations 5.2 and 5.3). 
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 (𝑁1)60 = 𝐶𝑁 × 𝑁60                      (5.2) 

Where:  

        CN = the correction factor for overburden pressure. 

         (N1)60 = the N60 value corrected to a reference stress of one atmosphere 

The value CN was suggested by Skempton (1986) as in the following equation:  

  𝐶𝑁 =
2

1+
𝜎𝑣̅̅ ̅

𝜌𝑎
⁄

̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅
                      (5.3) 

Where:  

𝜎𝑣̅̅ ̅  = the effective overburden pressure at the depth of testing is: 

       pa  = the pressure in atmosphere 

The suggestion was based, in the main, on laboratory data. 

In the study area, the SPT-N and N60 values were used to calculate the overburden 

pressure correction through the previous equations. Table 5.12 shows the corrected 

SPT-N values for each depth class, starting from the ground surface until a depth of 

R.L. - 40 m. In addition, Table 5.13 illustrates the corrected values for sand and peat in 

the soil profile of the study area. Further, Table 5.14 shows the SPT-N and N60 value for 

clay.  The SPT-N values ranged between 0 and more than 50 blows, due to the variation 

in the soil type within this class of depth (see Table 5.12). For example, the depth of 

class_1 was between R.L. +7.0 and R.L. 0.0 m, being equivalent to between 0.5 m and 

7.40 m below the ground surface which, in turn, had a wide range of soil types. 

These soil types are represented by very loose sand to medium dense sand in most of 

the locations within the study area, except in some locations at depths between 3.5 to 

7.4 m below the ground surface, where the sand became dense to very dense. This 

variation of soil type reflected the fluctuation in the N value, at this depth class, where it 

ranged between 2 and more than 50 blows. Similarly, other depth classes had various 

soil types which then led to a variation in the N value and, consequently, to the N60 and 

(N1)60 values.    
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Table 5.12  SPT- N values and the (N1)60 values for the depth classes 

Depth  

R.L. (m) 

SPT-N 

Range 

SPT-N 

Average 

(N1)60 

Range 

(N1)60 

Average 

Min Max Min Max 

7 - 0 2 >50 17.25 3.6 49.5 21.77 

0 – (-5) 0 >50 38.97 0 49.5 36.15 

(-5) – (-10) 12 >50 48.89 8.2 49.5 35.09 

(-10) – (-15) 0 >50 35.32 0 49.5 16.56 

(-15) – (-20) 0 >50 42.39 0 49.5 20.04 

(-20) – (-25) 0 >50 29.39 0 49.5 20.95 

(-25) – (-30) 4 >50 22.4 1.39 49.5 9.43 

(-30)–(-40) 5 >50 27.64 1.65 49.5 10.28 

 

Table 5.13 SPT-N values and the (N1)60 values for sand and peat in the study area 

Soil Type SPT-N 

Range 

SPT-N 

Average 

(N1)60 

Range 

(N1)60 

Average 

Min Max Min Max 

Very Loose 

Sand 

0 4 1.74 0 5.81 2.29 

Loose Sand 4 10 7.30 5.07 18.01 11.49 

Medium 

Dense Sand 

11 29 18.7 2.88 48.63 15.7 

Dense Sand 31 49 38 7.1 53.66 22.9 

Very Dense 

Sand 

50 >50 50 11.72 87.8 31.77 

Peat 0 22 8 0 14.22 4.53 

 

The overburden pressure corrected values (N1)60 were correlated with the measured N 

values and the energy corrected values (see Figure 5.7). Further, there was a match 

between the energy corrected and the measured N values; whereas, the (N1)60 values 

appeared to be higher than the N and N60 values near the ground surface, and they 

gradually decreased with the increase in the depth. For example, in Figure 5.7A, 

borehole 2 at Site_15 showed a difference between the measured SPT-N value. 

Additionally, the corrected value for the overburden pressure in the shallow depth was 
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11.66 blows (the measured value was 27, and the corrected value was 38.66). In 

contrast, the difference was 38.3 blows for the deepest test (the measured value was 50 

and the corrected was 11.72).    

Table 5.14 SPT- N values and the (N1)60 values for clays in the study area 

Soil Type SPT-N 

Range 

SPT-N 

Average 

(N1)60 

Range 

(N1)60 

Average 

Min Max Min Max 

Very soft 

clay 

0 1 0.28 0 1.14 0.26 

Soft clay 3 5 4.18 0.99 1.8 1.46 

Firm clay 5 10 7.8 1.45 4.25 2.83 

Stiff clay 10 20 14.91 3.2 9.5 5.35 

Very stiff 

clay 

20 36 25 5.81 12.88 8.7 

 

5.5.2 Cone Penetration Test CPT 

The cone penetration test, an in-situ test for conducting rapid soil exploration for depths 

less than 30 m without drilling mess, is relatively fast, inexpensive, and supplies an 

immediate continuous record of data that the SPT cannot provide. Further, the cone 

penetrometer, one of the most versatile techniques available for soil exploration (Luune 

et al., 1997), has been widely used in lieu of the SPT, especially for soft soils, such as 

soft clay, soft silt, and fine to medium dense sand (Bowles, 1996). In addition, the 

penetrometer allows a wide range of sensors to be attached to it to increase the 

opportunity to obtain extra data. However, it is not well adapted to gravelly or stiff/hard 

cohesive soils. As an in-situ test, the standards that govern its uses are represented by 

EN ISO 22476 part 1 (UK and Europe), and ASTM D5778 (US) (Knappett & Craig, 

2012). 
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                          Figure 5.7A                    Figure 5.7B                      Figure 5.7C 

Figure 5.7 Comparison of SPT-N, N60 , and (N1)60  for three locations in the 

study area 

The basic cone penetrometer consists of a slender metal rod equipped with a cone 

shaped tip. The cone has a cross sectional area of 10 cm
2
 and an apex angle of 60° 

which is pushed vertically into the ground by using a thrust machine, at a constant rate 

of penetration of 2 cm per second (Knappett & Craig, 2012). Normally, the CPT thrust 

machine, which weights 15-20 tonnes, provides a mass reaction to be penetrated in stiff 

clays or dense sands to about 30 m (Luune et al., 1997). The equipment may be 

temporarily and may be further ballasted for deeper investigations (see Figure 5.8). 

Additionally, push rods can be attached to extend the string for an extra penetration, 

while cables passing up through the centre of the push rods can transmit the data from 

the apparatuses to the ground recording unit (Knappett & Craig, 2012).   
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Moreover, the Cone Penetration Test is a useful method for examining subsurface 

stratigraphic profiles associated with organic materials (such as peat), discontinuous 

lenses, and soft and potentially liquefiable materials. Four main parameters can be 

obtained from the CPT test: cone resistance, friction (sleeve) resistance, friction ratio, 

and pore water pressure. Theoretically, the cone resistance is related to the undrained 

shear strength of a saturated cohesive material; whereas, the sleeve friction is related to 

the friction of the soil being penetrated (Rogers, 2011). Soil types can also be identified 

through the CPT parameters. For example, clays have high sleeve friction and low 

penetration resistance, while gravelly soils have low sleeve friction and high cone 

resistance. For this reason, Robertson (1990) suggested a soil behaviour type 

classification chart to be used to identify the soil types, based on their normalised CPT 

data (sleeve friction and cone resistance) (see Figure 5.9). 

The current research focused on three CPT parameters: cone resistance, friction 

resistance, and friction ratio, based on the available data in the study area. These 

parameters are discussed in the following sections. 

 

 

Figure 5.8 Schematic of Cone Penetration Test (CPT) showing standard 

terminology (Knappett & Craig, 2012)  
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Figure 5.9 Soil classification chart from CPT (Lunne et al., 1997)  

5.5.2.1 Cone Resistance  

Cone resistance (also called tip resistance) can be measured by load cells located behind 

the tapered cone. Bowles (1996) identified five cone types in use in engineering 

practice, namely: (1) the mechanical or Dutch cone was the earliest cone, and first used 

in The Netherlands (see Figure 5.10); (2) the electric friction cone, which acquired its 

first modification using strain gauges to measure the point resistance and the side 

friction (see Figure 5.11a); (3) the electric piezo, which is a modification of the electric 

cone, and measures the pore water pressure during the test (see Figure 5.11b); (4) the 

electric piezo/friction was an additional modification that allows for the measuring of 

the point resistance, the friction resistance, and the pore pressure; (5) the seismic cone 

which is an extra modification which contains a vibration sensor to obtain the shear 

wave velocity from a surface hammer impact, that is, to compute the dynamic shear 

modulus.  
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Figure 5.10 (a) Mechanical (Dutch) cone, (b) operation sequence, and (c) tip 

resistance data (Bowles, 1996)  

   

 

Figure 5.11 (a) Electric cone (b) Electric piezo/friction (c) cone pore pressure 

sensor locations (Bowles, 1996)  
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In the current study, the data of the cone resistance values were collected from 43 CPT 

bores at nine locations throughout the study area (see Figure 5.12). Further, the data 

were extracted from the CPT cone resistance graphs using the GetData Graph Digitizer 

software. The locations of the CPT bores were at Sites 02, 03, 07, 15, 18, 20, 26, 29, 

and 34. The total number of cone resistance values collected in the study area was 

1,183. The highest value was 49.64 MPa, at a depth of 6.0 m below the ground surface 

(R.L. 0 m) in CPT2 at Site_29; it reflected very dense cemented sand. In contrast, the 

lowest value was 0.25 MPa at a depth of 0.04 m below the ground surface (R.L. +5.16 

m) in CPT4 at Site_34; it indicated very loose sand. The deepest CPT bore was 11.8 m 

in CPT14 at Site_2 in the northeast of the study area, while the shallowest CPT bore’s 

depth was 2.13 m at Site_07. Figure 5.13 and Figure 5.14 illustrate the results of the 

cone resistance values with the SPT-N value in Site_15 and Site_34, respectively. The 

cone resistance values were correlated with the measured SPT-N value, the energy 

corrected value (N60), and the overburden pressure value (N1)60. The results showed a 

similar trend to the CPT and SPT values at the same locations. This outcome is 

consistent with the correlation between cone resistance and the energy corrected values 

N60 adopted by Kavur et al. (2008) in Croatia and Akbar et al. (2008) in Pakistan.     

5.5.2.2 Sleeve friction (friction resistance)  

Sleeve friction is a parameter of the cone penetration test. It was determined by the 

force required to push the sleeve into the deposits. Further, the sleeve friction was 

measured by the tension load cells located in the sleeve of the cone; the average skin 

friction was measured when the penetrometer was advanced into the soil. In cohesive 

soils, such as clays, the value of sleeve friction is noticeable, especially when they are 

partially saturated. In contrast, the non-cohesive soils, such as sand or peat, show the 

low values of friction resistance. 

In the present research, 1,075 sleeve friction values were extracted from the CPT charts 

of soil investigation reports using the GetData Graph Digitizer software. These values 

were obtained from 23 bores at 5 sites (Sites 2, 15, 26, 29 and 34) (see Figure 5.15).  

The highest two values from the available data were 502.39 and 502.18 kPa at depths 

5.56 m (R.L. +0.64 m) and 5.18 m (R.L. +0.92 m), in CPT1 and CPT5 at Site_29 and 

Site_34, respectively. The lowest value was 4.48 kPa at a depth of 0.02 m (R.L. +1.88 

m) in CPT6 at Site_15.  
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The variation in the sleeve friction and cone resistance with depth was performed in 

four sites within the study area, namely, Site_15, Site_26, Site_29, and Site_34 (see 

Figure 5.16 to Figure 5.19), respectively. These figures show a similar trend in the 

variation of the cone resistance and the sleeve friction with depth in these sites.   

           

 

Figure 5.12 Cone resistance test spatial locations in the study area  
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Figure 5.13 Cone resistance and SPT-N value variation with depth in Site_15 in 

the study area 
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Figure 5.14 Cone resistance and SPT-N value variation with depth in Site_34 in 

the study area 
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Figure 5.15 Sleeve friction test spatial locations in the study area  
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Figure 5.16 Variation of sleeve friction and cone resistance with depth in 

Site_15 

 

                         

Figure 5.17 Variation of sleeve friction and cone resistance with depth in 

Site_26 
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Figure 5.18 Variation of sleeve friction and cone resistance with depth in 

Site_29   

                                 

Figure 5.19 Variation of sleeve friction and cone resistance with depth in 

Site_34 
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5.5.2.3 Friction ratio 

Friction ratio is the ratio between the sleeve friction and the cone resistance. It is usually 

given as a percentage (see Equation 5.4): 

Friction Ratio =
Sleeve Friction

 Cone Resistance
∗ 100%                    (5.4) 

The ratio is primarily used for soil classification (see Figure 5.9). Normally, high 

friction ratios reflect clayey soils with high cohesion and low friction angle; whereas, 

lower ratios indicate sandy soils or dry clays. In the current study, 860 friction ratio 

values were extracted from the CPT charts of the soil investigation reports by using the 

GetData Graph Digitizer software. These values were obtained from 23 bores at 5 sites 

within the study area; the locations were the same as for the sleeve friction (Sites, 02, 

15, 26, 29, and 34) (see Figure 5.15).  

The highest value over the available data was 9.84% at a depth of 10.4 m (R.L. -7.4 m) 

CPT14 at Site_2. In contrast, the lowest value was 0.17% at a depth of 0.27 m (R.L. 

2.73 m) in CPT8 at Site_15. In addition, the deepest CPT bore was at a depth of 11.8 m 

in CPT14 at Site_2, with a friction ratio of 9.72 %.    

Variations in the cone resistance, sleeve friction, and friction ratio, with depth, were 

performed for Site_15, which was located in the centre of the study area where most of 

the high rise buildings were constructed (see Figure 5.20). The behaviours of the cone 

resistance, sleeve friction, and friction ratio with depth were consistent. 
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Figure 5.20 Variation of cone resistance, sleeve friction, and friction ratio with 

depth in Site_15 

Bowles (1996) identified that the friction ratio was used primarily for soil classification 
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ratio was also used to estimate the soil sensitivity, St for clayey soils with the correlation 

being approximately: 

𝑆𝑡 ≈ 10/f𝑟                        (5.5) 

Where: 

St =  soil sensitivity   

fr =   friction ratio in percent  

10 = a constant which is an approximation and may be improved with data from 
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1.62 and 12.95 (see Figure 5.21). Thus, according to the classification given by Bowles 

(1996), the layer can be classified as insensitive to extra-sensitive layer. However, no 

CPT data was available for the depths below R.L.  -5.0 m, thus, all the CPT data were to 

this depth.  

 

                                          

Figure 5.21 Variation in the sensitivity of the clay layer with depth in Site_15 

(Based on Equation (5.6))  
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of Surfers Paradise; it contains the majority of the geotechnical data for the current 

research. The remaining available data were clustered at the north and the south of the 

hub, thus, it was not worthwhile to perform a cross section, or to connect with the 

current cross sections, unless provided with additional data.  

5.6.1 North-South cross section     

The North-South cross section was drawn within the core of the study area; it passed 

through four sites, for a distance of 576 m (see Figure 5.22). The cross section 

connected 17 borehole profiles at Site_8 (BH.1, BH.4, BH.6, and BH.11), Site_12 

(BH.6, BH.FB4, BH.FB3, BH.FB2, BH.FB1, and BH.3), Site_14 (BH.4 and BH.5), and 

Site_15 (15: BH.F, BH.H, BH.8, BH.11, and BH.13). The distance between these 

boreholes ranged between 20 and 45 m. However, for only two locations the distance 

was 55 m and 78 m. The vertical and horizontal scales of this cross section were 1:250 

and 1:2,500, respectively, undertaken using AutoCAD 2013. Further, this cross section 

identified the extent of the peat layer in a North-South direction in the core of the study 

area. In addition, it showed the horizontal variation in the thickness of peat with depth, 

along the nominated distance (see Figure 5.23).  

 

Figure 5.22 Cross sections directions and locations in the study area  
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Seven soil types were representative of this cross section, namely, sand (very loose to 

very dense), clay (very stiff to hard), peat, gravel, clayey sand or sandy clay, gravelly 

sand or sandy gravel, and sandy clayey gravel. The sand occurs from the ground surface 

until a depth of R.L. -26.4 m. In contrast; the clay ranged from R.L. -9.3 m to R.L. -33.9 

m as a multi thickness interbedded layer within and below the sand. The thickest sand 

layer occurred within the stratigraphic column of borehole BH.11 at Site_8, with a 

thickness of 33.1 m. This layer of sand had an embedded layer of peat, with a thickness 

of 4.0 m, at a depth of R.L. -11.1 to R.L. -15.1 m. A layer of embedded clay with a 

thickness of 5.4 m at a depth of R.L. -26.4 to R.L. 31.8 m was also found. 

The thickness of peat within this cross section was between 0.1 to 6.0 m. The thinnest 

peat layer was in borehole BH.4 in Site_8 at the depth of R.L. -9.7 m; it was described 

as amorphous black peat. In contrast, the thickest peat layer was BH.13 in Site_15 at a 

depth of R.L. -15.7; it was described as moist dark brown peat, with low plasticity and 

decaying vegetation. 

5.6.2 East-West cross section   

The East-West cross section was drawn within the core (centre) of the study area at 4 

sites for a distance of 462 m (see Figure 5.22). This cross section passed through 11 

boreholes at Site_10 (BH.3, BH.7, BH.5, and BH.4), Site_12 (BH.1, and BH.3), Site_14 

(BH.4 and BH.3), and Site_13 (BH.6, BH.1, and BH.13).  

The distance between these boreholes ranged between 10 and 35 m; however, in four 

locations the distance was between 50 and 110 m. The vertical and horizontal scales of 

this cross section were 1:200 and 1:2,000, respectively. The cross section was 

undertaken using AutoCAD 2013. The cross section identified the extent of the peat 

layer in an east-west direction, within the core of the study area. In addition, it showed 

the horizontal fluctuations in the thickness of the peat, with the depth along the 

nominated distance (see Figure 5.24).  
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Figure 5.23 North – South cross section in the core of the study area   
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Figure 5.24 East-West cross section in the core of the study area  
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5.7 PHYSICAL PROPERTIES OF PEAT AND SOILS  

The physical characteristics of soil should be taken into consideration when designing-

within the construction field. Like all other physical materials, soils have unique 

properties that define them in specific locations. Soil is made of different materials, 

such as gravel, sand, silt, clay; in most cases it can be found as a combination or 

mixture of all these materials; in this case it is called ‘conglomerate’. The proportion of 

these components determines the physical behaviour of the particular type of soil. In 

addition, the soils are arranged in three-dimensional solid aggregates and pores, with a 

general tendency to stick to each other.                        

In the current research, the seven physical geotechnical characteristics of peat and soil 

were examined from the available data. These characteristics (Atterberg limit, dry 

density, water content, specific gravity, organic content, void ratio, and permeability 

(hydraulic conductivity)) are discussed below. 

5.7.1 Atterberg limit 

Terzaghi et al. (1996) confirmed that the consistency or Atterberg limits are indicators 

of the moisture content range that soil consistency goes through, that is, liquid to plastic 

to soil states. It may also appear in four states: liquid, plastic, semi-solid, and solid 

states (see Figure 5.25), while the boundaries between each state define the change in 

the behaviour of the soil.  

In 1911, a series of soil tests were developed by the Swedish soil scientist Albert 

Atterberg to assess the relationship between soil consistency and moisture content. 

Later, in the 1930s, Casagrande and Terzaghi adapted these soil tests for civil 

engineering purposes (Huat, 2004). The overall objective of the Atterberg limit is to 

obtain index information that can be used for fine grained soil classification, soil 

identification, the estimation of settlement and strength, and the correlations to a wide 

variety of soil engineering properties.   
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Figure 5.25 Atterberg’s limit (modified from Look, 2007)  

The Atterberg limit consists of three separate well known tests for cohesive fine grained 

soils, namely, the Liquid Limit (L.L.), the Plastic Limit (P.L.), and the Shrinkage Limit 

(S.L.) (ASTM D4318, BS1377:1990; Australian Standard AS1289:2000). The liquid 

limit and plastic limit tests are very common in soil laboratories; in contrast, the 

shrinkage limit test is rarely utilised by civil engineers (Huat, 2004). Two methods are 

used to determine the liquid limit of soil, namely, the Casagrande and the cone 

penetrometer methods (see Figure 5.26). 
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Figure 5.26 Laboratory apparatus for determining liquid limit (a) fall -cone, (b) 

Casagrande apparatus (Knappett & Craig, 2012)  

According to Look (2007), laboratory testing for the Atterberg limit confirms the soil 

plasticity description provided in the field (see Table  5.15). In addition, these tests are 

performed on the percentage passing the 425µm sieve; this percentage must be reported. 

Table 5.15 Atterberg Limit (Look, 2007) 

Symbol Description Comments 

LL Liquid limit – minimum moisture content at 

which a soil will flow under its own weight. 

Cone penetrometer test or 

Casagrande apparatus. 

PL Plastic limit – minimum moisture content at 

which a 3mm thread of soil can be rolled with 

the hand without breaking up.  

Test 

SL Shrinkage limit – maximum moisture content at 

which a further decrease of moisture content 

does not cause a decrease in volume of the soils. 

Test 

PI Plasticity Index = LL – PL Derived from other tests. 

LS Linear shrinkage is the minimum moisture 

content for soil to be mouldable. 

Test used where difficult to 

establish PL and LL.  

PI = 2.13 LS 

 

Soils vary in their liquid and plastic limits, so there is no typical value or range for these 

two limits for clay and silt. This is because the Atterberg limits are fully dependent on 

the water content of those materials. However, for peat soils, according to Huat (2004), 

the liquid limit depends on the type of plant remains contained, the degree of 
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humification, and the presence of clay. Further, Hobbs (1986) reported that the 

Atterberg limits of peat depended mainly on the parent materials of peat, the degree of 

humification, and the ash content. Further, temperate peat appears to have a liquid limit 

of between 200 to 600% for fen peat, and between 800 to 1500% for bog peat. In 

addition, the presence of fibre in peat makes it difficult to measure the liquid and plastic 

limits (Ajlouni, 2000). Thus, this issue reflected the meaninglessness of the data in 

terms of the Atterberg limits of peat (Hobbs, 1986; Nakayama et al., 1990; Lan, 1992). 

However, for other types of peat, Huat (2004) reported that the liquid limit and the 

plastic limit values for west Malaysian peat (LL: 190-360%, PL: 100-200%), Cranberry 

bog peat (Massachusetts) (LL: 580-600%, PL: 375-400%), and Cork amorphous peat 

(Ireland) (LL: 690%, PL: 561%). 

In the study area, the values of the Atterberg limits were taken from five sites (Site_04, 

Site_13, Site_15, Site_24, and another site on the border of the southern boundaries 

(Site_#). As such, the Atterberg limits showed a wide range between the clay and peat 

at different depths (see Table 5.16). 

The peat layer, encountered at Site_15 in the core of the study area, had the highest 

Atterberg limit values among other soil types (see Table 5.16). For example, it had 

liquid limits values that ranged from 259 – 305%, plastic limit values that ranged from 

125 – 207%, a plasticity index between 88 – 134, and linear shrinkage between 21.5 – 

35%. However, the Atterberg limit values for the clay at Site_24 were (LL= 88%, PL = 

27%, and the PI= 61).  

Further, an indirect method was used to obtain information from the existing data by 

linking the plasticity index with the clay-sized fraction. According to Knappett and 

Craig (2012), and McCarthy (2007), stated that the degree of plasticity of soils in clay-

sized fractions is expressed by the ratio of plasticity index (PI) to the percentage of clay-

sized fractions. This ratio, called the clay activity (see Equation 5.6), was the first 

defined by Skempton (1953), namely: 

𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =
𝑃𝑙𝑎𝑠𝑡𝑖𝑐𝑖𝑡𝑦 𝐼𝑛𝑑𝑒𝑥

𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑜𝑓 𝑐𝑙𝑎𝑦 𝑠𝑖𝑧𝑒 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠
                              (5.6) 

This equation can be applied to the clay-sized fine particles in Site_24, located in the 

South-East end of the core of the study area. The fine fraction percentage at this site was 

88% with a plasticity index of 61, at a depth of R.L. -22.5 m. These fine particles were 

described as moist grey and brown clay. The activity of this clay, based on Equation 
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5.7, at site 0.69, was classified as ‘Illite’ (the mineral group of this clay) (Day, 2001). 

Illite is a non-expanding, clay-sized, musaceous mineral (see Figure 5.27). In addition, 

this type of soil particles can be considered ‘normal soil’ because it has an activity 

between 0.75 and 1.25 (i.e. the plasticity index is approximately equal to the clay 

fraction) (Knappett & Craig, 2012; McCarthy, 2007). However, in another borehole, the 

fine percentage and the plasticity index were 64% and 30 %, respectively, at a depth of 

R.L. -24 m. These fine particles were described as moist sandy clay, grey, fine to 

medium sand. Thus, based on Equation 5.7, the activity for this material was 0.47. 

According to its mineral group, it can be classified as Illite to Kaolinite clay (Day, 

2001). 

 

Figure 5.27  Distribution of clay minerals on plasticity chart (Constantinescu & 

Constantinescu, 2011)         

In addition, the variation of the Atterberg limits, with depth in the study area, was 

examined (see Figure 5.28). The highest Atterberg limit values indicated that the peat 

layer was located within the depth between R.L. -10 to R.L. -15 m, within the five sites 

in the study area. 
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Table 5.16 Atterberg limits and soil description in the study area 

  NP: indicates Non Plastic 

Further, the Atterberg limit data for the study area was plotted on the plasticity chart for 

soil classification purposes (see Figure 5.29). This chart was used for plotting the 

experimental results from different parts of the world, and has a plasticity index (as an 

ordinate) versus the liquid limit (abscissa) with the A-line. According to Budhu (2007), 

the A-line is defined by Equation 5.7:  

𝑃𝐼 = 0.73 (𝐿𝐿 − 20)%                                       (5.7) 

Furthermore, there were two main groups of soil types in the study area (see 

Figure 5.29). Normally, the A-line delineates the boundaries between the silts and 

organic soils, which were located below the line, while the clays were located above the 

line. Thus, the data from the first group of points were located above the A-line, which 

represents the clays. Based on the Atterberg plasticity chart, this type of clay was CH 

(High plasticity clay), in some sites, and CL (Low plasticity clay), in others. The high 

Location R.L. (m) LL PL PI LS Description 

Site_04 -26.5 68 25 43 18 Silty clay 

Site_04 -29.8 60 23 37 16 Silty clay 

Site_04 -26.1 69 23 46 18.5 Silty clay, dark grey, very silty, some 

shell fragments and peaty zones 

Site_04 -27.6 76 23 53 20.5 Silty clay, dark grey, very silty, some 

shell fragments and peaty zones 

Site_04 -29.5 50 20 30 14.5 Silty peaty clay, dark grey silty, peaty 

clay with sand lenses and shells 

Site_04 -28.9 67 24 43 18 Silty clay, dark grey, very silty with 

occasional fine sand lenses.  

Site_13 0.25 24 16 8 3.5 Sandy clay 

Site_13 -19.2 31 15 16 8 Stiff to very stiff light grey sand 

clay/clayey sand 

Site_13 -22.2 25 20 5 2 Interbedded medium dense silty sand 

& clayey sand 

Site_13 -29.7 34 14 20 9.5 Medium dense clayey sand 

Site_13 -12.3 - - NP 0 Medium dense silty sand, organic 

odour. 

Site_13 -16.8 - - NP 0 Very dense sand 

Site_15 -10.35 295 207 88 34 Peaty clay, odorous, dark brown 

Site_15 -10.5 305 199 106 35 Peaty clay, much organic material 

Site_15 -14.25 259 125 134 21.5 Peat 

Site_24 -22.5 88 27 61 22 Clay, grey and brown, moist, fines: 

88% 

Site_24 -24 51 21 30 13.5 Sandy clay, grey, moist  

Site_# -24 48 23 25 13 Clay, hard, grey 
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plasticity clays were found in Site_24, Site_4, and another site, located near the 

southern boundary of the study area.   

 

 

Figure 5.28 Atterberg’s limits variation with the depth in the study area  

 

The second group of points were located below the A-line, which represented organic 

soils based on the Atterberg plasticity chart. The organic soils in the currrent study 

represented the peat layer and the organic clays, which were already identified at certain 

depths within the study area. This layer had both high and variable PI and LL values 

compared with mineral soils. For example, the PI and LL values of the peat were 106 

and 305%, respectively; whilst it was 25 and 28%, respectively, for clay in different 

sites (see Table 5.16).  

Budhu (2007) determined that there is a U-line located above the A-line in the plasticity 

chart. This U-line has an equation of {PI = 0.9 (LL-8)}, which defines the upper limit of 

the correlation between PI and LL. Further, if the results of a particular soil type fall 
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above this line, the test is inaccurate. In the current study, no points were located above 

the U-line. To highlight the liquid limit and the plastic limit, magnitudes of some soil 

and peat deposits, in selected regions, were compared in the study area (see Table 5.17). 

 

Figure 5.29 Atterberg limit’s of soil in the study area on the plasticity chart  

Table 5.17 liquid limit and plastic limit of some soil and peat deposits 

Location of peat Liquid 

limit % 

Plastic 

limit % 

Reference 

Massachusetts, Carver peats 580 – 600 375 – 400 Elsayed et al. (2011) 

Indiana, West Lafayette, Celery 

Bog peat 

228 – 406 114 – 253 Santagata et al. (2008) 

Malaysia, Klang 202 – 220 / Hashim & Islam (2008c) 

Singapore peat 30 – 700 15 – 400 Tan (1983) 

Singapore peat 155 92 Lo et al. (1990) 

Singapore, Bishan clayey sand 57 23 Lo et al. (1990) 

Singapore, Bishan, silty fluvial 

clay 

64 26 Lo et al. (1990) 

Malaysia, Sessang peat 213 / Abdullah et al. (2007) 

Canadian Peat 558 87 Hollingshead & Raymond 

(1972) 

Carver peats 590 390 Elsayed (2003) 

Malaysia, Carey Island marine 

clay 

33 – 104 24 – 41 Shanul et al. (2004) 

West Malaysia peat and organic 

soil  

190 – 360 100 – 200 Huat (2004) 

East Malaysia peat and organic 

soil 

210 – 550 125 – 297 Huat (2004) 
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Table 5.17 liquid limit and plastic limit of some soil and peat deposits (continued) 

Malaysia, Johore hemic peat 220 – 250 / Zainorabidin & Bakar (2003) 

Malaysia, west coast clay 56 – 90 30 – 35 Huat (2004) 

Fen peat 200 – 600 / Huat (2004) 

Bog peat 800 – 1500 / Huat (2004) 

Poland, Antony fibrous peat 305 – 310 / Huat (2004) 

Ireland, Cork amorphous peat 690 561 Huat (2004) 

Massachusetts, Cranberry bog 

peat 

580 – 600 375 -400 Huat (2004) 

Samarhan hemic peat 210 – 550 125 – 297 Huat (2004) 

Turkey, Kayseri peat 147 – 320 Non 

plastic 

Ulusay et al. (2010) 

Canada, Quebec, Berthierville 

Clay 

45 23 Kim & Leroueil (2001) 

Belgium, Boom clay 52 17 Baldi et al. (1991) 

Italy, Pontida silty clay 32.3 19.4 Hueckel & Baldi (1990) 

Sweden, Sulphide silty clay 110 50 Eriksson (1989) 

Thailand, soft Bangkok clay 103 60 Abuel-Naga et al. (2005) 

Korea, Yangsan clay, Pusan 65 – 70  10 – 30 Tanaka et al. (2001) 

Australia, Gold Coast, Surfers 

Paradise peat 

259 – 305 125 – 207 Present Study 

Australia, Gold Coast, Surfers 

Paradise clay 

50 – 88  20 – 27  Present Study 

Australia, Gold Coast, Surfers 

Paradise sand 

25 – 34  14 – 20  Present Study 

5.7.2 Dry density 

Density (ρ) can be defined simply as a total mass (M) over a total volume (V). It is 

different from unit weight (γ), where it represents a total weight (W) over a total volume 

(V) and, normally, the weight is equal to mass (in kg) times acceleration due to gravity 

(g = 9.81 m/sec
2
).  

Thus, dry density (ρd) is the mass of solid particles (Ms) over the total volume (Vt); it 

can be expressed as: 

ρd =Ms/ Vt                           (5.8) 

Compared with mineral soils, peat and organic soils show low and variable values for 

dry density (see Table 5.18). Huat (2004) found that the dry density is influenced by the 

effective load to which the peat is subjected. Further, the recorded dry density of peat is 

about 0.13 Mg/m
3
 and, sometimes, drops to 0.071 Mg/m

3
 (see Table 5.19). 

Additionally, the dry density can be predicted by using empirical equations. For 

example, Den Haan (1997) proposed an empirical equation for dry density and the water 

content of the temperate peat soils in the district of central Netherlands. In another 

study, Duraisamy et al. (2007) developed another empirical equation between dry 
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density and the water content of the peat soil in Malaysia; this equation was consistent 

with that of Den Haan (1997). Alraziqi et al. (2003) also created an empirical formula 

between dry density and the water content for different types of peaty soils in Malaysia. 

These formulae were correlated with the data from the current study; the results are 

presented in Chapter 6. 

Further, the current dry density values showed a wide range of values due to the 

variation in the soil types in 10 locations (Site_04, Site_06, Site_07, Site_13, Site_15, 

Site_17, Site_20, Site_24, Site_34, and Site_#, which was located at the southern 

boundary of the study area. The peat and organic soils had low dry density values 

compared with the mineral soils, due to the presence of organic matter, high water 

content, and high void ratio (see Table 5.18). 

Table 5.18 Dry density values and soil description in the study area 

Location Depth 

(m) 

Depth 

R.L. (m) 

Dry density 

(Mg/m
3
) 

Soil description 

 Site_15 11.9 -10.5 0.37 Peat, dark brown, odorous, much organic.  

Site_15 12.35 -10.35 0.4 Peaty clay -dark brown odorous 

Site_15 15 -14.25 1.14 Peat 

Site_07 14.63 -10.63 1.1 Firm black Peat 

Site_07 14.63 -10.63 1.1 Firm black Peat 

Site_13 13 -11.4 0.476 Organic clay, dark grey 

Site_13 16 -13 0.456 Organic clay, dark grey 

Site_06 

16 -12.4 0.912 

Silty clay dark grey& brown, some 

organics 

Site_06 16 -12.5 0.313 Organic clay/ Peat dark grey 

Site_06 23.5 -20 1.552 Silty clay, grey mottled brown 

Site_34 26.5 -20 1.51 Clay 

Site_34 28 -21.5 1.55 Clay 

Site_04 28.7 -26.1 1.09 Silty clay, shell fragments and peaty zones 

Site_04 30.2 -27.6 1.08 Silty clay, shell fragments and peaty zones 

Site_04 29.2 -26.5 1.07 Silty clay 

Site_04 32.5 -29.8 1.17 Silty clay 

Site_04 27 -25 1.11 Silty clay 

Site_04 29 -27 1.09 Silty clay 

Site_04 28.3 -26 1.08 Silty clay 

Site_04 31.5 -28.9 1.08 Silty clay 

Site_04 32.1 -29.5 1.64 Silty clay 

Site_17 30.55 -23.12 1.62 Stiff grey silty sandy clay 

Site_20 11.6 -4.6 1.265 Soft dark brown black peat 

Site_24 30 -24 1.92 Sandy clay, grey, fine to medium sand  

Site_24 28.5 -22.5 1.91 Clay 

Site_# 27 -21 1.865 Clay, grey, moist 

Site_# 25.5 -19.5 1.916 Clay, grey, moist 
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Moreover, the dry density values were plotted with depth to examine the variations 

within the study area (see Figure 5.30). The dry density values of peat were 

significantly lower than those for the mineral soils, due to the presence of organic 

matter. The peat layer, based on this graph, was located at a depth between R.L. -10 and 

-15 m, according to the low density values.   

 

                                                                  

Figure 5.30 Dry density variation with depth in the study area  

The dry density values can be estimated from the water content via a number of 

empirical relationships, such as the ones proposed by Den Haan (1997), Duraisamy et 

al. (2007), and Huat (2004). These empirical relationships yielded very low dry density 

values when these formulae were applied to the peat and soil in the study area. The 

resulting estimated dry density values were between (0.00042 – 0.033 Mg/m
3
), based on 
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the Den Haan (1997) empirical equation [ρd = 35.075 (w)
-0.856

]. Whereas, the resulting 

estimated dry density values from the Duraisamy et al. (2007) empirical equation [ρd = 

22.422 (w)
-0.804

] were between (0.00097 – 0.059 Mg/m
3
). In contrast, the estimated dry 

density values were between (0.0038 – 0.134 Mg/m
3
), based on Huat’s (2004) empirical 

equation [ρd = 0.872 (w + 0.317)
-0.982

]. Although the resulting estimated dry density 

values were lower than the measured dry density values, a linear regression was found 

between the estimated and the measured values, with the R
2
 values ranging between 

0.94 and 0.99 (see Section 6.2.1, Chapter 6). Table 5.19 shows the dry density values of 

some soil and peat deposits in some regions around the world. 

Table 5.19 Dry density values of some soil and peat deposits 

Location of peat Density type Density 

(Mg/m
3
) 

Reference 

Massachusetts, Carver peats Bulk unit weight 1.02 – 1.06 Elsayed et al. (2011) 

Malaysia, Klang Bulk density 1.03 – 1.04 Hashim & Islam (2008a) 

Singapore, Juring peat Bulk density 1.427 – 

1.488 

Ramaswamy et al. (1979) 

Singapore peat Bulk density 1.0 – 2.0 Tan (1983) 

Singapore, Bishan peat Bulk density 1.29 Lo et al. (1990) 

Singapore, Bishan clayey sand Bulk density 1.98 Lo et al. (1990) 

Singapore, Bishan peaty clay Bulk density 1.29 Lo et al. (1990) 

Singapore, Bishan silty clay Bulk density 1.67 Lo et al. (1990) 

Singapore, Bishan clayey 

fluvial sand 

Bulk density 1.79 Lo et al. (1990) 

Canada, Montreal peat Unit weight, 

natural condition 

0.97 Samson & Rochelle 

(1972) 

Canada, Montreal peat Unit weight, dry 0.099 Samson & Rochelle 

(1972) 

Malaysia, Sessang peat Bulk density 0.79 – 0.84 Abdullah et al. (2007) 

Italy, Adria peat Unit weight 1.05 – 1.09 Cola & Cortellazzo 

(2005) 

Italy, Correzzola peat Unit weight 1.05 – 1.10 Cola & Cortellazzo 

(2005) 

Canada, James Bay peat Total unit weight 0.84 – 1.02 Ajlouni (2000) 

Canada, Middleton peat Total unit weight 0.92 – 1.04 Ajlouni (2000) 

Canada, Fond du Lac County Unit weight 1.04 Dhowian & Edil (1980) 

Canada, Portage Unit weight 0.97 Dhowian & Edil (1980) 

Canada, Waupaca County Unit weight 0.97 Dhowian & Edil (1980) 

Canada, Middleton Unit weight 0.92 Dhowian & Edil (1980) 

Thailand, soft clay Density 1.63 Phien-wej et al. (2006) 

The Netherlands peat Bulk density 0.97 Termaat & Topolnicki 

(1993) 

Malaysia, Carey Island marine 

clay 

Unit weight 1.32 – 1.72 Shanul et al. (2004) 

West Malaysia peat and 

organic soil  

Unit weight 0.84 – 1.17 Huat (2004) 

Malaysia, Klang peat Bulk density 1.03 – 1.04 Wong et al. (2008) 

Malaysia, Selangor peat Bulk density 0.99 – 1.02 Moayedi et al. (2013) 
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Table 5.19 Dry density values of some soil and peat deposits (continued) 

East Malaysia peat and 

organic soil 

Unit weight 0.81 – 1.22 Huat (2004) 

Malaysia, Johore hemic peat Unit weight 0.76 – 1.04 Zainorabidin & Bakar 

(2003) 

USA, Wisconsin, fibrous peat Wet unit weight 1.01 Hanson et al. (2001) 

USA, Wisconsin, fibrous peat Dry unit weight 0.127 Hanson et al. (2001) 

USA, Wisconsin, sedimentary 

peat 

Wet unit weight 1.05 Hanson et al. (2001) 

USA, Wisconsin, sedimentary 

peat 

Dry unit weight 0.163 Hanson et al. (2001) 

West Malaysia peat Unit weight 0.84 -1.17 Huat (2004) 

Fen peat Unit weight 0.86 – 1.12 Huat (2004) 

Bog peat Unit weight 0.96 – 1.07 Huat (2004) 

Peaty clay Unit weight 1.01 – 1.32 Huat (2004) 

Poland, Antony fibrous peat Unit weight 1.07 – 1.13 Huat (2004) 

Ireland, Cork amorphous peat Unit weight 1.04 Huat (2004) 

Sumatra peat Unit weight 0.4 – 0.91 Huat (2004) 

Massachusetts, Cranberry bog 

peat 

Unit weight 1.02 – 1.06 Huat (2004) 

Austria peat Unit weight 0.99 – 1.32 Huat (2004) 

Hokkaido peat Unit weight 0.96 – 1.14 Huat (2004) 

Turkey, Kayseri peat Bulk density 0.91 – 1.36 Ulusay et al. (2010) 

Australia, Gold Coast, Surfers 

Paradise peat 

Dry density 0.34 – 1.14 Present Study 

Australia, Gold Coast, Surfers 

Paradise clay 

Dry density 1.07 – 1.91 Present Study 

5.7.3 Water content 

Basically, all natural soils contain free water in their voids. As such, the water content 

can be defined as the ratio of the weight of water in a soil to the dry weight of the 

materials of the same soil. It can be measured in a laboratory by drying the soil sample 

in an oven for 24 hours at 105°C, then performing the necessary calculation (ASTM 

D2216:1998, BS 1377:1990, AS1289:2000). This calculation, according to Huat (2004), 

is: 

𝑤 =
𝑊2−𝑊3

𝑊3−𝑊1
∗ 100%                                    (5.9) 

Where: 

w1= weight (or mass) of container + lid 

w2= weight (or mass) of container + lid + wet soil 

 w3= weight (or mass) of container + lid + dry soil 

 

The determination of the oil water content is made on recovered soil samples to obtain 

the natural moisture content (Bowles, 1996). Various other methods are available for 
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determinng the water content, such as using the gas pressure extractors, infrared-based 

equipment, and Speedy Moisture Tester (McCarthy, 2007). Water content is one of the 

most common physical properties of soil, and it can have a considerable effect on the 

behaviour of the soil. In this context, the water content has an effect on shear strength, 

as well as the duration of settlement (Bowles, 1996), and a direct effect on the Atterberg 

limits and hydraulic conductivity.  

In mineral soils, water content can be found in their voids in the case of saturated soils 

and in some of these voids in unsaturated soils. In contrast, in peat soils, the water 

content is preserved in the fibres and cells of plant remains. Based on Huat’s (2004) 

research, fibrous peat contains higher water content than does the humified peat. 

Further, the water content of peat can be in excess of 1500%, compared with mineral 

soils. In addition, Day (2001) found that the water content of the fibrous peat could be 

as high as 1200%. In this context, the water content is considered as extremely 

important, with distinctive physical properties. Peat soils can be recognised by their 

high water content, which, typically, ranges between 200 and 2000%; in contrast, it is 

rare for the mineral soils to reach a water content of 200% (Ajlouni, 2000).   

A controversial issue was raised regarding the determination of the water content 

procedure of the peaty soils. Thereis concern about drying peat at 105°C for 24 hours, 

as itmay lead to the charring of the organic components in peat (Huat, 2004). Skempton 

and Petley (1970) examined the effects of the temperature on the water content of peat. 

They measured the water content at different temperatures (60°, 85°, 100°, 105°, and 

110°C) until a constant weight was acquired. This test showed that the loss of organic 

matter was insignificant at 105°C; whereas, a small amount of free water was retained 

within the peat component at 60° and 85°C. This finding supported those of Kabai and 

Frakas (1988).  

Within the current study area, the water content values were obtained from 10 locations 

(Site_04, Site_06, Site_07, Site_13, Site_15, Site_17, Site_20, Site_24, Site_34, and 

Site_#, which is located at the southern boundaries). The water content values varied 

within the range of 1.5% to 247.1%, depending on the soil type. Table 5.20 shows the 

water content values with reference to its depth and soil types. 
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Table 5.20 Water content values and soil description for soil and peat in the study area 

Location Depth 

(m) 

Depth 

R.L. 

(m) 

Water 

content 

% 

Soil description 

Site_20 11.6 -4.6 239 Peat 

Site_15 11.9 -10.5 201.2 Peat clay 

Site_15 12.35 -10.35 176.2 Peat clay 

Site_15 15 -14.25 234.4 Peat 

Site_06 16 -12.4 72.2 Silty clay some organics 

Site_06 16 -12.5 247.1 Organic clay/ peat  

Site_06 23 -20 25.5 Silty clay 

Site_06 4 -0.5 1.5 Medium dense sand 

Site_06 5.5 -2 19.1 Dense sand 

Site_06 1 2.5 6.4 Very loose sand 

Site_06 7 -3.5 18.6 Dense sand 

Site_04 28.7 -26.1 54.3 Silty clay, peaty zones 

Site_04 30.2 -27.6 55.3 Silty clay, peaty zones 

Site_04 32.1 -29.5 22.9 Silty peaty clay 

Site_04 29.2 -26.5 57 Silty clay 

Site_04 32.5 -29.8 47.6 Silty clay 

Site_04 27 -25 53.2 Silty clay 

Site_04 29 -27 54.7 Silty clay 

Site_04 28.3 -26 54.6 Silty clay 

Site_04 31.5 -28.9 52.8 Silty clay 

Site_07 14.6 -10.63 168 Peat 

Site_07 14.6 -10.63 170 Peat 

Site_13 13 -11.4 159.3 Organic clay 

Site_13 16 -13 166.8 Organic clay 

Site_13 2.5 0.25 36.3 Sandy clay 

Site_13 22 -19.2 23.2 Sandy clay /clayey sand 

Site_13 25 -22.2 20.3 Sandy clay /clayey sand 

Site_13 32.5 -29.7 16 clayey sand 

Site_17 30.5 -23.12 24.4 Silty sandy clay 

Site_34 26.5 -20 31.5 Clay 

Site_34 28 -21.5 31.7 Clay 

Site_24 30 -24 28 Sandy clay, moist  

Site_24 28.5 -22.5 32.2 Clay 

Site_# 27 -21 36.9 Clay 

Site_# 30 -24 24.7 Clay 

Site_# 25.5 -19.5 32.8 Clay 

 

In addition, the variation in the water content, with depth in the study area was also 

investigated (see Figure 5.31). The peat layer occurred at a depth between R.L. -10 and 

-15 m, according to the high water content values within this depth. The water content 
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values of the peat layer rangedfrom 168% to 247.1%, while for the organic clay it 

ranged from 159.3% to 166.8%. In contrast, the mineral soils had water content values 

from 1.5% to 19.1%. For the normal (not organic) clay the water content ranged from 

24.7% to 57%. Further, the silty clay with some organics at Site_06 had awater content 

of 72.2%, which is slightly higher than the nonorganic clay due to the presence of 

organic matter. Similar values were found at Site_04 for the silty clay with peaty zones; 

these values were 55.3% and 54.3%.    

   

                                                                                                  

Figure 5.31 Water content variation with depth in the study area  

Table 5.21 shows water content values of some soil and peat deposits in selected 

regions. 
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Table 5.21 Water content values of peat and soil in selected regions 

Location  Water content 

% 

Reference 

Massachusetts, Carver peats 759 – 946  Elsayed et al. (2011) 

Middleton peat, Wisconsin 510 – 850  Mesri & Ajlouni (2007) 

James Bay peat, Quebec 1000 – 1340  Mesri & Ajlouni (2007) 

Indiana, West Lafayette, Celery Bog 

peat 

289 Santagata et al. (2008) 

Malaysia, Klang 414 – 674  Hashim & Islam (2008c) 

Singapore, Juring peat 86 – 114  Ramaswamy et al. (1979) 

Singapore peat 20 – 700  Tan (1983) 

Canada, northern Quebec 660 – 1410  Lefebvre et al. (1984) 

Singapore, Bishan peat 161 Lo et al. (1990) 

Singapore, Bishan clayey sand 22 Lo et al. (1990) 

Singapore, Bishan peaty clay 161 Lo et al. (1990) 

Singapore, Bishan silty clay 55 Lo et al. (1990) 

Singapore, Bishan clayey fluvial sand 34 Lo et al. (1990) 

Canada, Montreal peat 605 – 1290  Samson & Rochelle (1972) 

Malaysia, Sessang peat 500 Abdullah et al. (2007) 

Italy, Adria peat 330 – 421  Cola & Cortellazzo (2005) 

Italy, Correzzola peat 606 – 790  Cola & Cortellazzo (2005) 

Canadian Peat 558 Hollingshead & Raymond 

(1972) 

Canada, James Bay peat 1000 – 1340  Ajlouni (2000) 

Canada, Middleton peat 510 – 850  Ajlouni (2000) 

Canada, Fond du Lac County 240 Dhowian & Edil (1980) 

Canada, Portage 600 Dhowian & Edil (1980) 

Canada, Waupaca County 460 Dhowian & Edil (1980) 

Canada, Middleton 510 Dhowian & Edil (1980) 

Thailand, soft clay 1.63 Phien-wej et al. (2006) 

Malaysia, Klang peat 573 – 691  Wong et al. (2008) 

Malaysia, Carey Island marine clay 28 – 93  Shanul et al. (2004) 

West Malaysia peat and organic soil  200 – 700  Huat (2004) 

East Malaysia peat and organic soil 200 – 2207  Huat (2004) 

Malaysia, Johore hemic peat 230 – 500  Zainorabidin & Bakar (2003) 

Malaysia, Selangor peat 159 Moayedi et al. (2013) 

USA, Wisconsin, fibrous peat 500 – 700  Hanson et al. (2001) 

USA, Wisconsin, sedimentary peat 430 – 520  Hanson et al. (2001) 

Canada, Quebec, Berthierville Clay 63 Kim & Leroueil (2001) 

Belgium, Boom clay 16.3 Baldi et al. (1991) 

Italy, Pontida silty clay 30 Hueckel & Baldi (1990) 

Sweden, Sulphide silty clay 110 Eriksson (1989) 

Thailand, soft Bangkok clay 90 – 95  Abuel-Naga et al. (2005) 

Japan, Kansai clay 40 – 70  Tanaka et al. (2001) 

Japan, Hokkaido and Ishikari peat 115 – 1570  Noto (1991) 

Malaysia, west coast clay 70 – 140  Huat (2004) 

Malaysia, east coast clay 36 – 73  Huat (2004) 

Poland, Antony fibrous peat 310 – 450  Huat (2004) 

Ireland, Cork amorphous peat 865 – 1400  Huat (2004) 

Sumatra peat 0.4 – 0.91 Huat (2004) 

Massachusetts, Cranberry bog peat 759 – 946  Huat (2004) 

Austria peat 200 – 800  Huat (2004) 
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Table 5.21 Water content values of peat and soil in selected regions (continued) 

Central Kalimantan peat  467 – 1224  Huat (2004) 

Turkey, Kayseri peat 105 – 559  Ulusay et al. (2010) 

Australia, Gold Coast, Surfers 

Paradise peat 

168 – 247.1  Present Study 

Australia, Gold Coast, Surfers 

Paradise organic clay 

159.3 – 166.8  Present Study 

Australia, Gold Coast, Surfers 

Paradise clay 

24.7 – 36.9  Present Study 

Australia, Gold Coast, Surfers 

Paradise sand 

1.5 – 19.1  Present Study 

5.7.4 Specific gravity 

The specific gravity of a soil is the ratio of the weight of solids to the weight of equal 

volume of water at a stated temperature. Day (2001) postulated that the desirable 

temperature for reporting the specific gravity value is 4°C, because the density of 

distilled water is exactly 1.0 g/cm
3
 at this specific temperature. However, the most 

commonly used temperature for the specific gravity of solids is 20°C (ASTM D854-

98:2000). This test is applicable for soil particles (sand, silt, and clay) that pass the no.4 

US standard sieve (Day, 2001).  

According to Budhu (2007), two types of containers are used to obtain the specific 

gravity of a soil: (1) a pycnometer, used for coarse grain soils, and (2) a 50 mL density 

bottle, utilised for fine grained soils. However, Bowles (1996) warns that the specific 

gravity test is moderately difficult, with a major source of error, which derives from the 

presence of entrapped air in the soil sample. Therefore, the test should be performed on 

three small representative samples; then the results should be averaged. In this context, 

the specific gravity of a soil can be expressed as: 

𝐺𝑠 =
𝑊𝑠

𝑉𝑠 𝛾𝑤
                       (5.10) 

Where:  

𝑊𝑆 = the weight of solids 

 𝑉𝑆 = the volume of soils 

 𝛾𝑊 = 9.81 kN/m
3
 ‘unit weight of water’ 

 

The specific gravity for most mineral soils ranges between 2.6 and 2.8 and, for most 

cases, can be assumed to be 2.7 with little error (Budhu, 2007; Bowles, 1996). 

However, the specific gravity of organic soils is affected by the organic constitutes and, 

consequently, cannot be easily set near the 2.65 - 2.75, as in mineral soils (Den Haan & 

Kruse, 2007).   
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The specific gravity of peat depends largely on its composition, degree of humification, 

and percentage of mineral component. In this context, compared with the specific 

gravity of water, the living plant tissues found in the peat have less specific gravity than 

water; whereas, fibres, cellulose, lignin, and other components in the peat are heavier 

than water (Ajlouni, 200). In addition, the specific gravity of the cellulose and lignin 

substances is approximately 1.58 and 1.40, respectively (Davis, 1997). Therefore, these 

low values decrease the compounded specific gravity of organic soils (Den Haan & 

Kruse, 2007). Further, Mesri et al. (1997) stated that the peat fibers, plates, grains, or 

elements are light because the specific gravity of the organic materials is somewhat 

small (1.5 - 1.6) and because the peat components are porous.  

 

In the current study area, based on the collected data, there was only one measured 

value for the specific gravity of peat, namely, 1.57. It was obtained from a sample (size: 

19.5 x 44.6 mm) in BH.1 at Site_15 at a depth of R.L. -14.25 m (depth of 15 m below 

the ground surface), as well as in the study area. Because of the available data for the 

study area, only one measured value of specific gravity of peat, was obtained. 

According to Huat et al. (2009), an empirical equation (Equation (5.11)), which results 

from the relationship between organic content (OC) and specific gravity (Gs), was used 

to estimate the specific gravity of peat in the study area (see Figure 5.32). 

 

𝐺𝑆 = 5.2636 ∗ (𝑂𝐶)−0.2848                                                                                       (5.11) 

 

The estimated specific gravity values were obtained from the organic content values of 

the peat in the study area. The organic content, used to estimate the specific gravity, was 

previously estimated from the water content, based on another empirical equation given 

by Huat et al. (2009). This issue are discussed in the following section (organic 

content). 

Table 5.22 shows the specific gravity of the peat deposits throughout the world, as well 

as in the study area. Because of the available data for the study area, only one measured 

value of specific gravity of peat, was obtained. According to Huat et al. (2009), an 

empirical equation (Equation (5.11)), which results from the relationship between 

organic content (OC) and specific gravity (Gs), was used to estimate the specific gravity 

of peat in the study area (see Figure 5.32). 
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The estimated specific gravity values were obtained from the organic content values of 

the peat in the study area. The organic content, used to estimate the specific gravity, was 

previously estimated from the water content, based on another empirical equation given 

by Huat et al. (2009). This issue are discussed in the following section (organic 

content). 

Table 5.22 Specific gravity of peat in the study compared with some other locations in the 

world 

Location of peat Specific 

gravity 

Reference 

Japan, Hokkaido, Ishikari 1.00-2.53 Noto (1991), (Kogure & Ohira 

(1977) 

Japan, Hokkaido, Teshio 1.33-2.45 Noto (1991)  

Japan, Hokkaido, Abashiri 1.15-2.35 Noto (1991)  

Japan, Hokkaido, Kushiro 1.30-2.33 Noto (1991)  

Japan, Hokkaido, Akkeshi 1.49-2.34 Noto (1991)  

Japan, Hokkaido, Hidaka 1.62-1.73 Noto (1991)  

Japan, Hokkaido, Tokachi 1.04-2.34 Noto (1991)  

Canada, Middleton 1.47-1.64 Ajlouni (2000) 

Singapore, Bishan peat 2.2 Lo et al. (1990) 

Singapore peat 1.5 – 2.7 Tan (1983) 

Canada, James Bay 1.37-1.55 Ajlouni (2000) 

Canada, Escuminac, New Brunswick 1.5 Landva &  Pheeney (1980) 

West Malaysian peat 1.38-1.70 Huat (2004) 

East Malaysian peat 1.07-1.63 Zainorabidin & Wijeyesekera (2007) 

Malaysia, Johore hemic peat 1.48-1.8 Zainorabidin & Wijeyesekera (2007) 

Malaysia, Samarhan  1.07-1.63 Huat (2004) 

Malaysia, Klang 0.95-1.34 Hashim & Islam (2008b) 

Malaysia: Johore, Perak, Sarawak 

and Selangor 

1.05-1.90 Huat et al. (2009) 

Malaysia, Matang, Sarawak 1.45-1.82 Kolay et al. (2010) 

Indonesia, central Kalimantan 1.50-1.77 Huat (2004) 

Florida, Everglades, central part 0.82-1.17 Davis (1997) 

Florida, Everglades, south-western  0.76-1.00 Davis (1997) 

Florida, Istokpoga Marsh 0.70-0.88 Davis (1997) 

Turkey, Kayseri 1.73-2.13 Ulusay et al. (2010) 

Indiana, West Lafayette, Celery Bog 1.95-2.2 Santagata et al. (2008) 

Canada, Quebec, James Bay 1.5-1.64 Mesri & Ajlouni (2007) 

Canada, Fond du Lac County 1.94 Dhowian & Edil (1980) 

Canada, Portage 1.72 Dhowian & Edil (1980) 

Canada, Waupaca County 1.68 Dhowian & Edil (1980) 

Canada, Middleton 1.41 Dhowian & Edil (1980) 

Canada, Wisconsin 1.53-1.65 Mesri & Ajlouni (2007) 

The Netherland 1.52 Termaat & Topolnicki (1993) 

Massachusetts, Carver peats 1.48 – 1.52 Elsayed et al. (2011) 

Canada, Montreal 1.41 – 1.70 Samson & Rochelle (1972) 

Italy, Adria peat 1.55 – 1.58 Cola & Cortellazzo (2005) 

Italy, Correzzola peat 1.46 – 1.60 Cola & Cortellazzo (2005) 

Australia, Gold Coast, Surfers 

Paradise 

1.572 Present Study 
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Figure 5.32 A relationship between specific gravity and organic content (Huat 

et al., 2009) 

Table 5.23 shows the estimated values of the specific gravity of peat in the study area. 

These estimated values are very close to the measured value of 1.57. 

Table 5.23 Estimated specific gravity of peat and organic clay in the study area (based on 

Equation 5.11) 

Location Depth 

(m) 

Depth R.L. 

(m) 

Estimated specific 

gravity 

Soil description 

Site_20 11.6 -4.6 1.58 Peat 

Site_15 11.9 -10.5 1.59 Peat clay 

Site_15 12.35 -10.35 1.60 Peat clay 

Site_15 15.0 -14.25 1.58 Peat 

Site_06 16.0 -12.5 1.58 Organic clay/ peat  

Site_07 14.63 -10.63 1.61 Peat 

Site_13 13.0 -11.4 1.61 Organic clay/ peat  

Site_13 16.0 -13 1.61 Organic clay/ peat  

 

5.7.5 Organic content 

The organic content of a soil is the ratio of the organic components to the total mass of 

the soil. Ajlouni (2000) defined the organic content as a measure of peat purity from 

any mineral components. Organic content plays an important role in the classification of 
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organic soils. For example, Day (2001) classified the organic soils into four major 

divisions: 

 Organic matter: consist almost entirely of organic material, such as fibrous 

peat and fine-grained peat. 

 Highly organic soils: composed of between 30 to 70 percent organic matter 

mixed with mineral soil particles, such as sandy peat and silty peat. 

 Organic soils: consist of between 5 to 30 percent organic material 

 Slightly organic soils: contain less than 5 percent organic matter; it is used to 

indicate the presence of organic matter in a soil.  

The organic content is considered the most important and distinctive parameter for peat 

and organic soils.  Such content can be determined, in a practical sense, from the loss of 

content from an ignition test, as a percentage of oven-dry mass (ASTM D2974-00). The 

loss on ignition (N) can be calculated as: 

 

  𝑁 =  
𝑀2−𝑀3

𝑀2−𝑀1
                                                                                                              (5.12) 

Where:  

M1 = mass of a crucible after placing it in a muffle furnace at a temperature of 

450°C for 1 hour. 

M2 = mass of the dry soil with the crucible. 

M3 = mass of the heated soil sample and the crucible in the furnace at 450°C for 

5 hours. 

 

Ideally, according to Skempton and Petley (1970), the organic content should be 

determined from samples dried at temperatures sufficiently low to avoid oxidation. 

Thus, measurements can be easily obtained from samples already dried at a temperature 

of 105°C. Consequently, the organic content can be expressed by the following 

equation: 

𝑂𝑟𝑔𝑎𝑛𝑖𝑐 𝑐𝑜𝑛𝑡𝑒𝑛𝑡% = 100 − 𝐹 (100 − 𝑁)                                                             (5.13) 

 
Where:   

             N = loss on ignition 

 F= correction factor = 1.04 when test being performed at 550°C (used in Europe based 

on Huat (2004)) and 1.0 when test being performed at 450°C (Arman 1971). 

 

No data were available for the organic content of peat and organic clay in the study 

area. There was, however, one ash content value available for peat. Hence, the organic 

content was determined by subtracting the percent of ash content from 100. In this 

context, the ash content was 20% in Site_15 for a peat sample taken from a depth of 15 

m (R.L. -14.25 m), which is equivalent to 80% organic content.    
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In addition, the organic content values of peat at other sites within the study area were 

estimated from the liquid limit and the water content values of peat. This estimation was 

performed by using three empirical equations proposed by Huat et al. (2009) and 

Duraisamy et al. (2007). Huat et al.’s (2009) formula was based on peat samples 

collected from four locations in Malaysia, namely Johore, Perak, Sarawak, and 

Selangor. Similarly, Duraisamy et al. (2007) used undisturbed peat samples from three 

different locations on the West Coast of Malaysian Peninsular.  

Duraisamy et al. (2007) proposed two empirical equations between the liquid limit and 

organic content to estimate the organic content. In the current study, the first empirical 

equation (LL=0.5+5.0 OC) yielded reasonable organic content values; whereas, the 

second empirical equation (LL =0.3+3.0 OC) produced organic content values that 

increased with the increase of the liquid limit (an accumulative error occurs if applied 

on the LL value of peat in the study area).   

The estimated organic content values from the water content and liquid limit, based on 

Huat et al. (2009), were between 63.77% and 68.97%, and between 65.62% and 

73.66%, respectively. Similarly, according to Duraisamy et al. (2007), the estimated 

organic content values from the liquid limit were between 51.7% and 60.9% (see 

Table 5.24).  

The variation of the estimated organic content and water content of peat was plotted 

with the depth in the study area (see Figure 5.33). This confirmed the occurrence of peat 

at a depth starting from R.L. -10 m until a depth of R.L. -14.25 m, based on the 

available data of the estimated organic content. Further, a summary of the organic 

content of the various peat deposits in different regions is illustrated in Table 5.25.  
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Table 5.24 Estimated organic content of peat in the study area from three different empirical equations 

Location Dept

h 

(m) 

Depth 

R.L. 

(m) 

WC% LL

% 

O.C. from W.C. 

Huat et al. (2009) 

 

OC=0.0592WC+54.34 

OC from L.L. 

Huat et al. (2009) 

 

OC=0.1747LL+20.377 

OC from L.L. 

Duraisamy et al. (2007) 

 

LL= 0.5 + 5.0 OC 

 

Soil description 

Site_20 11.6 -4.6 239 N/A 68.49 N/A N/A Peat 

Site_15 11.9 -10.5 201.2 305 66.25 73.66 60.9 Peat clay 

Site_15 12.3

5 

-10.35 176.2 295 64.77 71.91 58.9 Peat clay 

Site_15 15.0 -14.25 234.4 259 68.22 65.62 51.7 Peat 

Site_06 16.0 -12.5 247.1 N/A 68.97 N/A N/A Organic clay/ peat 

Site_07 14.6

3 

-10.63 168 N/A 64.29 N/A N/A Peat 

Site_07 14.6

3 

-10.63 170 N/A 64.40 N/A N/A  Peat 

Site_13 13.0 -11.4 159.3 N/A 63.77  N/A N/A Organic clay/ peat 

Site_13 16.0 -13 166.8 N/A 64.21 N/A N/A Organic clay/ peat 

N/A: Data not available
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Figure 5.33 Variation of water content and estimated organic content of peat 

with depth in the study area 

Table 5.25 Organic content of various peat deposits 

Peat deposit Organic 

content (%) 

Reference 

West Malaysia peat 65 – 97 Huat (2004) 

East Malaysia peat 76 – 98 Huat (2004) 

Central Kalimantan peat 41 – 99 Huat (2004) 

Poland, Antony fibrous peat 65 – 85 Huat (2004) 

Ireland, Cork amorphous peat 80 Huat (2004) 

Banting, Selangor 85 – 94 Al-Raziqi et al. (2003) 

Hokkaido, Ishikari 20 – 98 Noto (1991) 

Hokkaido, Hidaka 74 – 82 Noto (1991) 

Hokkaido, Teshio 37 – 95 Noto (1991) 

Malaysia, Matang, Sarawak 42.5 – 82.4 Kolay et al. (2010) 

Malaysia: Johore, Perak, Sarawak, 

Selangor 

50 – 95 Huat et al. (2009) 

West Coast Peninsular Malaysia 70 – 88 Duarisamy et al. (2007) 

Dutch peat 67 – 83 Den Haan & Kruse (2007) 

Canada, Escuminac peat 89 – 99 Landva (2007) 

Turkey, Kayseri 48.1 – 71.1 Ulusay et al. (2010) 

Indiana, West Lafayette, Celery Bog 40 – 60 Santagata et al. (2008) 

Canada, Wisconsin 90 – 95 Mesri & Ajlouni (2007) 
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Table 5.25 Organic content of various peat deposits (continued) 

The Netherland 79.2 Termaat & Topolnicki (1993) 

West Malaysia, Klang, Peninsular 88.61 – 99.06 Hashim &  Islam (2008c) 

Canada, Montreal 84.2 – 95.4 Samson & Rochelle (1972) 

Massachusetts, Carver peats 60 – 77 Elsayed et al. (2011) 

Canada, Middleton 93 – 95 Ajlouni (2000) 

Canada, James Bay 95.9 Ajlouni (2000) 

Italy, Adria peat 68 – 75 Cola & Cortellazzo (2005) 

Italy, Correzzola peat 70 – 72 Cola & Cortellazzo (2005) 

Australia, Gold Coast, Surfers Paradise 80 Present Study 

 

5.7.6 Void ratio 

The void ratio can be defined as the ratio of the volume of void space (Vv) to the volume 

of solids (Vs). It is usually expressed as a decimal quantity as shown in the following 

equation: 

 

 𝑒 =  
𝑉𝑣

𝑉𝑠
                                                                                                                     (5.14) 

Where the volume of voids (Vv) is defined as the total of the volume of gas or air (Vg) 

and the volume of water (Vw), as shown in Equation 5.15: 

 

𝑉𝑣 =  𝑉𝑔  +  𝑉𝑤                                                                                                             (5.15) 

Where the initial volume (a particular volume) of a soil is expressed as:  

 𝑉 = 1 +   𝑒𝑜                                                                                                              (5.16) 

Where eo
 
is the initial void ratio. Any change in the volume of soil (ΔV) is equal to the 

change in void ratio (Δe) (Budhu, 2007). 

Normally, the void ratio is high in loose materials, such as loose sand and highly 

organic soils, while the soil particles tend to be compacted where the voids minimise 

under loading. If the void ratio is low, this indicates that the occurrence of compacted 

soils, such as dense sand and the volume of the soil, will also decrease with the increase 

in the load. Day (2001) stated that the natural soil having the lowest void ratio is till, as 

it has a void ratio of only 0.14 with a dry density of 2.34 Mg/m
3
. The till consists of a 

well-graded soil ranging from clay to boulders in particle sizes. The low void ratio and 

the high density of the till can be attributed to the extremely high stress exerted by 

glaciers (Winterkorn & Fang, 1975). In addition, at the other extreme, clays (such as 

sodium montmorillonite) can have a void ratio of greater than 25 at low confining 

pressures (Day, 2001).  
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Generally, peat soils have peculiar characteristics which set them apart from other soils. 

Compared with inorganic soils, peat has a higher void ratio and, as a consequence, has 

high compressibility (Huat, 2011). During consolidation, the void ratio of peat 

decreases significantly and causes large changes in the compressibility of peat (Ajlouni, 

2000). Hanrahan (1954) reported that the natural void ratio normally ranges between 5 

and 15; whereas, it is around 25 for fibrous peat. Further, MacFarlane and Rutka (1962) 

identified that the initial void ratio ranged from 10 to 25 for peats having an organic 

content of 90 percent. In addition, the void ratio of peat ranged between 9 for 

amorphous peat up to 25 for fibrous peat. Thus fibrous peat has, commonly, a high void 

ratio (Huat, 2004). This is related to the fact that very compressible and bendable 

hollow cellular fibres provide high initial water content and an open entangled network 

of particles (Kazemian et al., 2011).   

 

In the study area, there were no void ratio values available from the collected data.  

Therefore, the void ratio was estimated from the water content, based on the empirical 

formula (Equation (5.17)) proposed by Huat (2006).  

 

𝑒0  =  
30.65(𝑤𝑜+0.88)0.116−30

1.12
                                                                                 (5.17)    

Where: wo is expressed as a ratio. 

 

The estimated void ratio values of soil and peat ranged from 0.23 to 4.7 in 11 locations 

(Site_04, Site_06, Site_07, Site_13, Site_15, Site_15, Site_17, Site_20, Site_24, 

Site_34, and Site_#, which is located at the southern boundary of the study area) at 

various depths within the study area. Table 5.26 shows the estimated void ratio values. 

Further, the variation of the estimated void ratio values with depth were plotted (see 

Figure 5.34), so that the void ratio fluctuation with depth, with reference to its 

representative soil type, could be examined. The peat layer, located in this graph and 

based on the available data, was between R.L. -10 and R.L. -15, and had the highest 

void ratio values amongst the other soil types. The estimated void ratio values of peat 

ranged from 3.6 to 4.7 (see Table 5.27). In contrast, the estimated void ratio values of 

sands ranged between 0.23 and 0.79, while for clays they were between 0.96 and 1.30. 
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Table 5.26 Estimated void ratio values in the study area (from Equation 5.17) 

Location Depth R.L. 

(m) 

Water 

content (%) 

Void ratio 

(estimated) 

Soil description 

Site_20 -4.6 239 4.61 Peat 

Site_15 -10.5 201.2 4.17 Peat clay 

Site_15 -10.35 176.2 3.84 peat clay 

Site_15 -14.25 234.4 4.56 Peat 

Site_06 -12.4 72.2 2.12 Silty clay some organics 

Site_06 -12.5 247.1 4.70 Organic clay/ peat  

Site_06 -20 25.5 0.99 Silty clay 

Site_06 -0.5 1.5 0.23 Medium dense sand 

Site_06 -2 19.1 0.80 Dense sand 

Site_06 2.5 6.4 0.40 Very loose sand 

Site_06 -3.5 18.6 0.78 Dense sand 

Site_04 -26.1 54.3 1.72 Silty clay, peaty zones 

Site_04 -27.6 55.3 1.75 Silty clay, peaty zones 

Site_04 -29.5 22.9 0.91 Silty peat clay 

Site_04 -26.5 57 1.79 Silty clay 

Site_04 -29.8 47.6 1.56 Silty clay 

Site_04 -25 53.2 1.70 Silty clay 

Site_04 -27 54.7 1.73 Silty clay 

Site_04 -26 54.6 1.73 Silty clay 

Site_04 -28.9 52.8 1.69 Silty clay 

Site_07 -10.63 168 3.73 Peat 

Site_07 -10.63 170 3.76 Peat 

Site_13 -11.4 159.3 3.61 Organic clay 

Site_13 -13 166.8 3.72 Organic clay 

Site_13 0.25 36.3 1.28 Sandy clay 

Site_13 -19.2 23.2 0.92 Sandy clay /clayey sand 

Site_13 -22.2 20.3 0.83 Sandy clay /clayey sand 

Site_13 -29.7 16 0.71 clayey sand 

Site_17 -23.12 24.4 0.95 Silty sandy clay 

Site_34 -20 31.5 1.15 Clay, grey mottled brown 

Site_34 -21.5 31.7 1.16 Clay, grey mottled brown 

Site_24 -24 28 1.06 Sandy clay, moist  

Site_24 -22.5 32.2 1.17 Sandy clay, moist 

Site_# -21 36.9 1.30 Clay, grey, moist 

Site_# -24 24.7 0.96 Clay, grey, moist 

Site_# -19.5 32.8 1.19 Clay, grey, moist 
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Figure 5.34 The variation of estimated void ratio with depth in the study area 

(Based on Huat, 2006)  

In addition, Table 5.27 shows the void ratio of peat deposits in selected countries. These 

values differ amongst the various locations throughout the world. The literature review 

indicated that organic soils and peats are very variable in their characteristics, both from 

one deposit to another, and from point to point within the same deposits. This variability 

is obviously associated with many factors, including: the type of plant from which they 

are derived, the origin of the parent soils, the mineral composition of the soil, and the 

degree of humification (Huat, 2006). 
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Table 5.27 Void ratio values for some peat deposits 

Peat deposit Void ratio % Reference 

 

West Coast Peninsular Malaysia 4.12 – 10.48 Duarisamy et al. (2007) 

Brazil, Recife peat 3.45 – 14.4 Coutinho (2007) 

Turkey, Kayseri 2.19 – 4.69 Ulusay et al. (2010) 

Indiana, West Lafayette, Celery Bog 4.28 – 5.49 Santagata et al. (2008) 

Hokkaido, Ishikari 2 – 21 Noto (1991) 

Hokkaido, Hidaka 6 – 18 Noto (1991) 

Hokkaido, Akkeshi 3 – 10 Noto (1991) 

Hokkaido, Tokachi 2 – 15 Noto (1991) 

Canada, Wisconsin 7.5 – 30 Mesri & Ajlouni (2007) 

Canada, Middleton peat 10.1 – 14.2 Mesri et al. (2007) 

Canada, Escuminac, New Brunswick  11.5 Landva & Pheeney (1980) 

Italy, Rome, Organic soil >4 Campolunghi et al. (2007) 

Massachusetts, Carver peats 8.0 Elsayed et al. (2011) 

West Malaysia, Klang, Peninsular 7.99 – 9.64 Hashim &  Islam (2008c) 

Canada, Montreal 10.3-17.5 Samson & Rochelle (1972) 

Australia, Gold Coast, Surfers Paradise peat 3.6 – 4.7 

(estimated) 

Present Study 

5.7.7 Permeability (Hydraulic Conductivity) 

Permeability is defined as the ability of water to pass through materials, such as sand, 

silt, and clay. The permeability rate is faster in sand than in other materials, because 

sand is permeable and has a high rate of permeability, but does not retain water. In 

contrast, clay and peat have a slow rate of permeability (slow drainage), while both have 

the ability to retain water.  

Based on Darcy’s law, water flows in one dimension through a fully saturated soil; this 

can be expressed as: 

𝑞 = 𝑣𝑑𝐴 = 𝐴𝑘𝑖                                                                                                          (5.18) 

where:  q is the flow rate (volume of water flowing per unit time) 

            A is the cross sectional area of soil corresponding to the flow q 

           vd is the discharge velocity 

           k are the hydraulic conductivity, and 

           i   is the hydraulic gradient  

Further, the unit of the coefficient of permeability is similar to those of velocity, 

namely, m/sec (Knappett & Craig, 2012). The coefficient of permeability, in the main, 

depends on the size of the pores in the given soil, which is related to the soil structure, 

particle sizes, and particle shapes. Additionally, the coefficient of permeability is a 

function of void ratio; thus, a high void ratio reflects high permeability and, in turn, 

means high hydraulic conductivity. The flow happens between particles through the 

void spaces and not through the particles themselves (McCarthy, 2007). 
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To obtain the coefficient of permeability, two main methods are used: a constant head 

permability test and a falling head permeability test (see Figure 5.35). The constant head 

method is used for coarse grain soils; whereas, the falling head method is used for the 

fine grain soils. For both methods, the degree of saturation of the soil specimen must 

remain close to 100% (Knappett & Craig, 2012). 

                  

Figure 5.35 Laboratory permeability tests (a) constant head (b) falling head 

(Knappett & Craig, 2012) 

The coefficient of permeability can be determined from the oedometer (consolidation 

measurement apparatus) for fine grained soils; it can be calculated and substituted from 

Equation 5.19, as given by Knappett and Craig (2012): 

 𝐶𝑣 =  
𝑘

𝑚𝑣𝛾𝑤  
                                                                                                              (5.19) 

Where: 

 Cv = coefficient of consolidation (m
2
/year), mv = coefficient of volume compressibility 

(m
2
/kN), γw = unit weight of water. 

In the current research, the permeability data were collected from 24 boreholes at 3 

locations within the study area. In this context, 68 vertical permeability values were 
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obtained from Site_8 (27 values), Site_12 (34 values), and Site_13 (7 values). These 

three sites are located in the core of the study area where most of the high rise buildings 

are erected. Thus, these values may be considered as representative permeability values 

for the centre of Surfers Paradise (see Table 5.28). 

Table 5.28 Vertical permeability values in the study area 

Location Depth  

(m) 

Depth R.L.  

(m) 

Permeability, kv 

(m/sec) 

Soil description 

Site_8 3.85 1.25 2.6E-04 Dense sand 

Site_8 4 -0.9 1.2E-04 Very dense sand 

Site_8 5.8 0 2.9E-04 Medium dense sand 

Site_8 6.5 -1.3 2.3E-04 Dense sand 

Site_8 8 -2.2 4.0E-04 Very dense sand 

Site_8 10 -4.1 2.3E-04 Very dense sand 

Site_8 9.8 -4.8 2.6E-04 Very dense sand 

Site_8 11 -5.2 2.9E-04 Very dense sand 

Site_8 37.7 -23.5 4.0E-08 Very dense sand 

Site_8 9.85 -4.75 2.6E-04 Very dense sand 

Site_8 13 -9.9 1.7E-04 Very dense sand 

Site_8 9.8 -4 2.3E-04 Very dense sand 

Site_8 12.5 -7.3 2.3E-04 Very dense sand 

Site_8 28 -22.2 6.4E-05 Dense sand 

Site_8 24.5 -19.5 2.5E-05 Dense sand 

Site_8 29 -23.2 8.1E-05 Dense sand 

Site_8 23.85 -18.75 8.10E-05 Very dense sand 

Site_8 22 -18.9 1.00E-04 Very dense sand 

Site_8 19.8 -14 1.00E-04 Very dense sand 

Site_8 18.5 -13.3 6.80E-06 Very dense sand 

Site_8 42 -36.1 3.60E-07 Dense sand 

Site_8 30.5 -25.5 6.40E-05 Dense sand 

Site_8 29.85 -24.75 8.10E-05 Medium dense sand 

Site_8 26.5 -23.4 1.00E-04 Very dense sand 

Site_8 29.8 -24 6.40E-05 Dense sand 

Site_8 26.5 -21.3 8.10E-05 Very dense sand 

Site_8 36.45 -31.25 2.5E-07 Clay 

Site_12 4 -2.03 2.0E-04 Medium dense sand 

Site_12 7 -2.54 7.0E-05 Medium dense sand 

Site_12 6 -3.1 2.0E-04 Dense sand 

Site_12 6.5 -3.2 6.0E-06 Medium dense sand 

Site_12 15.3 -13 3.0E-05 Dense sand 

Site_12 17.5 -14.9 3.0E-05 Very dense sand 

Site_12 8 -2.0 5.0E-05 Very dense sand 

Site_12 10.06 -7.36 7.1E-06 Very dense sand 

Site_12 21.25 -15.35 4.6E-07 Very dense sand 

Site_12 13 -10.7 1.0E-08 Peat 

Site_12 10.12 -6.32 1.2E-07 Very dense sand 

Site_12 20.37 -16.87 2.9E-06 Dense sand 

Site_12 5.5 -3.53 1.0E-04 Dense sand 

Site_12 11.5 -7.04 8.0E-06 Very dense sand 
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Table 5.28 Vertical permeability values in the study area (continued) 

Site_12 18.1 -15.2 4.0E-06 Very dense sand 

Site_12 11.5 -8.2 9.0E-05 Very dense sand 

Site_12 26.4 -24.1 2.0E-05 Very stiff silty clay 

Site_12 17.7 -15.1 4.0E-05 Very dense sand 

Site_12 8.5 -2.5 1.0E-04 Very dense sand 

Site_12 26.4 -23.7 2.3E-08 Very stiff silty clay 

Site_12 17.5 -13.7 9.6E-10 Peat 

Site_12 16 -14.03 1.00E-04 Dense sand 

Site_12 17.1 -12.64 1.00E-05 Clayey silty sand 

Site_12 24 -21.1 1.00E-07 Very stiff silty clay 

Site_12 19.3 -16 1.00E-05 Very dense sand 

Site_12 22.5 -19.9 0 Hard clay 

Site_12 23.5 -17.5 1.00E-04 Very dense sand 

Site_12 17.5 -15.53 7.00E-05 Medium dense sand 

Site_12 26 -21.54 4.00E-08 Silty sandy clay 

Site_12 22 -18.7 9.00E-05 Dense sand 

Site_12 23.5 -17.5 1.00E-05 Very dense sand 

Site_12 24 -22.03 3.0E-09 Very stiff silty sandy clay 

Site_12 29.8 -26.5 6.0E-07 Stiff sandy clay 

Site_12 30.35 -24.4 7.0E-08 Stiff sandy clay 

Site_13  12.5 -11.1 7.2E-04 Peaty sandy clay 

Site_13  8.6 -5.8 1.2E-05 Very dense sand 

Site_13  8.2 -6.5 3.1E-06 Very dense sand 

Site_13  27.45 -26.05 8.4E-07 Very stiff clay 

Site_13  16.06 -13.26 2.4E-05 Firm peat 

Site_13  15.55 -13.85 2.4E-06 Medium dense silty sand 

Site_13  25.69 -23.99 2.50E-07 Stiff sandy clay 

  

The variation of the coefficient of permeability with depth was examined in those 

locations, as demonstrated in Figure 5.36.  

The granular soil (sand) had higher ratea of permeability than the fine grained soil 

(clay). For example, the highest value for the dense sand was 5.0E-05 m/sec at a depth 

of R.L. -2 m (8 m below the ground surface) at Site_12.  In contrast, permeability of the 

hard clay layer is nearly to be impervious at the depth of R.L. -19.9 m (22.5 m below 

the ground surface) at Site_12. In this context, the variation of the permeability values 

for each individual location, with a depth in the core of the study area, was examined 

(see Figure 5.37). These values are related to three sites: Site_08 (Figure 5.37A), 

Site_12 (Figure 5.37B), and Site_13 (Figure 5.37C).                                                                                                             
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Figure 5.36 Variation of coefficient of permeability with depth and soil type in 

the study area 

The permeability of peat has been of interest and study in Europe; the earliest attempts 

involved systematising the reclamation of mires for agricultural usage (Rycroft et al., 

1975). Hobbs (1986) postulated that permeability plays a very important role in the 

properties of peat since it controls the rate of consolidation and increases the shear 

strength of soils. Thus, the permeability of peat greatly depends on the mineral content, 

void ratio, chemistry, presence of gas, and the degree of humification (Huat et al., 

2011). The degree of decomposition indicates a number of engineering properties, such 

as shear strength and permeability, which normally decrease with the increase in the 

level of decomposition (Helenlund, 1980).   
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          Figure 5.37A                  Figure 5.37B                Figure 5.37C 

Figure 5.37 Variation of coefficient of permeability with depth in three 

locations (A: Site_8, B: Site_12, and C: Site_13) in the study area.  

The initial values of the permeability of peat are very high, while also being similar to 

sand (Gofar, 2006). However, permeability is strongly affected by the reduction in the 

void ratio and/or the compression. As such, the coefficient of permeability greatly 

decreases with an increase in consolidation. For example, the initial permeability value 

of peat samples taken from Kampung Bahru, Pontain, and Johor , Malaysia, was 1.2 E-

04 m/s; whereas, the coefficient of permeability under 200 kPa of consolidation 

pressure was 5.07 E-10 m/s (Gofar, 2006). As Dhowian and Edil (1980) explain, the 

change in permeability, as a result of compression, is extreme for peat. 

In practice, all material has two directions of permeability: horizontal and vertical. 

Permeability can be measured in both directions or, sometimes, in only one direction 
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depending on the purpose of the test. The rate of permeability varies in each direction 

according to the material type. For example, in peat, the horizontal permeability is 

greater than the vertical permeability (Noto, 1991; Whitlock & Moosa, 1996). This fact 

was reinforced by Manai and Kitago’s (1957) work in Japan, where they measured the 

coefficient of permeability of peat. The anisotropy in permeability (which describe 

situations where properties vary systematically and dependent on direction) results from 

the orientation of fibres with a horizontal permeability higher (around 300 fold at a 

given void ratio) than the vertical in Portage peat, Canada (Dhowian & Edil, 1980).  

However, as Gofar (2006) found, the horizontal coefficient of permeability is slightly 

lower than the vertical direction, while the ratio of k horizontal / k vertical is 0.79. For Ishikari 

peat in Japan, Miyakawa (1962) indicated that the ratio of the coefficient of 

permeability, in both directions, ranges between 3 and 6. Moreover, it is generally 

accepted that the occurrence of fibres in peat increases spaces between particles within 

the peat mass which, as a result, increases the rate of permeability. Based on the 

available data, only four values existed for the permeability of peat in the study area 

(see Table 5.29). 

Table 5.29 Permeability values of peat in Surfers Paradise 

Location Borehole 

No. 

Depth 

(m) 

Depth 

R.L. (m) 

Peat description Permeability 

(m/sec) 

Site_12 BH.4 13 -10.7 Dark brown clayey silty 

peat 

1.0E-08 

Site_12 BH.6 17.5 -13.7 Dark brown clayey silty 

stiff-very stiff peat  

9.6E-10 

Site_13 BH.3 12.5 -11.1 Decomposed peat in dark 

brown clayey silt matrix 

7.2E-04 

Site_13 BH.1 16 -13.26 Firm dark brown/black peat 2.4E-05 

  

There is a big difference in the rate of peat permeability between these two sites. For 

example, in Site_12, the rate of the permeability of peat is very low, and it is nearly 

impervious due to its stiffness, described as stiff to very stiff. On this stiffness 

continuum, geologically, peat is described as lithified or petrified peat. In contrast, the 

peat in Site_13 had a relatively high rate of permeability due to its occurrence within a 

matrix of silt which, in turn, increased its rate of permeability.     

From the low values of permeability in Site_12, the peat at these sites can be described 

as highly colloidal and amorphous. According to Huat (2004), peat in its natural state 

has a hydraulic conductivity as high as sand (i.e. 0.1 – 1 m/sec). However, in its 
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decomposed state, peat has low values where the fibres become humified and decayed; 

consequently, the spaces between the fibres are occupied by fines particles.  

Dhowian and Edil (1980) determined that the hydraulic conductivity of peat decreases 

dramatically with the increase in load (in the consolidation test); also, it can bring it 

down to the level of silt and clay’s values (i.e. 10
-4

 to 10
-5

 m/sec). In addition, Garman 

(1952) performed laboratory tests on peat to construct golf greens over peat deposits. 

He found that peat, when compacted at field capacity, becomes almost impervious. 

Further, the mixture of equal volumes of peat, sand and soil does not possess 

satisfactory permeability, after compaction, at high moisture levels. This mixture was 

created for watering the horizons underneath golf greens.  

Thus, two dominant factors can contribute to the reduction in the peat permeability 

values in Surfers Paradise. These factors are:  (1) overburden pressure, where most of 

the examined samples in the study area were at relatively deep levels (at the depth of 

12.5 - 17.5 m below the ground surface); and (2) the decomposition (decaying) of peat 

at the deepest layers. Consequently, based on the Von Post scale, the peat at these sites 

can be classified as H7 (highly decomposed peat) due to its low permeability values. In 

addition, Table 5.30 shows the vertical permeability values of peat deposits in various 

countries around the world. 

Table 5.30 Vertical permeability values for some peat deposits 

Peat deposit Permeability (kv) Reference 

Massachusetts, Carver peats 2.66 E-06 – 4.3 E-

06 

Elsayed et al. (2011) 

Malaysia, Kampung Bahru, Pontain, 

Johor 

2.66 E-04 Gofar (2006) 

Malaysia, Sri Nadi Village, Selangor 6.34 E-06 Wong et al. (2008) 

Ireland, catotelm peat 1.0 E-10 – 1.0 E-05 
 
  Boylan et al. (2008) 

Carver peats, bogs peat 3.48 E-08 Elsayed et al. (2003) 

Fibrous peat 4.0 E-06 Hanrahan (1954) 

Amorphous and fibrous peat 1.0 E-07
 
– 1.0 E-06 Lea & Brawner (1963) 

Canadian muskeg 1.0 E-05 Adams (1965) 

Middleton peat 1.0 E-07
 
– 6.0 E-08  Mesri et al. (1997) 

Canada, Escuminac peat 4.0 E-06 Landva (2007) 

Fibrous peat 1.0 E-06
 
–

 
1.0 E-05

 
 Munro & McCulloch (2006) 

Medium decayed peat 1.0 E-07
 
– 1.0 E-06 Munro & McCulloch (2006) 

Decayed peat 1.0 E-08
 
– 1.0 E-07 Munro & McCulloch (2006) 

Massachusetts, Carver peats 3.48 E-08 Tan & Paikowsky (2008) 

Middleton fibrous  peat 3.0 E-08 – 1.0 E-06 Ajlouni (2000) 

James Bay fibrous peat 4.0 E-07 – 7.0 E-06 Ajlouni (2000) 

Australia, Gold Coast, Surfers 

Paradise 

2.4E-05 - 9.6E-10 Present Study 
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5.8 ENGINEERING PROPERTIES OF PEAT AND SOILS 

In nature, normal soils have three distinct phases: solids (mineral particles), liquid 

(generally water), and gas. However, peat soils are comprised of four phases, which are 

arrived at by dividing the solid phase into mineral and organic components (Noto, 

1991). In the past, many engineers tried to avoid constructions over peaty soils by either 

replacing the peat deposits with more satisfactory materials, or changing the location of 

the entire project. Later, and due to the scarcity of suitable land for engineering 

structures in some countries, such avoidance was no longer an option (Huat, 2004). As a 

consequence, in the middle of the 20
th

 century, much research was undertaken to 

develop a better understanding of the characteristics and behaviours of peat (Ajlouni, 

2000). Thus, developing ways to manage peat as a soil type for construction purposes 

became inevitable.  

This section outlines the results of the current study’s investigations into the following 

engineering properties of peat and soil in the study area, namely: undrained shear 

strength, friction angle, consolidation parameters (compression index, coefficient of 

consolidation, coefficient of volume compressibility, coefficient of secondary 

consolidation, preconsolidation stress, vertical stress, and apparent cohesion. Further, 

the bed rocks underneath the soil strata were also examined. In addition, the bed rock’ 

types, locations, and engineering characteristics were identified.  

5.8.1 Undrained shear strength 

Shearing strength is one of the most important design parameters; it plays an important 

role in engineering decision making. It is a primary controlling factor of the failure of 

structures erected over peaty soils (Boylan et al., 2000). Thus, as Huat (2004) states, 

shear strength is a concern both during construction, for supporting construction 

equipment, and at the end of construction, in supporting the structure. Such strength is 

of primary importance in foundation design, slope stability problems, highway and 

airfield design, bulkheads, excavation bracing, and retaining walls (McCarthy, 2007). 

According to Bowles (1996), shear strength can be defined simply as the resistance of a 

soil to deformation, as opposed to compressive or tensile strength in other engineering 

materials. Such deformation can be developed by a combination of particle rolling, 

crushing and sliding. However, it is reduced by any pore pressure that develops or exists 

during the movement of a particle. Thus, the ability of soil mass to support itself, or of a 

soil deposit to support an applied loading, is governed by its shear strength (McCarthy, 
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2007). Hence, shear strength is measured in terms of two soil parameters: cohesion c 

and angle of internal friction ϕ. It can be expressed as Equation 5.20: 

𝑠 = 𝑐 +  𝜎 tan 𝜙                                                                                                        (5.20) 

Where:  

           s = shear strength (sometimes called τ) in kPa 

           σ = normal stress on shear plane, in kPa 

           ϕ = angle of internal friction, in degree. 

 

Shear strength can be studied, conventionally, in the laboratory by testing undisturbed 

soil samples obtained from a construction site. The most widely used laboratory tests 

for measuring the shear strength of a soil are the direct shear test and the triaxial 

compression test. In these two tests the parameters of both soil types (cohesive and 

cohesionless), that is, cohesion c and friction angle ϕ, can be obtained by using Mohr’s 

circles. The parameters obtained are representative of the soil type and the location from 

which it was taken. These parameters are dependent on the soil’s previous stress history, 

type of laboratory test, and current state (grain shape, particle packing, and water 

content). Thus, obtaining accurate values is not an easy task, while the gaining values 

apply only to the present soil state (Bowles, 1996).   

It is generally accepted that peat has a high water content, high compressibility, and low 

shear strength. The low value of the shear strength derives from the non-cohesive and 

frictional behaviour of peat, which is due to the occurrence of fibres in the peat mass. 

As such, the existence of fibres in this mass can have either a negative or positive effect 

on the shear strength of the peat. The positive effect of fibres, represented by increasing 

the shear strength of peat, originates from the spatial arrangement of fibres in a way that 

can reinforce the peat shear strength against the stresses. Munro and McCulloch (2006) 

postulated that the shallow peat is likely to have greater strength, due to its fibrous 

nature, than the humified peat at depth. However, these fibres may have a negative 

effect on the shear strength (reducing the shear strength of peat) because most of the 

fibres are filled with water and gas. Thus, shear strength is considered as a critical 

geotechnical parameter for peaty soils. On the other hand, and in conjunction with the 

low shear strength of peat, the high compressibility of peat may not cause problems of 

soil stability when a reasonable load rate is applied on peat. The most failures associated 

with peat are related to the soft clay layer, which is located underneath the peat layer 

(Ajlouni, 2000).      
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The determination of the undrained shear strength of peat is somehow an arduous task 

in the field of geotechnical engineering. It is greatly affected by the process of peat 

sampling and the trimming of peat samples for laboratory tests (see Figure 5.38). 

Further, determining the accuracy of the shear strength of peat is governed by four 

variables: the origin of soil, water content, organic content, and the degree of 

humification (Kazemian et al., 2011). 

 

Figure 5.38 High quality sampling of peat in The Netherland (Boylan & Long, 

2009) 

The earliest investigation into the shear strength of peat occurred in 1954 by Hanrahan 

to understand the reasons behind the failure of roads constructed over peaty soils. Other 

studies followed, such as the work of Lea and Brawner (1963), Adams (1965), Weber 

(1969), Samson and La Rochelle (1972), Ramaswamy et al. (1979), Dhowian and Edil 

(1980), Tan (1983), Dhowian (1978), Yamaguchi et al. (1987), Lo et al. (1990), 

Lechowicz (1994), Yamaguchi (1994), Malkawi et al. (1999), Ajlouni (2000), Cola and 

Cortellazzo (2005), Anggraini (2006), Abdullah et al. (2007), Mesri and Ajlouni (2007), 

Boylan et al. (2008), Huat et al. (2009), Boylan and Long (2009), Ulusay et al. (2010), 

Kazemian et al. (2011), Boylan and Long (2012), and Moayedi et al. (2013).  

In the current study, 20 undrained shear strength values were obtained from the 

collected data. These values were representative of the soil types in the centre of the 

study area at Site_12 and Site_13. The undrained shear strength values varied in these 

two sites with the different soil types occurring there (see Table 5.31). 
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Table 5.31 Undrained shear strength values in the study area 

Location BH. Depth 

(m) 

Depth 

R.L. 

(m) 

Undrained 

shear 

strength 

(kPa) 

Soil description 

Site_12 BH1 16.5 -10.6 45 Firm-stiff black clayey silty peat 

Site_12 BH2 19.5 -13.8 35 Firm light grey very sandy clay 

Site_12 BH3 13 -10.3 100 Very stiff dark brown clayey silty 

peat 

Site_12 BH3 34.7 -32 50 Firm/stiff dark grey silty clay 

Site_12 BH3 26.55 -23.85 110 Very stiff light grey silty clay 

Site_12 BH4 13 -10.7 125 Very stiff dark brown clayey silty 

peat 

Site_12 BH4 26.5 -24.2 80 Stiff dark grey silty clay, traces of 

sand 

Site_12 BH4 29.5 -27.2 175 Very stiff to hard sandy clay 

Site_12 BH5 14.5 -11.2 55 Stiff dark brown clayey silty peat 

Site_12 BH5 28 -24.7 80 interbedded stiff sandy clay and 

loose to medium dense clayey sand 

Site_12 BH6 17.5 -13.7 65 Stiff to very stiff dark brown clayey 

silty peat 

Site_12 BH6 28 -24.2 40 interbedded firm to stiff sandy clay 

and medium dense clayey sand 

Site_12 BH7 17.5 -14 95 Stiff to very stiff dark brown peat, 

some zones of timber fragments 

Site_12 BH8 17 -11.4 25 Stiff dark brown-black peat, high 

odour, some decomposing wood 

fragments 

Site_12 BH8 18 -12.4 35 Firm green grey clay, high plasticity 

Site_12 BH9 33 -27.4 125 Stiff to very stiff grey sandy clay, 

high plasticity 

Site_12 BH10 13.5 -10.9 100 Stiff to very stiff brown black peat 

Site_12 BH11 18 -12.25 160 very stiff dark brown-black peat, 

significant wood content, high 

odour 

Site_13 2 15.55 -13.85 65 Stiff dark brown/black peat 

Site_13 2 22.1 -20.4 50 Interbedded very loose clayey sand 

and firm to stiff sandy clay 

 

The undrained shear strength values of the peat layer at those two sites within ranged 

from 25 to 160 kPa. These values are relatively high when compared with the 

Malaysian and Singaporean peat values. According to Huat (2004), the West and East 

Malaysian peat and organic soils undrained shear strength values ranged between 8 and 

17, and between8 and 10 kPa, respectively. In addition, the Johore hemic peat in 

Malaysia’s undrained shear strength values were between 7 and11 kPa (Zainorabidin & 

Bakar, 2003). The undrained shear strength values of peat in Jurong and Bishan, 

Singapore, ranged from 11 to 21.2 kPa (Ramaswamy et al., 1979) and 10 kPa (Lo et al., 

1990), respectively. These low values of the undrained shear strength of Malaysian and 
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Singaporean peat could be attributed to the shallowness of the peat deposits in these two 

regions, which reflect the unconsolidated peat deposits with fresh fibres filled with 

water and gas. One example of the values of the Jurong peat, in the context of the 

warehouse construction over peaty clay deposits at a depth of between 3 – 4.5 m, was 

between 11 and 21.2 kPa. In contrast, the peat layer in the current study area, located at 

a depth between 12 and 40.9 m (R.L. -10 to R.L. -19.6 m) had a shear strength range of 

between 25 and 160 kPa. Thus, it had already been humified under the effect of heat and 

pressure; it was also consolidated due to the effect of the overburden pressure over the 

past ten thousand years (this is the age of the peat layer in the study area, as mentioned 

in Chapter 2).     

However, the undrained shear strength values in the study area were close to the values 

of Adrai (Loreo) in the Po Delta area, and Correzzola peat, in North-East Italy. The peat 

samples were collected from a depth between -3 and -6 m for the first site, and between 

-1.5 and -2.1 m for the second site, with reference to the ground level. The soils at these 

two sites were aged about 2000 years ago, during the Holocene period (Cola & 

Cortellazzo, 2005). Thus, the shear strength values were representative of the soil type 

at a particular location. For this reason; they can only be applied to the present state of 

soil (Bowles, 1996), 

The undrained shear strength values of clay (either silty or sandy clay) in the study area 

ranged between 35 – 175 kPa at the depth of between 19.5 m (R.L. -13.8 m) and 29.5 m 

(R.L. -27.2 m). It has been described as high plasticity clay in two locations at the depth 

of between 18 – 33 m (R.L. -12.4 to R.L. -27.4 m). Whereas, the undrained shear 

strength values of clayey sand in the study area ranged between 40 and 80 kPa (see 

Table 5.31). 

Day (2001) classified the consistency of cohesive soils based on their undrained shear 

strength, obtained from either the unconfined compressive test or the vane shear test. In 

the classification, cohesive soils are deemed to have a very soft, soft, medium, stiff, 

very stiff, or hard consistency. As such, the consistency is also called the degree of 

firmness of soil. Table 5.32 shows the cohesive soils consistency with its related 

undrained shear strength. Thus, the consistency of clay and peat in the study area, is 

considered as of between medium to very stiff (undrained shear strength values of 

between 25 to 175 kPa). 
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Table 5.32 Cohesive soil consistency and its related undrained shear strength (modified from 

Day, 2001) 

Cohesive soil consistency Undrained shear strength, Su 

(kPa) 

Very soft Su <12 

Soft 12 ≤  Su <  25 

Medium 25 ≤ Su  <  50 

Stiff 50 ≤  Su < 100 

Very stiff 100 ≤  Su < 200 

Hard Su  ≥200 

 

The variation of the undrained shear strength values with the depth were plotted in the 

study area (see Figure 5.39). It can be clearly seen from this figure that the peat layer is 

located at a depth between R.L. -10 to R.L. -15 m, based on the range of undrained 

shearing strength values. The peat in Sites_12 and 13) were described as firm to stiff 

and in some locations as very stiff peat. This outcome could be attributed to the 

occurrence of silt materials within the peat matrix. Thus, it has been described as very 

stiff silty peat in five locations within Site_12, due to the existence of silt. In addition, 

the presence of significant amounts of wood and timber fragments may add additional 

strength to the entire peat mass.  

An attempt was made to estimate the undrained shear strength of peat in the study area 

from the water content, based on the empirical relationship of Carlsten (2000) (see 

Figure 5.40). This empirical formula was proposed for some Swedish peats by using 

vane shear testing. According to Long (2005), this relationship was originally published 

by Amaryan et al. (1973) and Helenlund (1967), as follows: 

𝑆𝑢 =  
140

𝑤
 (100 − 1.1𝑅)                                                                                            (5.21) 

Where: w stands for water content, and works well for Swedish peat.  

In this empirical relationship, the value R was calculated as an average value by 

substituting the water content and the undrained shear strength values in this formula. 

The average values were obtained from the curves F, M, and H, in Figure 5.40, to be as 

a constant value of 33. GetDATA software was used to obtain the water content and 

shear strength values.  
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Figure 5.39 Variation of the undrained shear strength with the depth in the 

study area 

The estimated undrained shear strength of peat ranged between 36.09 and 55.98 kPa. 

This estimated range has fallen within/less than the range of the measured shear strength 

values of peat. The reason for that relates to the high water content of the Swedish peat 

(>500%) compared with the water content of peat in the study area (168 – 247 %).  

 

-35

-30

-25

-20

-15

-10

-5

0

0 50 100 150 200
Inferred strata 

Undrained shear strength (kPa) 

Firm – very stiff 

black/ brown peat 

Sandy clay 

Silty clay 

Interbedded sandy 

clay and clayey 

sand 

D
ep

th
 R

.L
. 

(m
) 



  

286 

 

 

Figure 5.40 Empirical relationship of the undrained shear strength of peat 

(Carlsten, 2000) 

Further, Table 5.33 and Table 5.34 show the undrained shear strength and vane shear 

strength of some peat deposits, respectively. As previously mentioned, the values of 

undrained shear strength of the peat layer in the study area are higher than the values of 

the surficial peat deposits reported in the literature. This difference could have 

contributed to the fact that the peat layer in the study area was deep and more 

consolidated than the surficial peat deposits. 

Table 5.33 Undrained shear strength values of some peat deposits 

Peat deposit Undrained 

shear strength 

(kPa) 

Reference 

Singapore, Jurong 11 – 21.2 Ramaswamy et al. (1979) 

Singapore, Bishan 10 Lo et al. (1990) 

Singaporean peat 5 - 30 Tan (1983) 

Italy, Adria peat 90 - 160 Cola & Cortellazzo (2005) 

Italy, Correzzola peat 20 - 110 Cola & Cortellazzo (2005) 

Typical fibrous peat 5 - 15 Munro & McCulloch (2006) 

Typical medium decayed peat 5 - 15 Munro & McCulloch (2006) 

Typical decayed peat 5 - 15 Munro & McCulloch (2006) 

West Malaysia peat 8 - 17 Huat (2004) 

East Malaysia peat 8 - 10 Huat (2004) 

Malaysia, Johore hemic peat  7 - 11 Zainorabidin & Bakar (2003) 

Canada, Montreal  9.8 Samson & La Rochelle 

(1972) 

Australia, Gold Coast, Surfers Paradise 25 - 160 Present Study 
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Table 5.34 Vane shear strength values of some peat deposits 

Peat deposit Vane shear 

strength  

(kPa) 

Reference 

British Colombia, Maillardville peat 4 – 28 Lea & Brawner  (1963) 

Ireland peat 2 - 9 Boylan (2008) 

Malaysia, Johore, Perak, Sarawak and 

Selangor high fibrous peat  

9 – 14 

 

Huat et al. (2009) 

Malaysia, Johore, Perak, Sarawak and 

Selangor medium  fibrous peat  

6 – 12.5 

 

Huat et al. (2009) 

Malaysia, Johore, Perak, Sarawak and 

Selangor low fibrous peat  

3 – 6 

 

Huat et al. (2009) 

Malaysia, Selangor, Banting  4 – 12 Huat (2006), Al-Raziqi et al. 

(2003) 

Malaysia, Kg. Jawa Klang 5 – 15 Huat (2006), Al-Raziqi et al. 

(2003) 

Malaysia, Dengkil, N. Sembilan 3 – 13 Huat (2006), Al-Raziqi et al. 

(2003) 

Malaysia, Sessang peat 9 – 17 Abdullah et al. (2007) 

Malaysia, Central Kalimantan  6 - 17 Al-Raziqi et al. (2003) 

5.8.2 Friction angle 

Basically, the internal angle of friction, or the so called friction angle of a soil, is the 

angle on the graph of shear stress and normal effective stresses (Mohr’s Circles) at 

which this soil will slip, deform or fail on its own surface. So, it represents the 

inclination of the curve that is tangent to all the Mohr circles on this graph. As such, it is 

a measure of the shear strength of soils due to friction (Budhu, 2007). The friction angle 

is considered as a decisive characteristic parameter for any geotechnical design. The 

usual process to obtain this parameter is to perform either the direct shear test or the 

triaxial test on an undisturbed sample of homogenous cohesive soil. Bowles (1996) 

stated that at least two soil tests should be performed to obtain the friction angle either 

by simultaneous equations or, most commonly, by graphical solutions. Hence, the shear 

strength of the cohesive soil for a total stress analysis, according to Day (2001), is based 

on the Mohr-Coulomb failure law, which can be expressed in Eq. 5.22: 

𝜏 = 𝑐 + 𝜎𝑛 tan 𝜙                                                                                                        (5.22)  

Where: 

              τ = shear strength of soil (kPa) 

              c  = cohesion based on a total stress analysis (kPa) 

            σn = total normal stress acting on shear surface (kPa) 

              ϕ = friction angle based on total stress analysis (degree). 
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The friction angle can be used to deduce useful parameters, such as the relative density, 

type of soil, state of the soil, and soil stiffness. Also, it can be used as a function of the 

description/state of cohesive soils (Look, 2007) (see Table 5.35), as well as a function 

of relative density and the SPT-N value of clean sands (see Table 5.36).  

Table 5.35 Friction angle and cohesive soil’s state (modified from Look, 2007) 

Type Soil description/state Friction angle 

(degree) 

Cohesive Soft - organic 10 – 20 

Cohesive Soft – non organic 15 – 25 

Cohesive Stiff 20 – 30 

Cohesive Hard 25 – 30 

 

Table 5.36 Friction angle, relative density, and SPT-N value of clean sands (modified from 

Look, 2007) 

Description Relative density 

(%) 

SPT-N value 

(blows/300mm) 

Friction angle 

(degree) 

Very loose < 15 N ≤ 4 ϕ< 28 

Loose 15 – 35 N = 4 – 10 ϕ= 28 – 30 

Medium dense 35 – 65 N = 10 – 30 ϕ= 30 – 40 

Dense 65 – 85 N = 30 – 50 ϕ= 40 – 45 

Very dense > 85 N > 50 ϕ= 45 – 50 

As mentioned above, the friction angle can be obtained from the triaxial test or the 

direct shear test; however, it can also be estimated from different geotechnical 

parameters. Many empirical equations have been proposed to estimate the friction angle 

from the SPT-N value. The common feature of these equations is that the friction angle 

is directly related to the SPT-N value (Hatanaka & Uchida, 1996). As such, the friction 

angle can be predicted from the SPT-N value in practice (Hatanaka & Uchida, 1996; 

Dunham, 1954; and peck et al., 1953), or from the energy corrected SPT- (N1)60 

(Mayne, 2007 and Mayne et al., 2002), or from the SPT- N55, which is the SPT blow 

count corresponding to an energy ratio of 55% (Parry, 1977). In addition, the friction 

angle can be determined from the cone tip resistance in the CPT tests (Akbar et al., 

2008).  

The effective stress friction angle can be obtained from the stress normalised SPT-N 

value (N1)60 (Hatanaka & Uchida, 1996). As such, in the current research the effective 
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friction angle values were estimated from an empirical equation, proposed by Mayne 

(2007), from the SPT (N1)60 values. This empirical equation is given in Equation 5.23: 

𝜙′ = 20° +√15.4*(N1)60                                                                                            (5.23) 

Where: ϕʹ = effective friction angle, (N1)60 overburden pressure corrected N value 

(N1)60 = N60 / (σvoʹ/σatm)
 0.5

, σvoʹ= effective overburden pressure, σatm=pressure in 

atmosphere 

The estimated friction angle values were obtained for various soil types in the study 

area, as well as for all the depth classes, based on the depth classification scheme given 

in Figure 4.1. As such, the minimum and maximum friction angle ranges and averages 

were calculated for all the soil types, as well as the depth classes. In this context, 

Table 5.37 and Table 5.38 show the estimated friction angle values for all the soil types 

and all the depth classes, respectively. 

Table 5.37 Estimated effective friction angle values from energy corrected SPT for the soil 

types in the study area 

Soil Type Estimated friction angle (degree) SPT-N values used 

 in the estimation Min Max Average 

Very loose sand 20 29.4 25.5 13 

Loose sand 25.1 34.9 32.7 27 

Medium dense sand 26.61 44.4 34.0 177 

Dense sand 30.5 47.6 38.8 136 

Very dense sand  41.9 49.8 45.1 130 

Clay 20 32.7 27.9 139 

Table 5.38 Estimated friction angle values for sands in all the depth classes in the study area 

Depth 

class 

Depth range 

AHD (m) 

Estimated friction angle (degree) SPT-N counts used 

 in the estimation Min Max Average 

Class_1 (7) – (0) 20 36.9 32.3 86 

Class_2 (0) – (-5) 20 49.83 42.7 261 

Class_3 (-5) – (-10) 31.2 47 42.2 114 

Class_4 (-10) – (-15) 26.9 41.7 38.3 124 

Class_5 (-15) – (-20) 27.8 40 37.19 179 

Class_6 (-20) – (-25) 26.8 37.5 34.3 88 

Class_7 (-25) – (-30) 23.6 36.6 30.89 60 

Class_8 (-30) – (-35) 25 34.6 30.15 44 
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Further, Meyerhof (1976) established a relationship between the effective friction angle 

and the cone resistance in the CPT test. This relationship is given in Equation 5.24: 

𝜙ʹ = 29 + 2.5 (𝑞𝑐)0.5                                                                                                (5.24) 

Where 

           𝜙ʹ= effective friction angle 

            qc = tip cone resistance in MPa. 

This relationship was applied to the tip cone resistance values of the CPT tests to 

estimate the effective friction angle of the sandy soils. This was the second attempt to 

estimate the effective friction angle after the aforementioned estimation from the energy 

corrected SPT (N1)60. The estimated values represent the effective friction angle for only 

the sandy soils (loose, medium dense, dense, and very dense) at depths which reached 

up to 7.2 m below the ground surface (up to R.L. -4.2 m). This outcome arose because 

the available data of the CPT tests in the study area were up to those depths. It is worth 

mentioning that, based on the soil profile, only sandy soils were found within this range 

of depth. The results of the estimated effective friction angle values are illustrated in 

Table 5.39. 

As observed from Table 5.39, the estimated effective friction angle values were 

obtained from the cone tip resistance values; they are very close to the estimated 

effective friction angle values obtained from the energy corrected SPT-N values in 

Table 5.38. Both estimated values (either from (N1)60 or from qc) fall within the ranges 

given by: McCarthy (2007) (see Table 5.40), Look (2007) (see Table 5.36), Budhu 

(2007), Day (2001), and Bowles (1996).  

Table 5.39 Estimated effective friction angle values from cone tip resistance for the soil types 

in the study area  

Soil Type Estimated effective 

friction angle  

(average in degree) 

CPT cone tip resistance values used 

 in the estimation 

(MPa) 

Loose sand 33 48 

Medium dense sand 37.2 271 

Dense sand 39.2 66 

Very dense sand 43.4 111 
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Table 5.40 Approximate relationship between condition of cohesionless (sand) soil and result 

of subsurface investigation procedures (modified from McCarthy, 2007) 

Description SPT-N value Approximate ϕ (degree) 

Very loose < 4 < 30 

Loose 4 – 10 30 – 35 

Medium dense to dense 10 – 30 34 – 40 

Dense 30 – 50 38 – 45 

Dense to very dense >50 >45 

In terms of the effective friction angle of peat in the study area, only five measured 

apparent friction angle values were based on the available data. These values were 

obtained in three different sites, which ranged between 0 – 14° (see Table 5.41). As 

such, the range is consistent with the friction angle’s range of peat reported by Huat 

(2004). Thus, the peat had a friction angle between 3 - 25°.  

Table 5.41 Apparent friction angle values of peat in the study area 

 

Location 

 

Depth 

(m) 

 

Depth 

R.L. 

(m) 

Apparent 

friction 

angle 

(degree) 

 

Description 

Site_15 11.9 -10.5 0 Peat, dark brown odorous, much organic 

materials 

Site_15 12.35 -10.35 14 Peat, dark brown odorous 

Site_07 14.6 -10.6 2 Peat, firm, black  

Site_04 28.7 -26.1 0 Silty clay, dark grey, peaty zones 

Site_04 30.2 -27.6 0 Silty clay, dark grey, peaty zones 

Additionally, the friction angles of some peat deposits around the world are presented in 

Table 5.42, and illustrate that the peat deposits have a wide range of friction angles. 

These angles depend on several factors, namely: the presence of fibres, the spatial 

orientation of the fibres itself, depth of the peat strata, degree of humification, water 

content, and the parent materials of the peat deposits.  

Landva and La Rochelle (1983) and Gofar (2006) pointed out that the high values of 

effective friction angles could be attributed to the reinforcing effects of the 

predominantly horizontally aligned fibres. However, this does not reflect the high shear 

strength of peat, as the fibres are usually filled with water and gas. Gruen and Lovell 

(1983) stated that, during compression, the fibres align themselves at right angles to the 

direction of the applied stress (which is vertical) (see Figure 5.41). 

 



  

292 

 

Table 5.42 Friction angle of some peat deposits in the literature 

Peat deposit Friction angle 

(degree) 

Reference 

Malaysia, Selangor, Banting  6 – 20  Al-Raziqi et al. (2003) 

Malaysia, Selangor, Kg. Jawa 5 – 25 Al-Raziqi et al. (2003) 

Malaysia, Dengkil, N. Sembilan 3 – 20 Al-Raziqi et al. (2003) 

Massachusetts, Carver peats (horizontal 

sample) 

10 Elsayed et al. (2011) 

Massachusetts, Carver peats (vertical sample) 12 Elsayed et al. (2011) 

Peat  32 Hanrahan (1954) 

Japan, Ohmiya 51 – 55  Mesri and Ajlouni 

(2007) 

Turkey, Kayseri 16.2 Ulusay et al. (2010) 

Peat 36.6 Hanrahan et al. (1967) 

Canadian Peat 34 Hollingshead & 

Raymond (1972) 

Escuminac Peat 27.1 – 32.5  Landva (2007), Landva 

& La Rochelle (1983) 

Peat 40 – 60  Long (2005) 

USA, San Joaquin 44 Marachi et al. (1983) 

Canadian peat 48 Adams (1965) 

Dutch peat 75 Den Haan & Kruse 

(2007) 

Peat (average) 53 Edil et al. (2003) 

Amorphous granular peat 53 – 57  Edil & Dhowian (1981) 

Canada, Middleton peat 60 Ajlouni (2000) 

Japan, Omono 50 - 60 Yasuhara & Takenaka 

(1977) 

Australia, Gold Coast, Surfers Paradise 0 – 14  Present Study 

Thus, the fibres act as reinforcement to the triaxial shear, while the shear strength is a 

function of the friction between the fibres and the tensile strength of the fibres. In 

addition, due to the spatial orientation of the fibres, the fundamental studies revealed 

that the friction angle of peat, in a horizontal sample (horizontal shear plane), is less 

than the vertical direction (Helenlund, 1975; Landva & Pheeney 1980; MacFarlane, 

1969; Elsayed et al., 2011). This outcome was anticipated because, when the peat 

sample is horizontally sheared parallel to the fibres (see Figure 5.42), the reinforcement 

effect of the overlapping fibres is lost, and the soil will fail, with the fibres sliding over 

each other (Gruen & Lovell, 1983).    

Further, the type of the laboratory test also has an effect on the result or on the value of 

the friction angle. For example, Farrell and Hebib (1998) performed a detailed 

investigation of the shear strength of peat. They found that the effective friction angle, 

measured by a triaxial compression test, was higher than theother values obtained from 

thetests performed by using direct simple shear, ring shear, and direct shear.                      
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Figure 5.41 Effect of compression on peat fibres (Gruen & Lovell, 1983)  

 

Figure 5.42 Effect of fibres on shear failure mode (Gruen & Lovell, 1983)  

5.8.3 Consolidation parameters 

The consolidation parameters have significant geotechnical implications (Gue et al., 

2003 and Price et al., 2005), which is one of the most important geotechnical properties 

in soil mechanics. Terzaghi (year) presented the theory of one dimensional 

consolidation in 1923; then it was developed more in 1943. This theory considers soils 

as homogenous and saturated with constant coefficients of compressibility and 

permeability. Terzaghi also introduced the hydrodynamic equation that governs the one 

dimensional consolidation through many physical parameters of soils. These parameters 

are given in Equation 5.25: 

𝑘𝑣

𝛾𝑤

𝜕²𝑢ʹ

𝜕𝑧²
=

1

(1+𝑒˳)

𝜕𝑒

𝜕𝑡
                                                                                              (5.25) 

Where:  

              e = void ratio 

              uʹ = excess pore water pressure 
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              kv = coefficient of permeability      

              eo = initial void ratio 

              γw = unit weight of pore water 

              z = space coordinate  

              t = time.  

 

Large numbers of laboratory test results were in agreement with Terzaghi’s theory of 

consolidation. However, this theory had not predicted the consolidation parameters of 

organic soils and highly compressible clays, due to the changing behaviours of these 

materials. Based on this background, many consolidation theories were modified from 

Terzaghi theory. For example, Mesri and Rokhsar (1974), Mesri and Choi (1985), Mesri 

and Lo (1991), Leroueil et al. (1985), Hardin (1989), and Den Haan (1996), made 

modifications based on a number of assumptions (Ajlouni, 2000). 

Consolidation can be defined as a gradual reduction in the volume of low permeability 

saturated soil samples, due to the change of effective stress (Knappett & Craig, 2012). 

This may occur due to the drainage and/or reduction of the pore water inside a soil 

sample associated with an increase of the vertical stress applied. Budhu (2007) defined 

the consolidation as a time dependent settlement of soils resulting from the expulsion of 

water from the soil pores. Basically, every consolidation process produces soil 

settlement, which is a vertical displacement of a soil as a result of volume change due to 

applied stresses. Immediate and long term settlement can occur underneath any recently 

erected engineering structure. As such, the magnitude and the rate of consolidation 

settlement can be anticipated under one dimensional vertical stress by using the 

standard incremental oedometer test. The consolidation process of soils can be also 

determined by using rheological models (Gibson & Lo, 1961; Barden, 1965, 1968; 

Berry & Poskitt, 1972). These rheological models deal with materials that have a 

complex microstructure and different solid phase properties, such as peat and other 

highly compressible clays. Thus, Berry and Poskitt (1972) proposed two rheological 

models to examine the consolidation of fibrous and amorphous peat.   

It is generally acknowledged that all soil types settle under loading causing the 

settlement of engineering structures founded on those soils or within them. However, 

this settlement needs to be kept within a tolerable limit, otherwise the design life may 

reduce or the desired use of the structure will be impaired (Budhu, 2007). Also, 

structures may settle uniformly and non-uniformly; the later type of settlement is called 

‘differential settlement’, which is considered a crucial design consideration. The classic 

example of the differential settlement is the leaning tower of Pisa in Italy (Bowles, 
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1996; Budhu, 2007). The construction process of this tower started in 1173 and, by the 

end of 1178, when two third of the tower was completed, it tilted; since then the tower 

has been tilting differentially (see Figure 5.43). While the structure of the tower is 

intact, its function is impaired by differential settlement (Budhu, 2007).   

                                

Figure 5.43 The leaning tower of Pisa (Google Images, 2014) 

Usually, settlements are classified as either immediate or consolidations. An immediate 

settlement takes place once the load is applied, or is within a period of time (about 7 

days). It can occur in all fine grained soils, including silt and clay, with a degree of 

saturation equal to, or smaller than, 90 percent, and for all coarse grained soils with a 

large permeability (above 10
-3

 m/s). In contrast, the consolidation settlement can occur 

in all fine grained, saturated, and nearly saturated soils, and takes months to years to 

develop (Bowles, 1996).  

Knappett and Craig (2012) stated that consolidation settlement will result if a structure, 

imposing additional total stress, is built over a layer of saturated clay, or if the water 

table is lowered permanently in the strata overlaying a clay layer. This reasoning 

explains the leaning of the Pisa tower; its foundation is located about 3 m into a bed of 

silty sand, which is underlain by 30 m of saturated clay on a deposit of sand (Budhu, 

2007).  

Day (2001) defined settlement as a permanent downward displacement of foundations, 

and classified it into two main types: (1) settlement due directly to the weight of the 

structure, for example, the weight of a building can cause compression on the 

underlying soils, such as sand or clay; and (2) settlement due to secondary influences 
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which may develop long after the completion of the structure (it is due to the weight of 

the structure). This type may exist due to the water infiltration which may cause 

collapsible soils, adjacent excavation, collapse of limestone cavities, or underground 

mines and tunnels. Importantly, settlement is different from subsidence. Subsidence is a 

sinking down of a large area of the ground, which could be due to the extraction of oil, 

gas, and groundwater. Further, subsidence can be included in the category of settlement 

due to its secondary influence. 

According to McCarthy (2007), total foundation settlement results from the 

combination of immediate settlement, plus primary (or consolidation) compression 

settlement, plus secondary compression settlement. This can be formulated in Equation 

5.26: 

𝑆𝑇 = 𝑆𝑣𝑑 + 𝑆𝑝𝑐 + 𝑆𝑠𝑐                                                                                                 (5.26) 

Where:  

            St = total foundation settlement 

            Svd = settlement due to volume distortion 

            Spc = settlement due to primary compression 

            Ssc = settlement due to secondary compression. 

Such foundations are supported on fully saturated or almost saturated fine grained soils, 

free of organic content (the soils possessing cohesion, such as clay and silty clay 

mixtures); consequently, some volume distortion (immediate) settlement occurs. 

However, primary compression settlement (consolidation), which extends over a period 

of time, is likely to be the cause of most total settlements (McCarthy, 2007).       

In relation to foundations on soils with significant organic content, the primary 

consolidation is very rapid, and then large secondary and even tertiary compression is 

observed (Huat, 2004). Typically, soils containing organic material are expected to 

undergo greater total settlement than non-organic soils (McCarthy, 2007). As such, the 

settlement parameters of peat and organic soils may be determined from the standard 

odometer test from the traditional e-log σv plots. However, in terms of the interpretation 

of the curves obtained, there are many specifications that have to be taken into account, 

such as the presence of fibre, the degree of humification, and the location of peat 

(surficial, interbedded, deep layers). Further, based on Huat (2004), the gas content and 

additional gas generation may also complicate the interpretation of the consolidation of 

the curves. The behaviour of such peat and its complications, in terms of the 
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interpretation of the consolidation results, has been researched by Den Haan (1997) and 

Edil (1997).   

Generally, peat is considered unsuitable for supporting foundations in its natural state 

due to its long term consolidation settlements. Wösten et al. (1997) defined the 

consolidation of peat as a mechanical compression of permanently saturated peat layer 

below the ground water level. The abnormal compression behaviour of peat set it apart 

from other types of soils. Many researchers (e.g. MacFarlane (1969), Samson and La 

Rochelle (1972), Mesri (1973), Kogure & Ohira (1977), Dhowian & Edil (1980), Fox et 

al. (1992), Whitlock & Moosa (1996), Wösten et al. (1997), Mesri et al. (1997), Hanson 

et al. (2001),  Paikowsky et al. (2003), Long (2005), Gofar (2006), Munro & 

MacCulloch (2006), Campolunghi et al. (2007), Mesri & Ajlouni (2007), Abdullah et al. 

(2007), Duraisamy et al. (2007), Laloui et al .(2008), Duraisamy (2008), Santagata et al. 

(2008), Huat et al. (2009), Kazemian & Huat (2009), Kazemian et al. (2011), Ulusay et 

al. (2010), Elsayed et al. (2011), Boylan and Long (2013)) have examined the unusual 

consolidation parameters of peat, and have shown that the compression process of peat 

continues, and then is followed by additional compression, even under a constant rate of 

stress.        

In the current study, four important consolidation parameters were identified: 

compression index Cc, coefficient of consolidation Cv, coefficient of volume 

compressibility mv, and coefficient of secondary consolidation Cα. These parameters are 

presented in the following sections. 

5.8.3.1 Compression index  

Compression index (Cc) can be defined as the slope of the normal consolidation line in a 

plot of the logarithmic scale of vertical effective stress versus the normal void ratio 

scale. For any two points on the linear portion of the plot, the dimensionless 

compression index can be calculated as in Equation (5.27): 

𝑐𝑐  =  
𝑒˳−𝑒₁

log(𝜎ʹ₁ /𝜎ʹₒ)
                                                                                      (5.27)                      

Where 

            eₒ= initial void ratio 

            σʹ = vertical effective stress. 

In the study area, there was a lack of information related to the compression index based 

on the available data. As such, only eight compression index values were found which 

were related to four sites within the study area (Site_15, Site_24, Site_35, and Site_#, 
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which is located at the southern boundary). These values are presented in Table 5.43 to 

show the variation with the depth and soil type. Due to the lack of compression index 

data, the Cc was estimated from the well-known published equations. As such, ten 

published equations were used to estimate the compression index values (see 

Table 5.44). Based on these relationships, the estimated values from the moisture 

content, liquid limit, and dry density had a similar range to those values reported in the 

literature (see Table 5.45). However, the values estimated from the void ratio were very 

high, probably because the void ratio values were previously estimated from the 

moisture content values of the study area. Hence, the void ratio was not the measured 

values which could be used to estimate the other values. 

Table 5.43 Summary of the compression index values in the study area 

Location Depth 

(m) 

Depth 

R.L. 

(m) 

Compression 

index 

Soil description 

Site_15 15 -14.25 1.229 Peat, dark brown, some silty clay 

fines 

Site_24 28.5 -22.5 0.114 Clay with a trace of fine to medium 

sand, grey and brown  

Site_24 30 -24 0.111 Sandy clay, grey, fine to medium 

sand, moist 

Site_35 11.6 -9.1 0.25 (estimated in 

the collected 

data) 

Peat, dark brown 

Site_35 12.4 -9.9 0.07 (estimated in 

the collected 

data) 

Peat, dark brown 

Site_35 11.4 -8.9 0.25 (estimated in 

the collected 

data) 

Peat, dark brown 

Site_# 25.5 -19.5 0.123 Clay, very stiff, high plasticity, grey, 

trace of fine grained sand 

Site_# 27 -21 0.147 Clay, very stiff, high plasticity, grey 

Table 5.43 highlights the compression index of the peat layer, that is, 1.229. This value 

is consistent and close to the reported value by Ramaswamy et al. (1979), Lo et al. 

(1990), and Tan (1983) for the Singapore peat (see Table 5.46).      

Normally, the compression index values of peat were much higher than those of soft 

clays and silts (Ajlouni, 2000). The range of the compression index values of peat, as 

reported in the literature, ranged between 0.4 and 15, rather than between 2.5 and 15, as 

stated by Ajlouni (2000). Further, Noto (1991) reported that the compression index 

value of the peat in Ishikari, Japan, ranged from 0.4 to 11.0; while Lefebvre et al. (1984) 

detailed the compression index of the fibrous peat in James Bay, Quebec, Canada, as 
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ranging between 4.5 and 15. In Huat’s (2004) study, the compression index of peat was 

as high as 5.0 to 10.0 compared with that of clay, which was only 0.2 – 0.8.    

Table 5.44 The empirical relationships used to estimate the compression index 

Empirical relationship Symbol  

(used in Table 5.45) 

Reference 

Cc = 0.0084 LL + 0.164 Cc 1 Chung et al. (2003) 

Cc= 0.007 (wL - 10) Cc 2 Skempton (1944) 

Cc = 0.009 (wL - 10) Cc 3 Terzaghi & Peck (1948) 

Cc = 1.15*10
-2

 w Cc 4 Moran et al. (1958) 

Cc = w / 100 Cc 5 Mesri & Ajlouni (2007) 

Cc = 0.00782 w
1.07

 Cc 6 Kogure & Ohira (1977) 

Cc = 0.013 (w - 7) Cc 7 Kogure & Ohira (1977) 

Cc = 0.62 (e - 0.56) Cc 8 Kogure & Ohira (1977) 

Cc = 0.370 e
1.17

 Cc 9 Kogure & Ohira (1977) 

Cc = 0.621 ɤ 
-1.37

   Cc 10 Kogure & Ohira (1977) 

LL, wL = liquid limit, w = moisture content, e = void ratio, and ɤ = density.  

Based on Table 5.44, Hobbs (1986) proposed a relationship to estimate the compression 

index of temperate (fen) peat based on an empirical relationship proposed previously by 

Skempton (1944). Further, Moran et al. (1958) had proposed a relationship between the 

water content and the compression index for organic soil and peat. In Hokkaido, Japan, 

Kogure and Ohira (1977) proposed relationships for the peat in that area, which was 

similar to Moran et al.’s (1958) better known relationships for organic soils (meadow 

mats, peat, and organic silt and clay). In addition, Chung et al. (2003) proposed an 

empirical relationship between the liquid limit and the compression index for the Pusan 

clay. Similarly, Mesri and Ajlouni (2007) suggested an empirical relationship between 

the water content and the compression index for fibrous peat in Middleton and James 

Bay peat, Canada.  

Other empirical relationships have been proposed to estimate the compression index 

value from other physical characteristics. For example, Azzouz et al. (1976) proposed 

an empirical formula to estimate the compression index from the initial void ratio and 

liquid limit; Nagaraj and Murthy (1986) proposed an empirical relationship to estimate 

the compression index from the liquid limit and specific gravity. In addition, Rendon-

Herrero (1983) proposed his empirical formula for all clays from specific gravity and 

dry and saturated density. Further, Koppula (1981) outlined an empirical relationship 

that would estimate the compression index from the plasticity index, the moisture 

content, the void ratio, and the clay percentage.  

As mentioned above, the current study used 10 formulae to estimate the compression 

index from the better known published equations (see Table 5.45). 



  

300 

 

                     Table 5.45 Estimated compression index values in the study area (based on the equations in Table 5.44) 

Location Depth 

(m) 

R.L. 

(m) 

LL MC Cc1 Cc2 Cc3 Cc4 Cc5 Cc6 Cc7 Cc8 Cc9 Cc10 Description 

Site_20 11.6 -4.6 / 239 / / / 2.74 2.39 2.74 3.02 / / 0.45 Peat 

Site_15 11.9 -10.5 305 201.2 2.73 2.07 2.66 2.31 2.01 2.28 2.52 14.45 15.15 2.42 Peat clay 

Site_15 12.35 -10.35 295 176.2 2.64 2.00 2.57 2.02 1.76 1.98 2.20 13.98 14.58 2.18 Peat clay 

Site_15 15 -14.25 259 234.4 2.34 1.74 2.24 2.69 2.34 2.69 2.96 15.01 15.82 0.51 Peat 

Site_04 32.1 -29.5 50 22.9 0.58 0.28 0.36 0.26 0.23 0.22 0.21 7.55 7.26 0.32 Silty peat 

clay 

Site_04 29.2 -26.5 68 57 0.74 0.41 0.52 0.65 0.57 0.59 0.65 10.21 10.21 0.56 Silty clay 

Site_04 32.5 -29.8 60 47.6 0.67 0.35 0.45 0.54 0.48 0.49 0.53 9.66 9.58 / Silty clay 

Site_04 31.5 -28.9 67 52.8 0.73 0.40 0.51 0.60 0.53 0.55 0.60 9.98 9.94 0.55 Silty clay 

Site_04 28.7 -26.1 69 54.3 0.74 0.41 0.53 0.62 0.54 0.56 0.61 / / 0.55 Silty clay, 

peaty zones 

Site_04 30.2 -27.6 76 55.3 0.80 0.46 0.59 0.63 0.55 0.57 0.63 / / 0.56 Silty clay, 

peaty zones 

Site_04 27 -25 / 53.2 / / / 0.61 0.53 0.55 0.60 / / 0.53 Silty clay 

Site_04 29 -27 / 54.7 / / / 0.62 0.55 0.57 0.62 / / 0.55 Silty clay 

Site_04 28.3 -26 / 54.6 / / / 0.62 0.55 0.56 0.62 / / 0.55 Silty clay 

Site_13 2.5 0.25 24 36.3 0.37 0.10 0.13 0.41 0.36 0.37 0.38 8.85 8.69 / Sandy clay 

Site_13 22 -19.2 31 23.2 0.42 0.15 0.19 0.26 0.23 0.23 0.21 7.59 7.30 / Sandy clay 

/clayey sand 

Site_13 25 -22.2 25 20.3 0.37 0.11 0.14 0.23 0.20 0.20 0.17 7.22 6.91 / Sandy clay 

/clayey sand 

Site_13 32.5 -29.7 34 16 0.45 0.17 0.22 0.18 0.16 0.15 0.12 6.60 6.25 / Clayey sand 

Site_13 13 -11.4 / 159.3 / / / 1.83 1.59 1.78 1.98 / / 1.71 Organic 

clay/ peat 

Site_13 16 -13 / 166.8 / / / 1.91 1.67 1.87 2.08 / / 1.82 Organic 

clay 

Site_24 30 -24 51 28 0.59 0.29 0.37 0.32 0.28 0.28 0.27 8.11 7.87 0.25 Sandy clay, 

moist 

Site_24 28.5 -22.5 88 32.2 0.90 0.55 0.70 0.37 0.32 0.32 0.33 8.51 8.30 0.25 Clay 
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Table 5.45 Estimated compression index values in the study area (continued) 

Location Depth 

(m) 

R.L. 

(m) 

LL MC Cc1 Cc2 Cc3 Cc4 Cc5 Cc6 Cc7 Cc8 Cc9 Cc10 Description 

Site_06 16 -12.4 / 72.2 / / / 0.83 0.72 0.76 0.85 / / 0.70 Silty clay 

some 

organics 

Site_06 16 -12.5 / 247.1 / / / 2.84 2.47 2.84 3.12 / / 3.05 Organic 

clay/ peat 

Site_06 23 -20 / 25.5 / / / 0.29 0.26 0.25 0.24 / / 0.34 Silty clay 

Site_06 5.5 -2 / 19.1 / / / 0.21 0.19 0.18 0.16 / / / Sand 

Site_06 7 -3.5 / 18.6 / / / 0.21 0.19 0.18 0.15 / / / Sand 

Site_07 14.6 -10.63 / 168 / / / 1.93 1.68 1.88 2.09 / / 0.54 Peat 

Site_07 14.6 -10.63 / 170 / / / 1.95 1.70 1.90 2.12 / / 0.54 Peat 

Site_17 30.5 -23.12 / 24.4 / / / 0.28 0.24 0.24 0.23 / / 0.32 Silty Sandy 

clay 

Site_34 26.5 -21.5 / 31.5 / / / 0.36 0.32 0.31 0.32 / / 0.35 Clay 

Site_34 28 -23 / 31.7 / / / 0.36 0.32 0.32 0.32 / / 0.34 Clay 
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The estimated compression index values of different soil types were based on the ten 

aforementioned empirical formulae (see Table 5.45). Each empirical relationship 

provided a range of values that seem to be close to each other, except for the values of 

Cc8 and Cc9, which were estimated from the ratio. All other values fell within the range 

of the compression index of peat and clay, which were previously reported in the 

literature (see Table 5.46). Importantly, the compression index of the peat in the study 

area is within the range of the compression index of peat in Malaysia and Singapore. 

The statistical significance of theses estimations are presented in Chapter 6 Section 

6.3.1. 

Table 5.46 Compression index values for some peat and soil deposits 

Peat deposit Compression 

index 

Reference 

Malaysia, Sessang peat  1.4 – 1.8   Abdullah et al. (2007) 

Singapore peat 0.674 – 0.812 Ramaswamy et al. (1979) 

Singapore peat 1.54 Lo et al. (1990) 

Singapore peat 0.15 – 5.5 Tan (1983) 

Canada, Ontario peat 5.0 Hollingshead & Raymond (1972) 

Singapore, Bishan 0.32 – 1.54  Hanrahan (1954) 

Japan, Hokkaido, Ishikari 0.4 – 11   Noto (1991) 

Japan, Hokkaido, Teshio 1 – 10  Noto (1991) 

Japan, Hokkaido, Abashiri 1.7 – 14  Noto (1991) 

Japan, Hokkaido, Kushiro 0.3 – 10  Noto (1991) 

Japan, Hokkaido, Akkeshi 2 – 3   Noto (1991) 

Japan, Hokkaido, Hidaka 4 – 10   Noto (1991) 

Japan, Hokkaido, Tokachi 1 – 12  Noto (1991) 

Turkey, Kayseri 0.49 – 2.42  Ulusay et al. (2010) 

Malaysia, Carey Island marine clay 0.5 – 1.25 Shanul et al. (2004) 

West Malaysia peat and organic soil 1.0 – 2.6  Huat (2004) 

East Malaysia peat and organic soil 0.5 – 2.5   Huat (2004) 

Malaysia, Johore hemic peat 0.9 – 1.5 Zainorabidin & Bakar (2003) 

Canada, northern Quebec 4.94 – 14.93  Lefebvre et al. (1984) 

Canada, Middleton peat 6 – 9  Ajlouni (2000) 

Canada, James Bay peat 10 – 12  Ajlouni (2000) 

Australia, Gold Coast, Surfers 

Paradise 

1.229  Present Study 

5.8.3.2 Coefficient of consolidation 

The coefficient of the consolidation (Cv) is one of the consolidation parameters used to 

describe the rate of consolidation of a particular saturated soil per unit of time. In other 

words, the coefficient of consolidation indicates how slowly or quickly the process of 

consolidation takes place in a laboratory test. Two common methods can be used to 
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determine the coefficient of consolidation, namely: (1) the square root time method, and 

(2) the log time method. The square root time method, proposed by Taylor (1942), 

utilises the early time response. Theoretically this appears as a straight line in a graph of 

the square root of time versus the displacement gauge reading. In contrast, the log time 

method, proposed by Casagrandi and Fadum (1940), has displacement gauge readings 

which are plotted against the logarithmic scale of time (Bowles, 1996; Day, 2001; 

McCarthy, 2007; Budhu, 2007; Knappett & Craig, 2012).  

The coefficient of consolidation can be determined from the oedometer test for a certain 

pressure increment by comparing the characteristics of the experimental and theoretical 

consolidation curves (curve-fitting) (Knappett & Craig, 2012). Thus, once the Cv has 

been determined, the coefficient of permeability can also be obtained (see Equation 

5.19). The coefficient of consolidation, which has a unit of length
2
 per time, can be 

determined from Equation 5.28 (Bowles, 1996; Day, 2001; McCarthy, 2007; and 

Knappett & Craig, 2012) as follows: 

𝐶𝑉 =  
𝑘(1+𝑒)

𝑎𝑣 𝛾𝑤
                                                                                                                (5.28) 

Where 

            e = void ratio 

            k = coefficient of permeability 

           av = coefficient of compressibility (the slop of the curve in a plot of void ratio              

against imposed pressure 𝜎v) 

           γw = unit weight of water. 

The coefficient of consolidation values depend on many factors, such as type of soil, 

degree of saturation, degree of humification (in terms of peat), and increment of the 

applied load. Normally, the inorganic soils have low Cv values compared with peat and 

organic soils (see Table 5.47). Mesri et al. (1997) stated that the initial coefficient of 

consolidation of peat is 10 to 100 times larger than soft clays and silt deposits. Further, 

in the square root time method there are nonlinearities arising from the secondary 

consolidation which cause substantial deviations from the expected straight line of the 

fine grained soils, with the organic content (Budhu, 2007). Thus, Huat (2004) used a 

special e-log p plot to illustrate the consolidation analysis of peat, apart from inorganic 

soils. Furthermore, Farrell et al. (1994) found a remarkable decrease in the coefficient of 
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consolidation, with an increase in effective stress, especially in soils with high organic 

content.  

Table 5.47 Typical values of the coefficient of consolidation (Carter & Bentley, 1991) 

Soil Classification Coefficient of consolidation 

(m
2
/year) 

Boston blue clay CL 12 ± 6 

Organic silt OH 0.6 – 3 

Glacial lake clays CL 2.0 – 2.7 

Chicago silty clays CL 2.7 

Swedish medium sensitive clays 
CL – CH 

0.1 – 1.2 (laboratory) 

0.2 – 1.0 (field) 

San Francisco bay mud  CL 0.6 – 1.2 

Mexico city clay MH 0.3 – 0.5 

 

Early studies on the coefficient of the consolidation of peat and organic soils were 

undertaken by Aboshi and Monden (1960), Lea and Brawner (1963), Watanabe (1964), 

Keene and Zawodniak (1968), Berry and Poskitt (1972), Hollingshead and Raymond 

(1972), Berry and Vickers (1975), Lefebvre et al. (1984), Jones et al. (1986), Mesri et 

al. (1997), and Ajlouni (2000). This aspect was followed by Holden and Burt (2003), 

Wong (2005), Gofar (2006), Abdullah et al. (2007), Mesri and Ajlouni (2007), 

Santagata et al. (2008), Kazemian and Huat (2009), Ulusay et al. (2010), and Elsayed et 

al. (2011).  

The current study involved 16 values for the coefficient of consolidation, collected from 

9 locations within the study area. These values are related to various soil types (such as 

peat, organic clay, silty clay, silty clay, sandy clay, and peaty clay) at different depths 

(see Table 5.48). The values of the coefficient of consolidation for the peat layer ranged 

from 1.12 to 3.57 m
2
/ year, except in Site_15, where the value was 11.6 m

2
/ year. The 

lowest value was at site_20, located to the south of the core of the study area; the 

highest value was in Site_15, situated in the core of the study area. A potential reason 

for the high Cv value could be attributed to the occurrence of saturated decayed organic 

materials (decaying trees). These materials contain woody fragments and fibres which 

are likely to be filled with gases and water, within their internal structure, that may need 

more time to finish their consolidation process (see Figure 5.41b).      
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Table 5.48 Summary of the coefficient of consolidation values in the study area 

Location Depth 

(m) 

Depth 

R.L. 

(m) 

Coefficient of 

consolidation, 

Cv (m
2
/year) 

Pressure 

range 

(kPa) 

Soil description 

Site_20 11.6 -4.6 1.12 200 – 400 Peat, soft dark brown-black 

Site_15 15 -14.25 11.6 400 – 800 Peat, decaying trees, dark 

brown, moist. 

Site_06 16 -12.4 0.47 200 – 400 Organic clay, high plasticity, 

grey, with lenses of fine to 

medium sand and peat 

Site_06 16 -12.5 1.24 400 – 800 Clayey peat/organic silty 

clay, high plasticity, dark 

grey to dark brown 

Site_06 23 -20 5.17 800 – 1600 Silty clay, high plasticity, 

grey and brown, traces of 

fine sand 

Site_35 11.6 -9.1 1.17 

(estimated) 

/ Peat, rooting wood 

fragments, high organic 

odour, moist, soft, high 

plasticity, black. 

Site_35 11.4 -8.9 1.17 

(estimated) 

/ Peat, dark brown. 

Site_04 28.7 -26.1 0.37 800 – 1200 Silty Clay, dark grey, very 

silty, some shell fragments 

and peaty zones 

Site_04 30.2 -27.6 0.1 800 – 1200 Silty Clay, dark grey, very 

silty, some shell fragments 

and peaty zones 

Site_07 14.6 -10.63 2.48 800 – 1600 Peat, firm black 

Site_07 14.6 -10.63 1.63 800 – 1600 Peat, firm black 

Site_13 13 -11.4 3.57 150 – 300 Peat, high plasticity, dark 

brown, moist, strong odour, 

decomposing organic matter 

Site_13 16 -13 3.55 150 – 300 Peat, high plasticity, dark 

brown, moist, strong odour, 

decomposing organic matter 

Site_24 28.5 -22.5 2.21 800 – 1600 Clay, trace of fie to medium 

sand, grey and brown 

Site_# 27 -21 4.21 400 – 800 Clay, very stiff, high 

plasticity, grey. 

Site_# 25.5 -19.5 2.58 400 – 800 Clay, very stiff, high 

plasticity, grey, trace of fine 

grained sand 

 

The coefficient of the consolidation values of some peat and clay deposits in selected 

regions are shown in Table 5.49. The range for the coefficient of consolidation of the 

peat layer fell within the ranges of the Cv of peat in Malaysia and in Turkey. In addition, 

the Cv value of the clay in the study area was close to the range of the Cv value in 

Thailand.   
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Table 5.49 Coefficient of consolidation values for some peat and soil deposits 

Peat deposit Coefficient of 

consolidation, 

Cv (m
2
/year) 

Reference 

Malaysia, Sessang peat 0.54 Abdullah et al. (2007) 

Singapore peat 0.674 – 0.812 Ramaswamy et al. (1979) 

Amorphous and fibrous peat 14 – 17 Lea & Brawner (1963) 

Amorphous to fibrous peat 55.6 Keene & Zawodniak (1968) 

Amorphous granular peat 64 Berry & Poskitt (1972) 

Fibrous peat 16.1 Berry & Poskitt (1972) 

Fibrous peat 9.1 Berry & Vickers (1975) 

Canada, Ontario peat 200 Hollingshead & Raymond (1972) 

Malaysia, Johor, Kampung Bahru, 

Pontian 

4.48 – 5.22 Gofar (2006) 

Canada, Middleton fibrous peat 1.8 – 8.1 Mesri & Ajlouni (2007) 

Canada, James Bay fibrous peat 0.8 – 2.1 Mesri & Ajlouni (2007) 

Thailand, Bangkok soft clay 2.0 – 3.0 Phien-wej et al. (2006) 

Thailand, Bangkok stiff clay 3.0 Phien-wej et al. (2006) 

Malaysia, Selangor peat 2.78 – 4.95 Kazemian & Huat (2009) 

Turkey, Kayseri peat 0.52 – 7.09 Ulusay et al. (2010) 

Canada, Middleton fibrous peat 20 – 150 Ajlouni (2000) 

Canada, James Bay fibrous peat 30 – 300 Ajlouni (2000) 

Australia, Gold Coast, Surfers Paradise 1.12 – 11.6 Present Study 

 

5.8.3.3 Coefficient of volume compressibility 

The coefficient of the volume compressibility (mv) was used to compute the primary 

consolidation settlements. The mv was defined as the volume change per unit volume 

per unit increase in effective stress. This volume change may be expressed in terms of 

either specimen thickness or void ratio. The coefficient of compressibility is one of the 

parameters that can quantify the compressibility of a particular soil, as well as the 

compression index Cc, and the constrained modulus Eʹ (Knappett & Craig, 2012). 

Normally, mv can be determined from e- σʹ graph by applying Equations (5.29) and 

(5.30) as follows: 

𝑚𝑣 =  
1

1+𝑒0
(

𝑒0−𝑒1

𝜎1
′−𝜎0

′)                                                                                               (5.29) 

𝑚𝑣 =  
1

𝐻0
(

𝐻0−𝐻1

𝜎1
′ −𝜎0

′ )                                                                                                                               (5.30) 

Where  

              e = void ratio 
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             σʹ = effective stress  

             H is the soil thickness. The unit of mv is the inverse of stiffness (m
2
 per kN or 

m
2
 per MN). 

It can be observed from Equations 5.29 and 5.30 that the effective stress appears as a 

denominator parameter in both equations as the coefficient of volume compressibility is 

not constant for a given soil. This is because of the variance in void ratio which would 

be controlled by the chemical and physical properties of soil materials such as clay 

mineral composition, particle size, pore water, and organic matter (Ohtsubo et al., 

2007). In this context, Table 5.50 shows the typical values for coefficient of volume 

compressibility. 

In the current research, the 15 values of the coefficient of volume compressibility were 

obtained from 9 sites (Site_06, Site_07, Site_13, Site_15, Site_17, Site_20, Site_24, 

Site_34, and Site_#). Thus, the coefficient for volume compressibility of peat in the 

study area ranged from 2.40E-04 m
2
/kN (in Site_15 at depth of R.L. -14.25 m) to 

6.63E-04 m
2
/kN (in Site_13 at depth of R.L. -13 m) as shown in Table 5.51. 

Table 5.50 Typical values for coefficient of volume compressibility (modified from Carter, 

1983)  

Type of sediment Descriptive term Coefficient of volume 

compressibility, 

 mv (10
-3 

kPa
-1

) 
Strength Compressibility 

Heavily overconsolidated 

boulder clays, weathered 

mudstone. 

Hard Very low < 0.05 

Boulder clays, tropical red 

clays, moderately 

overconsolidated 

Very 

stiff 

Low 0.05 – 0.1 

Glacial outwash clays, lake 

deposits, weathered marl, 

lightly to normally      

consolidated clays. 

Firm Medium 0.1 – 0.3 

Normally consolidated 

alluvial clays, such as 

estuarine and delta deposits, 

and sensitive clays. 

Soft High 0.3 – 1.0 (non-sensitive) 

0.5 – 2.0 (organic, sensitive) 

 

Highly organic alluvial 

clays and peat. 

Very 

soft 

Very high >1.5 

 

 



  

308 

 

 

Table 5.51 Summary of the coefficient of volume compressibility values in the study area 

Location Depth 

(m) 

Depth 

R.L. 

(m) 

Coefficient of 

volume 

compressibility, 

mv (m
2
/kN) 

Pressure 

range 

(kPa) 

Soil description 

Site_20 11.6 -4.6 3.34E-04 200 – 400 Peat, soft dark brown-black 

Site_15 15 -14.25 2.40E-04 400 – 800 Peat, decaying trees, dark 

brown, moist. 

Site_06 16 -12.4 3.12E-04 200 – 400 Organic clay, high 

plasticity, grey, with lenses 

of fine to medium sand and 

peat 

Site_06 16 -12.5 3.83E-04 400 – 800 Clayey peat/organic silty 

clay, high plasticity, dark 

grey to dark brown 

Site_06 23 -20 3.24E-05 800 – 

1600 

Silty clay, high plasticity, 

grey and brown, traces of 

fine sand 

Site_07 14.6 -10.63 3.75E-04 200 – 400  Peat, firm black 

Site_13 13 -11.4 4.03E-04 150 – 300 Peat, high plasticity, dark 

brown, moist, strong odour, 

decomposing organic matter 

Site_13 16 -13 6.63E-04 150 – 300 Peat, high plasticity, dark 

brown, moist, strong odour, 

decomposing organic matter 

Site_17 30.5 -23.12 1.00E-04 200 – 400  Stiff grey silty sandy clay 

Site_24 28.5 -22.5 2.20E-05 800 – 

1600 

Clay, trace of fie to medium 

sand, grey and brown 

Site_24 30 -24 4.70E-05 400 – 800 Sandy clay, grey fine to 

medium sand, moist. 

Site_34 26.5 -20 5.0E-05 300 – 400  Clay, grey mottled brown. 

Site_34 28 -21.5 7.0E-05 300 – 400 Clay, grey mottled brown. 

Site_# 27 -21 5.60E-05 400 – 800 Clay, very stiff, high 

plasticity, grey. 

Site_# 25.5 -19.5 5.00E-05 400 – 800 Clay, very stiff, high 

plasticity, grey, trace of fine 

grained sand 

 

The variation of mv with the depth is shown clearly in Figure 5.44, along with the 

occurrence of peat in the nominated depth. Further, Table 5.52 illustrates and compares 

the values of mv in Malaysia, Turkey and the study area. The table indicates that the peat 
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in the study area falls within the range of the Sessang peat in Malaysia in terms of the 

mv value. 

Table 5.52 Coefficient of volume compressibility values for some peat deposits  

Peat deposit Coefficient of volume 

compressibility, mv 

(m
2
/kN) 

Reference 

Malaysia, Sessang peat  1.20E-04 – 7.69E-03  Abdullah et al. (2007) 

Malaysia, Johor, Kampung Bahru, 

Pontian 

1.40E-03 – 3.31E-03  Gofar (2006) 

Malaysia, Selangor peat 6.56E-04 – 1.48E-03  Kazemian & Huat (2009) 

Turkey, Kayseri peat 1.60E-04 – 3.07E-03 Ulusay et al. (2010) 

Australia, Gold Coast, Surfers Paradise 2.40E-04 – 6.63E-04 Present Study 

 

                                                                  

Figure 5.44 Variation of the coefficient of volume compressibility with depth in 

the study area 
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5.8.3.4 Coefficient of secondary consolidation 

The secondary consolidation, secondary compression or creep occurs after the process 

of primary consolidation when the soil internal structure continues to adjust to the load 

for an additional time. It exists after most of the load transfers from the pore water to the 

solid particles, and it may take years to cease. Huat (2004) defined the secondary 

consolidation or creep as a continuing volumetric compression under constant vertical 

effective stress. In addition, McCarthy (2007) defined it as the additional compression 

that takes place at a constant value for effective stress after excess pore water has 

dissipated.   

According to Knappett and Craig (2012), secondary consolidation can be thought of as 

the gradual readjustment of fine-grained particles into a more stable configuration 

following a decrease in the void ratio after the structural disturbance in the laterally 

confined soils. They pointed out that the rate of secondary consolidation should be 

controlled by the highly viscous film of adsorbed water surrounding the clay mineral 

particles in the soil. After that, the adsorbed water viscously flows very slowly from the 

zones of film contact, allowing the solid particles to move closer to each other. This 

movement increases the film viscosity which, in turns, decreases the rate of soil 

consolidation. However, the primary and secondary consolidation simultaneously 

proceeds from the time of loading in the consolidation test (Budhu, 2007). Further, there 

is a possibility that secondary compression begins even before the dissipation of excess 

pore water pressure is completed (Leonards & Girault, 1961). Thus, it is hard to 

determine the beginning of secondary consolidation from the curve because the 

preliminary consolidation occurs rapidly (Yulindasari, 2006).  

Moreover, the secondary consolidation can be presumed to be the final segment from 

the e-logp curve. This is based on the assumptions that the secondary consolidation is 

independent of time, thickness of compressible layer, and applied pressure (Kazemian et 

al., 2011).  

The secondary consolidation has been described by Bowles (1996) as a small 

component of the total settlement for most inorganic soils; in contrast, it is larger than 

the primary consolidation in the highly organic soils. Moreover, the value of secondary 

consolidation can be ignored as it is a very small portion of the total settlement while, in 
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organic soils, it constitutes a significant portion of the total settlement, and it must be 

included in the analysis (Day, 2001). Further, Edil (1997) stated that the secondary 

consolidation is severe in such materials, and cannot be as easily achieved with more 

firm inorganic soils. The secondary consolidation can be obtained by applying Equation 

(5.31) as follows:  

𝐶𝛼 =
∆𝑒

∆ log 𝑡
=

∆𝑒

log 𝑡1−log 𝑡2
                                                                                     (5.31) 

Where: ∆e is the change in the void ratio of a soil sample over a period of time between 

t1 and t2 that follows the time when full theoretical consolidation has been reached 

(McCarthy, 2007). 

For organic soils and peat, the secondary consolidation has more importance because it 

happens during the design life of the structure, and after the fast primary consolidation 

(Lea & Brawner, 1963; Ajlouni, 2000). For peat, an increase in the consolidation 

pressure also has an increase in the secondary consolidation (Lea and Brawner, 1963; 

Adam, 1965 and Barden, 1969). However, Samson and La Rochelle (1972) concluded 

that the secondary consolidation of peat is not the result of the compression of the solid 

particle of peat; instead, it is due to the plastic behaviour of the peat particles, such as 

buckling, squeezing, and bending. Hence, it can be accelerated by increasing the applied 

pressure on the sample. The estimation of the secondary consolidation of peat is 

complicated where the lack of consensus on the best approach is apparent (Huat, 2004). 

Normally, the secondary consolidation is expressed and explained as the ratio or law of 

compressibility Cα/Cc (Mesri & Godlewski, 1977; Mesri & Castro, 1987; Mesri, 1987; 

and Mesri et al., 1997). Mitchell and Soga (2005) collated data on Cα for a range of 

natural soils, and normalised the data by Cc (see Table 5.53). 

The secondary consolidation, typically, lies between 1 and 10% of the primary 

consolidation and depends on the type of soil. Mesri and Ajlouni (2007) found that, for 

all the geotechnical materials, the values of the ratio Cα/Cc were in the range of 0.01 to 

0.07. But for the peat, Mesri (1986) calculated this ratio (from the data obtained by 

Samson and La Rochelle (1972)) to be in the range of 0.052 - 0.072. In addition, Mesri 

et al. (1997) suggested that the ratio Cα/Cc for peat lies within the range of 0.06 ± 0.01. 
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Table 5.53 Secondary consolidation characteristics of natural soils (Mitchell & Soga, 2005)  

Soil Type Cα/Cc 

Sands (low fines content) 0.01 – 0.03 

Clays and silts 0.03 – 0.08 

Organic soils 0.05 – 0.10 

 

The coefficient of the secondary consolidation Cα can be estimated from the water 

content (wn), based on an empirical formula proposed by Farrell et al. (1994), as given 

in Equation 5.38. 

Cα=0.00018wn                                                                                                                                                                  (5.32) 

The coefficient of the secondary consolidation was estimated from the moisture content 

values in the study area based on Equation 5.32 which proposed by Farrell et al. (1994). 

The reason for the estimation was because there were only four measured values for 

clay and sandy clay in the study area. As such, the estimated values of clay and sandy 

clay were close to the measured values. Table 5.54 and Table 5.55 show the measured 

and the estimated values of the coefficient of the secondary consolidation in the study 

area, respectively. 

Table 5.54 Measured and estimated coefficient of the secondary consolidation in the study 

area 

Location Depth 

(m) 

Depth 

R.L. 

(m) 

Coefficient 

of secondary 

consolidation 

(measured) 

Pressure 

range 

(kPa) 

Coefficient 

of secondary 

consolidation 

(estimated) 

Soil description 

Site_24 28.5 -22.5 0.0041 800 – 1600 0.006 Clay, trace of 

fine to medium 

sand, grey and 

brown. 

Site_24 30 -24 0.0035 400 – 800 0.005 Sandy clay, 

grey, moist, fine 

to medium sand 

Site_# 25.5 -19.5 0.0001 400 – 800 0.006 Clay, grey, 

moist 

Site_# 27 -21 0.0016 400 – 800 0.007 Clay, grey, 

moist 

Table 5.55 shows that the estimated Cαof peat from the moisture content values in the 

study area ranged from 0.029 to 0.044. This range lies within the range which was 

reported by Hobbs (1986). Hence, the Cα values can reach the limiting values of 
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between 0.02 and 0.04 for highly organic soils. Further, this estimation is consistent 

with O’Loughlin and Lehane’s (2003) findings; thus, the Cαvalues increase with the 

increase in the organic content. Based on the data from Table 5.55, the Cα values 

increase with the increasing organic content. The highest Cα value of peat had an 

organic content of 68.97%; whereas, the lowest Cαvalue of peat had an organic content 

of 63.77%. Furthermore, these results are consistent with Tan’s (1983) study of the 

Singaporean peaty soils (the value was 0.04). However, the Cα values of peat in the 

study area were lower than the values of the peat in Sessang, Malaysia (the value was 

0.077). The reason for this difference is because the peat was taken from shallow depths 

in Malaysia, and, consequently, it is deemed as normal to have a high Cαvalue which is 

different from the value of peat in the study area as it was located at depth between R.L. 

-10 and R.L. -19.6 m. A range of Cαvalues of peat deposits in the study area and other 

regions around the world are shown in Table 5.57.  

Table 5.55 Estimated coefficient of Secondary consolidation from moisture content in the 

study area 

Location Depth 

(m) 

Depth 

R.L. 

(m) 

Water 

content 

% 

Coefficient of 

secondary 

consolidation 

(estimated) 

Soil description 

Site_20 11.6 -4.6 239 0.043 Peat, soft dark brown-black 

Site_15 11.9 -10.5 201.2 0.036 Peaty clay 

Site_15 12.35 -10.35 176.2 0.032 Peaty clay 

Site_15 15 -14.25 234.4 0.042 Peat, decaying trees, moist 

dark brown 

Site_06 16 -12.4 72.2 0.013 Organic clay, high plasticity, 

grey, lenses of fine to medium 

sand and peat 

Site_06 16 -12.5 247.1 0.044 Clayey peat/organic silty clay, 

high plasticity, dark grey to 

dark brown 

Site_06 23 -20 25.5 0.005 Silty clay, high plasticity, grey 

and brown, traces of fine sand 

Site_06 4 -0.5 1.5 0.0003 Medium dense sand 

Site_06 5.5 -2 19.1 0.003 Dense sand 

Site_06 1 2.5 6.4 0.001 Loose sand 

Site_06 7 -3.5 18.6 0.003 Dense sand 

Site_04 28.7 -26.1 54.3 0.010 Silty clay, peaty zones 

Site_04 30.2 -27.6 55.3 0.010 Silty clay, peaty zones 

Site_04 32.1 -29.5 22.9 0.004 Silty peat clay 

Site_04 29.2 -26.5 57 0.010 Silty clay 

Site_04 32.5 -29.8 47.6 0.009 Silty clay 

Site_04 27 -25 53.2 0.010 Silty clay 
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Table 5.56 Estimated coefficient of Secondary consolidation from moisture content in the 

study area (continued) 

Site_04 29 -27 54.7 0.010 Silty clay 

Site_04 28.3 -26 54.6 0.010 Silty clay 

Site_04 31.5 -28.9 52.8 0.010 Silty clay 

Site_07 14.6 -10.63 168 0.030 Peat, firm black 

Site_07 14.6 -10.63 170 0.031 Peat, firm black 

Site_13 13 -11.4 159.3 0.029 Peat, high plasticity, dark 

brown, moist, strong odour, 

decomposing organic matter 

Site_13 16 -13 166.8 0.030 Peat, decayed organic matter 

Site_13 2.5 0.25 36.3 0.007 Sandy clay 

Site_13 22 -19.2 23.2 0.004 Sandy clay/clayey sand 

Site_13 25 -22.2 20.3 0.004 Sandy clay/clayey sand 

Site_13 32.5 -29.7 16 0.003 Clayey sand 

Site_17 30.5 -23.12 24.4 0.004 Stiff grey silty sandy clay 

Site_34 26.5 -20 31.5 0.006 Clay, grey mottled brown. 

Site_34 28 -21.5 31.7 0.006 Clay, grey mottled brown. 

Table 5.57 Coefficient of Secondary consolidation of some peats and soils 

Peat deposit Coefficient of 

secondary 

consolidation 

Reference 

Malaysia, Sessang peat  0.077 Abdullah et al. 

(2007) 

Singapore, Bishan 0.32 Lo et al. (1990) 

Singapore peat 0.04 Tan (1983) 

Carver peat 0.15 Elsayed (2003) 

Turkey, Kayseri peat 0.00025 – 0.025 Ulusay et al. (2010) 

Malaysia, west coast fibric peat 0.0374 – 0.0901 Duraisamy et al. 

(2007) 

Malaysia, west coast hemic peat 0.0225 – 0.0881 Duraisamy et al. 

(2007) 

Malaysia, west coast sapric peat 0.014 – 0.0851 Duraisamy et al. 

(2007) 

Wisconsin, Portage Peat. 0.17 – 0.18 Dhowian & Edil 

(1981) 

Malaysia, Johor, Kampung Bahru, Pontian 0.261 Gofar (2006) 

Canada, Middleton fibrous peat 0.15 – 0.54   Ajlouni (2000) 

Canada, James Bay fibrous peat 0.2 – 0.72   Ajlouni (2000) 

Peat, Australia, Gold Coast, Surfers Paradise 0.029 – 0.044 

(estimated)  

Present Study 

Clay, Australia, Gold Coast, Surfers Paradise 0.0001 – 0.0041 Present Study 

5.8.4 Preconsolidation stress 

After the initial forming and placement of the geomaterials, the soils become subjected 

to a wide range of geomorphological, climatic, and environmental changes. These 
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changes include the wet-dry cycle, erosion, ageing, seasonal temperature fluctuations 

and, in some cases, cyclic loading due to earthquakes, waves and tidal activities. As a 

result, most soils are at least slightly-moderately overconsolidated (Mayne, 2007). As 

the sea level has risen 30+ m in recent geological periods, this rise is considered 

adequate to cause a considerable preconsolidation in soils (Locat et al., 2003). Thus, 

when a soil has been compacted by field traffic or has settled due to natural causes, such 

as overburden or rain, a threshold stress is believed to exist. Hence, the loadings induce 

smaller stresses than this threshold and causes little additional compaction, while the 

loadings induce greater stresses, which cause much additional compaction (Dawidowski 

& Koolen, 1994). 

Normally, for a soil sample at a certain depth, a specific value of preconsolidation stress 

is applied. Accordingly, Casagrande (1936) and Holzer (1981) defined the 

preconsolidation load or preconsolidation stress as the maximum vertical effective 

stress to which the sediments were subjected prior to groundwater withdrawal. In 

addition, the preconsolidation stress, defined as a maximum effective stress to which 

this soil sample has been exposed, may result from loading (Solanki & Desai, 2008).     

Preconsolidation stress can be estimated by using many methods, from laboratory one 

dimensional consolidation data (Casagrande, 1936; Schmertmann, 1955; Janbu, 1969, 

Becker et al., 1987; Onitsuka et al., 1995), to semi-log scales (Casagrande and 

Schmertmann), and log-log scales (Onitsuka et al., 1995). In general, these methods are 

satisfactory for soils that exhibit an e-log σ'v relationship with a well-defined break in 

the vicinity of σ'p (Becker et al., 2007). 

Casagrande (1936) developed his most commonly used method to determine the 

preconsolidation stress from a resulted curve in the graph of void ratio versus effective 

consolidation stress. The ideal interpretation method should be based on direct selection 

of the preconsolidation stress from the measured data (DeGroot et al., 2007). However, 

the preconsolidation stress can be estimated from other parameters, if measured data 

cannot be obtained or is not available. For example, Solanki and Desai (2008) estimated 

the preconsolidation stress from the soil index and the plasticity properties. In addition, 

DeGroot et al. (2007) evaluated the preconsolidation stress for soft clays from the 

constant rate of strain pore pressure data. Further, Dawidowski and Koolen (1994) 
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performed a computerised determination of the preconsolidation stress in compaction 

testing of field core samples. Holzer (1981) estimated the preconsolidation stress of the 

aquifer systems in areas of induced land subsidence from a relationship between the 

subsidence rate and the water level decline, while Becker et al. (2007) estimated the 

preconsolidation stress from the cone tip resistance value in the CPT test for the 

Beaufort Sea clays. 

In the current research, the preconsolidation stress values were estimated for the sands 

and clays in the study area from the corrected energy efficiency value (N60) of the 

Standard Penetration Test SPT. The preconsolidation stress values of sands were 

estimated from the proposed relationship by Mayne (1992) for clean sands (see 

Figure 5.45), as illustrated in Equation 5.33: 

𝜎𝑝 
′ ≈ 0.47 (𝑁60)𝑚. 𝜎𝑎𝑡𝑚                                                                  

                                                  (5.33) 

Where: m=0.6 for clean quartzitic sands, 0.8 for silty sands to sandy silts, and m=1.0 for 

intact clays to clayey silts, σatm= 1 atmosphere = 1 bar = 100 kPa. 

 

Figure 5.45 Apparent preconsolidation stress versus N 60 for soils (Mayne, 1992)  

From Equation 5.33, the preconsolidation stress values were estimated for the sands 

(loose, medium dense, dense, and very dense) from 1,754 SPT-N60 values within the 

study area. The estimated preconsolidation stress values of sands in the study area 

ranged (as averages) from 59 kPa for the very loose sands to about 518 kPa for the very 

dense sands (see Table 5.58) . 
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The preconsolidation stress values of the clays were estimated from the energy 

corrected N60, based on the relationship proposed by Mayne and Mitchell (1988). This 

relationship was deemed suitable to estimate the preconsolidation stress for the firm to 

stiff clays which were neither highly sensitive nor structured. Such an approximation, 

according to Kulhawy and Mayne (1990), is illustrated in Equation 5.34: 

𝜎𝑝 
′ ≈ 0.47 𝑁60. 𝜎𝑎𝑡𝑚                                                                                                  (5.34) 

Based on this relationship, estimation was made for the clays from 84 values of SPT-N60 

within the study area. Further, the estimation of the preconsolidation stress yielded an 

average value of 579 kPa for all the firm and stiff clays. The minimum value of the 

estimated preconsolidation stress for the firm clays was 243 kPa; whereas the maximum 

value for the stiff clays was 972 kPa (see Table 5.59). 

Table 5.58 Estimated preconsolidation stress values of sands in the study area (estimated 

based on Mayne, 1992) 

 

Sand stiffness 

N60 

Average 

Energy corrected N60 

(blows) 

Estimated σp' 

Average 

(kPa) 

Estimated σp' 

(kPa) 

Min Max Min Max 

Very Loose  1.8 0 4.13 59 47.95 110.16 

Loose  7.55 4.13 10.34 162 92.7 190 

Medium Dense  19.34 11.37 32.05 284 190.9 369 

Dense  39.28 31.02 50.6 438 369.9 495.3 

Very Dense  51.70 51.7 > 51.7 518 518 > 518 

Table 5.59 Estimated preconsolidation stress values of firm and stiff clays in the study area 

based on (Kulhawy & Mayne, 1990) 

 

Clay type 

N60 

Average 

Energy corrected N60 

(blows) 

Estimated σp' 

Average 

(kPa) 

Estimated σp' 

(kPa) 

Min Max Min Max 

Firm  8.21 5.17 10.34 386 243 486 

Stiff  14.5 10.34 20.86 681 486 972 

 

It is hard to estimate the preconsolidation stress of peat or to generalise an empirical 

equation for it. This difficulty arises from the variation in the physical and chemical 
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composition of the peat itself, in terms of fibre existence, fibre orientation, degree of 

humification, water content, types of the parent materials, depth, and gas existence. 

Ajlouni (2000) identified the activities that take place during and after the deposition of 

peat, including decomposition, drainage, precompression, and secondary consolidation, 

which may decrease or increase the magnitude of the preconsolidation stress of peat. 

Thus, obtaining the preconsolidation stress of peat is sometimes an arduous task. For 

example, Landva and La Rochelle (1983) mentioned that difficulties were experienced 

in managing the Radforth peat with a negligible content of mineral matter.  

Generally, peat has small values of preconsolidation stress. Thus, Lefebvre et al. (1984) 

performed laboratory tests on intact block samples of fibrous peat from two different 

sites in James Bay territory, Canada. They obtained the preconsolidation stress values of 

peat in these areas; it varied between 3.2 and 7.8 kPa, with the average values of 4.8 to 

6.4 kPa for the depth of between 0.2 – 2.20 m. In practice, the depth of the peat sample 

plays an important role in the value of the preconsolidation stress. Normally a low value 

of the preconsolidation stress for the peat is obtained at shallow depths; whereas, high 

values are expected with an increase in depth. Thus, the values of the preconsolidation 

stress obtained by Lefebvre et al. (1984) appeared reasonable; especically taking into 

consideration the light snow load, creep characteristics, and slight water table 

fluctuation.   

In the study area, no data were available for the preconsolidation stress of peat. Also, it 

could not be estimated from other empirical relationships, because each peat type has its 

own conditions and physical characteristics. Therefore, the ideal method to estimate the 

preconsolidation stress magnitude of peat in a certain area was to undertake a laboratory 

test for the particular type of peat. For example, Kogure and Ohira (1977) proposed two 

empirical equations to estimate the preconsolidation stress magnitude of peat in 

Hokkaido, Japan, from the natural water content (wn) and the natural void ratio (en). 

These empirical relationships are proposed in Equations 5.35 and 5.36: 

𝜎′𝑝 = 43.9𝑤𝑛
−0.913                                                                                                   (5.35) 

𝜎′𝑝 = 1.65𝑒𝑛
−0.988                                                                                                    (5.36) 

In the current study, an attempt was made to estimate the preconsolidation stress for the 

peat in the study area from the natural water content values. However, the resulting 
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values were too small and ranged from 0.29 – 0.40 kPa, which are lower those reported 

in the literature. As such, the peat was expected to show high magnitudes of 

preconsolidation stress (if tested) because it occurred at depths reaching 40.9 m below 

the ground surface, in some locations. This was sufficient, alone, to increase the 

magnitude of the preconsolidation stress due to the effect of the overburden load. 

Table 5.60 shows the preconsolidation stress values of some peat and soil deposits in 

selected locations, based on the literature data. 

Table 5.60 Preconsolidation stress magnitude of some peat and soil deposits 

Peat deposit Preconsolidation 

stress (kPa) 

Reference 

Canada, James Bay fibrous peat 3.2 – 7.8    Lefebvre et al. (1984) 

USA, Wisconsin, Middleton peat 30 – 43  Mesri & Ajlouni (2007) 

Canada, Quebec, James Bay peat 5 – 9  Mesri & Ajlouni (2007) 

USA, Wisconsin, fibrous peat 25 – 50  Hanson et al. (2001) 

USA, Wisconsin, sedimentary peat 40 – 80  Hanson et al. (2001) 

USA, Indiana State, Celery Bog organic soil 106.4 – 121  Santagata et al. (2008) 

Canada, Middleton fibrous peat 30 – 50   Ajlouni (2000) 

Canada, James Bay fibrous peat 4 – 8   Ajlouni (2000) 

Australia, Gold Coast, Surfers Paradise clay 3.86 – 6.81 Present Study 

5.8.5 Vertical stress 

In a soil mass having a horizontal surface, the vertical stress caused by the soil, at a 

certain point below the ground surface, is equal to the weight of the soil lying directly 

above the point (McCarthy, 2007). Therefore, the vertical stress increases with an 

increase in the soil overburden depth (see Figure 5.46a). Consequently, the vertical 

stress σv can be expressed in Equation 5.37, with the wet unit volumetric weight γt of 

the soil column at a depth Z: 

𝜎𝑣 = 𝛾𝑡 𝑍                                                                                                                  (5.37)  

From Figure 5.46b, if the soil mass comprises different soil types at different strata, and 

each soil type has a different unit weight, the vertical stress will be equal to the total 

weight of the different soil type (McCarthy, 2007). 
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Figure 5.46 Vertical subsurface stress resulting from the soil mass (McCarthy, 

2007) 

In the study area, the vertical stress values were obtained from 10 sites (Site_20, 

Site_15, Site_04, Site_13, Site_24, Site_07, Site_06, Site_17, Site_34, and Site_#) at 

different reduced levels. The vertical stress values were calculated by multiplying the 

unit weight of a certain soil type by the depth of this soil type. The values of the unit 

weight for each soil type were adopted from Oh et al. (2008) (see Table 5.61 and 

Table 5.62). 

Table 5.61 Summary of the unit weight adopted for each soil type (Oh et al., 2008) 

 Loose -medium 

dense sand 

Dense 

sand 

Peat Very dense 

sand 

 

Stiff clay 

Unit weight 

γ (kN/m
3
) 

15 17 - 17 16 

Saturated unit 

weight 

γ (kN/m
3
) 

18 20 17 20 19 

 

The variations of the vertical stress were plotted with the depth for the study area (see 

Figure 5.47). The vertical stress increased with the increase in depth. Consequently, the 

overburden pressure increased with the increase of depth. Further, the vertical stress at 

the peat zone (R.L. -10 to R.L. -20) had low values (197.2 – 288 kN/m
3
). This result 

was due to the fact that the saturated unit weight of peat, which was 17kN/m
3
, was 

lower than the saturated unit weight of sand and clay.    
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 Table 5.62 Vertical stress values for the soil types in the study area  

Location Depth 

(m) 

Depth 

R.L. 

(m) 

Vertical 

stress, σv 

(kN/m
2
) 

Soil description 

Site_20 11.6 -4.6 197.2 Peat, soft dark brown-black 

Site_15 11.9 -10.5 214.2 Peaty clay 

Site_15 12.35 -10.35 222.3 Peaty clay 

Site_15 15 -14.25 255 Peat, decaying trees, moist dark brown 

Site_06 16 -12.4 272 

 

Organic clay, high plasticity, grey, lenses 

of fine to medium sand and peat 

Site_06 23 -20 437 

 

Silty clay, high plasticity, grey and 

brown, traces of fine sand 

Site_04 28.7 -26.1 516.6 Silty clay, peaty zones 

Site_04 30.2 -27.6 543.6 Silty clay, peaty zones 

Site_04 32.1 -29.5 577.8 Silty peat clay 

Site_04 29.2 -26.5 554.8 Silty clay 

Site_04 32.5 -29.8 617.5 Silty clay 

Site_04 27 -25 513 Silty clay 

Site_04 29 -27 551 Silty clay 

Site_04 28.3 -26 537.7 Silty clay 

Site_04 31.5 -28.9 598.5 Silty clay 

Site_07 14.6 -10.63 248.2 Peat, firm black 

Site_13 13 -11.4 234 Peat, high plasticity, dark brown, moist, 

strong odour, decomposing organic 

matter 

Site_13 16 -13 288 Peat, high plasticity, dark brown, moist, 

strong odour, decomposing organic 

matter 

Site_13 22 -19.2 418 Sandy clay/clayey sand 

Site_13 25 -22.2 475 Sandy clay/clayey sand 

Site_13 32.5 -29.7 650 Clayey sand 

Site_17 30.5 -23.12 579.5 Stiff grey silty sandy clay 

Site_34 26.5 -20 503.5 Clay, grey mottled brown. 

Site_34 28 -21.5 532 Clay, grey mottled brown. 
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Figure 5.47 Variation of vertical stress with the depth in the study area  

5.8.6 Apparent cohesion 

Some soils possess shear strength even when the normal effective stress is zero, due to 

the presence of bonds between the soil particles. These bonds create inter-particle forces 

called ‘cohesion’. The bonds tend to occur because of the existence of one or more of 

the following factors: (1) chemical bonding (chemical ions such as cementing by 

ferrous or calcareous compounds); (2) pore pressure response through undrained 

loading; and (3) electrostatic forces. The cohesion values (cʹ) can be obtained with the 

friction angle (ϕ) magnitudes from a plot of shear strength (τ) versus normal effective 
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stress (σʹ) acquired from the shear strength laboratory tests. The general formula, based 

on Bowles (1996), is expressed in Equation 5.38: 

𝜏 = 𝑐ʹ + 𝜎ʹ tan 𝜙                                                                                                        (5.38) 

In the study area, the apparent cohesion magnitudes were observed at five sites 

(Site_04, Site_07, Site_08, Site_15, and Site_17) within the study area. The observed 

values were obtained from the peat, peaty clay, and clays at depths ranging between 

11.9 and 38.0 m below the ground surface (R.L. -10.5 – R.L. -32.8 m). Table 5.63 

shows the cohesion magnitudes and its associated friction angle in the study area. 

Table 5.63 Cohesion and friction angle of peat and soil in the study area   

Site Depth 

(m) 

R.L. 

(m) 

Cohesion 

(cʹ) (kPa) 

Friction 

angle (ϕʹ) 
degree 

Description 

Site_04 29.2 -26.5 91 5 Silty Clay 

Site_04 32.5 -29.8 116 0 Silty Clay 

Site_04 28.7 -26.1 166 0 Silty Clay 

Site_04 30.2 -27.6 162 0 Silty Clay 

Site_04 31.5 -28.9 135 0 Silty Clay 

Site_07 14.6 -10.6 43.09 2 Peat, firm black 

Site_08 32.8 -27.6 71 / Clay, dark grey with shell fragments 

with about 10 % fine sand 

Site_08 35 -29.8 141 / Silty Clay, grey high plasticity with 

sand bands 

Site_08 38 -32.8 47 / Sand, fine to medium, grey, 

interbedded with sandy clay, trace of 

wood fragments 

Site_15 11.9 -10.5 166 0 Peaty clay 

Site_15 12.35 -10.3 88 14 Peaty clay 

Site_17 30.5 -23.1 100 11 Stiff grey Silty Sandy Clay 

From Table 5.63, the cohesion magnitude of the peat layer found in Site_07, located at 

the centre of the study area, was 43 kPa. Based on Look (2007), the effective cohesion 

magnitude of the soft organic soil was between 5 and 10 kPa. The cohesion value of the 

peat layer showed a high cohesion value with the associated friction angle of 2°. This 

outcome could be attributed to the depth of the peat layer (at 14.5 m) under an 

undrained loading. The increasing depth allows the soil particles to be compacted and 

the inter-particle spaces to be much smaller than those deposits found in the shallow 

depth. This can also happen, due to the gradual voids dissipation.  
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The reported cohesion magnitudes of peat tend to be lower than what has been found in 

the study area. For instance, the calculated effective cohesion and friction angle values 

of peat in an industrial site in Turkey were 2.9 kPa and 59.8°, respectively, at a depth of 

between 0.7 – 1.9 m below the ground surface (Elsayed, 2011). Moreover, an effective 

cohesion value of 2.0 kPa was reported for the specimens of peat which were taken at a 

depth of 0.5 m below the ground surface. Landva (2007) outlined the values of cohesion 

and the friction angle of the Sphagnum peat from Escuminac, Canada, 2.4 kPa and 

27.1°, respectively, at depths that reached to up to 8 m. In their study, Al-Raziqi et al. 

(2003) reported (without mentioning a depth) the cohesion and friction angle values of 

between 6 and 17 kPa, and between 3 and 25°, respectively, for tropical peats. However, 

the depth factor had an obvious impact on the magnitude of cohesion. Huat (2004) 

pointed out that the shear strength parameters of peat depended on the degree of 

humification. The high fibre content meant a high friction angle, while low fibre content 

(high decomposition) reflected generally low shear strength parameters. 

The effect of the water content on the magnitude of cohesion, however, cannot be 

overlooked. For example, Suwartha et al. (2006) identified that the cohesion of the 

surficial soil in Mrica Watershed, Indonesia, decreased exponentially with the increase 

of water content. In the study area, the water content associated with the cohesion value 

of the peat (43 kPa) at Site_07 was 168%, which contradicts Suwartha et al.’s (2006) 

findings. However, in relation to the factor of depth, the peat at Site_07 was located at a 

depth of 14.6 m below the ground surface, compared to the surficial soil reported by 

Suwartha et al. (2006).        

5.9 BED ROCKS IN THE STUDY AREA 

The origin of the current bed rocks, in the study area, was sediment that accumulated in 

the deep sea basins and continental shelves. About 300 million years ago, according to 

Whitlow (2000), towards the end of the Carboniferous, the deep sea sediments 

underwent large scale compression, folding, and eventual uplift to form mountainous 

terrain. The outcrops of these rocks show deeply dipping beds with recrystallised 

minerals creating very resistance rocks, such as Greywacke. Thereafter, in the Triassic 

geological period, which was about 225 million years ago, fierce volcanic eruptions 

happened along the continental margins producing Rhyolitic lava and rock fragments. 
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These resulting materials covered parts of the Neranleigh-Fernvale Beds, which are 

considered as the main bed rocks in the study area. Following these geologic activities, 

a more stable geological period then occurred which allowed the sediments to be 

deposited in the inland basins (Whitlow, 2000).  

Australian geologists at the Australian National University have used special 

technology to date the ancient rocks, namely, Sensitive High Resolution Ion Microprobe 

(SHRIMP). It uses oxygen ions, positively charged particles, for detailed uranium-lead 

age dating of individual grains. Based on this process, the continental crust in Australia 

has been dated at older than 3,500 million years. The metamorphosed sedimentary 

rocks, according to Johnson (2009), contain zircons dated as even older (at 4404 million 

years). Tectonically, as part of Australia, the study area is stable and has no active 

mountain building or major fault systems. Further, it has no mountains as young as 

those in New Zealand or the Himalayas, nor does it have any, such as the San Andreas 

Fault in California. In addition, the area is not part of an active chain of volcanoes, like 

those in Japan, Indonesia, or New Zealand (Johnson, 2009). 

Geologically speaking, the study area consists of old rock formations as a bed rocks 

underneath rivers and marine deposits. The collected data denoted the existence of 

metamorphosed sedimentary rocks, such as Greywacke, Argillite, Claystone, Siltstone, 

and Mudstone, as well as some igneous and volcanic rocks, such as Rhyolite and 

medium metamorphosed Schist (see Figure 5.48).  

As shown in Figure 5.48, there are, sometimes, two types of rock at the same borehole 

location, at different depths. For example, in Site_8 BH.4, there is Claystone at a depth 

ranging between 36.2 m (R.L. – 30.4 m) and 36.6 m (R.L. -30.8 m). Found in the same 

borehole, below the Claystone are the Argillite beds, to a depth of 40.85 m (R.L. -

35.05). These findings are probably the result of the depositional conditions and the 

type of the deposited materials. Similarly, at Site_13, beds of Schist (i.e. medium 

metamorphosed rocks, were located underneath sets of Argillite beds. Further, at 

Site_27, a set of Rhyolite, an igneous-volcanic rock rich with SiO2, was found beneath 

sets of Argillite. Moreover, this layering was a normal configuration, as it is usual to 

find igneous rocks underneath metamorphosed, volcanic and sedimentary rocks. Thus, 

the study area’s logical sequence reflects the expected series of geological activities.  
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The depths of the bed rocks in the study area ranged from the shallowest (at the depth of 

28.9 m (R.L. -24.7) in borehole BH.1 at Site_06), to the deepest (at the depth of 48.07 

m (R.L. -44.77 m) in BH.4 at Site_12). At both sites the bed rock type was an Argillite, 

which can be defined as a fine grained sedimentary rock consisting largely of lithified 

clay particles.  

The shallowest bed rocks in the study area are brown and grey, extremely weathered, 

and have a very low strength (point load index Is (50) is between 0.03 – 0.1 MPa). 

These bed rocks are formed with a low strength (point load index Is (50) between 0.1 

and 0.3 MPa) at a depth of 31 m (R.L. -26.8 m).  

The deepest bed rocks were dark grey, laminated with high strength (point load index Is 

(50) between 1.0 and 3.0 MPa). In addition, some fine quartz veins appeared with the 

increase in depth. Table 5.64 shows the ranges of the engineering properties for some 

bed rocks types. 

Table 5.64 Engineering properties of the major bed rocks in the study area 

Rock type Argillite Greywacke Schist 

Point load Is (50) MPa Axial 0.23 – 5.69  2.8 N/A 

Point load Is (50) MPa Dimetral 0.1 – 2.4  0.3 N/A 

Unconfined Compressive Strength 

(MPa) 

0.7 – 25.4  N/A N/A 

Young Modulus E (MPa) 690 - 30,000 1,320 – 30,000 N/A 

Interpreted Shear Moduli G 

(MPa) 

230 - >10,000 440 - >10,000 N/A 

Density (t/m
3
) 2.46 – 2.73  N/A N/A 

Permeability (m/sec) 1.0 – 2.4E-05 N/A 0.95E-05 – 4.8E-04 

Core recovery % 0 – 100 97 – 100 55 – 100 

RQD % 0 – 71 0 – 53 0 
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Figure 5.48 Bed rocks types in the study area 
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5.10 CONCLUDING REMARKS 

This chapter characterises the physical and engineering properties of peat and soil in the 

study area at Surfers Paradise. It discusses, initially, the geological situation, with 

reference to the geological formations. Based on these factors, a GIS-based geological 

map of the study area has been developed.  

Moreover, in the study, two cross sections were performed in two directions (N-S, and 

E-W), with the aim to determine the extent of the peat layer within the stratigraphic 

column. The thickness and the depth of the peat layer were specified which was linked 

with a map to determine the locations of the peat occurrence.   

This chapter also shows the variation of the geotechnical properties of peat and soil with 

the depth, as well as linked with the inferred strata for each depth. Further, it 

demonstrates how the peat layer displays the range of physical and engineering 

properties, which are different from other soil types, such as sand, silt and clay.  

Some geotechnical properties were estimated from well-known equations reported in 

the literature, namely: void ratio, organic content, friction angle, compression index, 

coefficient of secondary consolidation, and the preconsolidation stress. These estimated 

values have shown the ranges of the values which were consistent with, and similar to, 

those found in the literature, and the necessary discussions that have been provided in 

each section.  

The new parameters, moreover, have been calculated from the existing values, such as 

clay sensitivity, which has been obtained from the friction ratio, and the clay activity 

(calculated from the plasticity index and the ratio of fine particles). Further, the energy 

corrected N60 and (N1)60 values were calculated on the values of the standard penetration 

test SPT-N.   

The subsurface conditions of the study area were examined in terms of geotechnical 

properties, up to the depth of the bed rock in several sites. To complete the geotechnical 

perspective, a bed rock section was allocated to examine the bed rock types and its 

geomechanical properties. Further, the depth of each bed rock was determined in each 

location. A GIS-based map was produced to clarify the types of the bed rocks in the 

study area. 
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To sum up, the physical and engineering properties of the problematic peat layer are 

given in Table 5.65. 

Further, the underground stratigraphic sequence and its physical and engineering 

properties are shown in Table 5.66. In addition, the resulting values (existed and 

estimated) were correlated with each other and validated, based on the relationships that 

were reported in the literature. These correlations and validation are discussed and 

presented in Chapter 6. 

Table 5.65 Summary of the geotechnical parameters of peat in the study area 

Parameter Value Parameter Value 

Water content 168 – 247.1 % Void ratio 

(estimated) 

3.6 – 4.7 % 

Liquid limit 259 – 305 % Shear strength 25 – 160 kPa 

Plastic limit 125 – 207 % Friction angle 0 –14 ° 

Organic content  80 % Coefficient. of 

consolidation (Cv) 

1.12 – 11.6  m
2 

/year 

Ash content 20 % Coefficient of 

volume 

compressibility (mv) 

2.4E-04 – 

6.63E-04 m
2
/kN Density 0.37 – 1.26 t/m3 

Specific gravity 1.572 Compression index 

(Cc) 

0.25 – 1.229   

Permeability (k) 9.6E-10 – 

2.40E-05 m/sec 

Coefficient of 

secondary 

consolidation (Cα ) 

(estimated) 

0.029 – 0.044  
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Table 5.66 Summary of the soil profile in the study area and its physical and engineering 

properties  

Very 

loose 

sand 

SPT                                  Cone resistance = 0.49 – 3.81 MPa                σp' (estimated) = 47.5 – 110.16 kPa 

 N = 0 – 4                         Sleeve friction = 9.83 – 59.24 kPa                 Cα  (estimated) = 0.001 

(N)60 = 0 – 4.13                Water content = 6.4 % 

(N1)60 = 0 – 5.81               Friction angle (estimated) = 20 – 29.4°               

                                           

 

Loose 

sand 

SPT                                   γ =  2.65 t/m3 (assumed)                                 σp' (estimated) = 92.7 – 190 kPa   

 N = 4 – 10                       Cone resistance = 3.5 – 11.9 MPa 

(N)60 = 4.13 – 10.34         Sleeve friction = 20 – 71 kPa 

(N1)60 = 5.07 – 18.01        Friction angle (estimated) = 25.1 – 34.9°               

                                           

Medium 

dense 

sand 

SPT                                  γ =  2.65 t/m3 (assumed)                              σp' (estimated) = 190.9 – 369 kPa 

 N = 11 – 29                       Cone resistance = 4.7 – 13.7 MPa            Cα  (estimated) = 0.0003               

(N)60 = 11.37 – 32.05         Sleeve friction = 42.7 – 184 kPa              Friction angle (estimated) = 26.6 – 44.4°       

(N1)60 = 2.88 – 48.63         Water content = 1.5 %                              Permeability = 2.4E-06 – 2.9E-04 m/sec    

 

Dense 

sand 

SPT                                 γ =  2.7 t/m3                                                  σp' (estimated) = 369.9 – 495.3 kPa 

 N = 31 – 49                    Cone resistance = 12.2 – 34.4 MPa             Cα  (estimated) = 0.003 

(N)60 = 31.02 – 50.6        Sleeve friction = 191 – 287 kPa                  Friction angle (estimated) = 30.5 – 47.6°        

(N1)60 =  7.1 – 53.66        Water content = 18.6 – 19.1 %                   Permeability = 3.6E-07 – 2.6E-04 m/sec                                            

 

 

 

Peat 

SPT                                     Water content = 168 – 247.1 %                  Void ratio (estimated) =   3.6 – 4.7 %    

 N = 0 – 22                          LL = 259 – 305 %                                       γ =  0.37 – 1.26 t/m3 

(N)60 =  0 – 22.7                  PL = 125 – 207 %                                       Shear strength = 25 – 160 kPa 

(N1)60 = 0 – 14.22                Organic content= 80%                                Friction angle = 0 –14 ° 

                                             Ash content = 20%                                     Compression index = 0.25 – 1.229   

                                             Specific gravity = 1.572                              Cv = 1.12 – 11.6  m2 /year 

                                             Permeability = 9.6E-10 – 2.40E-05 m/sec      mv = 2.4E-04 – 6.63E-04 m2/kN 

                                             σv = 197.2 – 288 kN/m2                               Cα  (estimated) = 0.029 – 0.044 

Very 

dense 

sand 

SPT                                   γ =  2.67 t/m3                                             σp' (estimated) = 518 – > 518 kPa  

 N = 50 –  > 50                  Cone resistance = 21 – 48 MPa                 Friction angle (estimated) = 41.9 – 49.8° 

(N)60 = 51.7 – > 51.7         Sleeve friction = 312 – 499 kPa 

(N1)60 =  11.7 – 87.8          Permeability = 4.0E-08 – 4.0E-04 m/sec            

                                            

 

 

  Clay 

SPT                                   Water content =  24.7 – 57 %                   Permeability = 0.0 – 2.5E-07 m/sec                                                                    

 N = 0 – 36                        LL = 48 – 88 %                                        Undrained shear strength = 35 – 125 kPa 

(N)60 =   0 – 37.2               PL = 23 – 27 %                                        Friction angle (estimated) = 20 – 32.7°               

(N1)60 =  0 – 12.8              γ =  1.07 – 1.92 t/m3                                                 Compression index = 0.111 – 0.147 

                                         σp' (estimated) = 243 – 972 kPa              Cv = 2.21 – 5.17  m2 /year 

                                            Cα = 0.0001 – 0.0041                              mv = 2.2E-05 – 7.0E-05 m2/kN 

                                          σv = 503.5 – 617.5 kN/m2                                                      

 

Bed 

rocks 

SPT- N =  > 50                                                                   Interpreted Shear Moduli G (MPa) = 230 - >10,000 

γ =  2.46 – 2.73 t/m3                                                                     Permeability (m/sec) = 0.95E-05 – 4.8E-04 

Point load Is (50) MPa Axial = 0.23 – 5.69                                 Core recovery  = 0 – 100 %  

Point load Is (50) MPa Dimetral = 0.1 – 2.4                                RQD = 0 – 71 %  

Unconfined Compressive Strength (MPa) = 0.7 – 25.4              Young Modulus E (MPa) = 690 - 30,000 
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CHAPTER 6. CORRELATIONS OF PROPERTIES OF 

SURFERS PARADISE SOIL  

6.1 INTRODUCTION 

The physical and engineering properties of peat and soil in Surfers Paradise, presented 

in Chapter 5, are correlated, compared, and analysed in Chapter 6. Further, the results, 

collected from the literature and presented in Chapter 5, are compared and interpreted. 

As previously mentioned, peat is considered as one of the worst foundation materials 

due to its high water content, high compressibility, and low shear strength. In the past, 

the dominant engineering approach was to excavate peat and replace it with the most 

desirable soil for engineering project purposes; or to avoid peat by changing the entire 

location of the engineering project (Ajlouni, 2000). However, due to the huge 

development in road networks and the escalating costs of excavations, it is now 

necessary to consider an alternative approach for dealing with peaty soil (Samson & La 

Rachelle, 1972; Berry, 1983). Consequently, it is essential that careful investigations are 

undertaken into the geotechnical properties of peat and its accompanying soil types. In 

the current study, the peat layer was found as an embedded layer within a layer of very 

dense sand, at various depths. Accordingly, the physical and engineering properties of 

peat and soil was correlated and compared with other peat and soil deposits reported in 

the literature. As such, the physical and engineering properties correlations are 

discussed in this chapter, and presented below: 

I. Correlations of physical properties 

 Dry density and water content 

 Dry density and liquid limit 

 Water content and liquid limit 

 Plasticity index and liquid limit 

 Liquid limit and void ratio 

 Water content and void ratio 

 Liquid limit and organic content 

 Water content and organic content  

 Plastic limit and organic content 
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 Plasticity index and organic content 

 Dry density and organic content 

II. Correlations of engineering properties 

 Compression index and dry density 

 Compression index and liquid limit 

 Compression ratio and liquid limit 

 Compression ratio and water content 

 Compression index and water content 

 Compression index and void ratio 

 Compression index and vertical stress 

 Compression index and coefficient of secondary consolidation 

 Vertical stress and void ratio 

 Vertical stress and coefficient of secondary consolidation 

 Coefficient of secondary consolidation and water content 

 Coefficient of secondary consolidation and plasticity index 

 Preconsolidation stress and energy corrected SPT-N60 

The relationships between these properties were plotted and the empirical equations 

established. The correlations between the physical and engineering properties were 

achieved using different coefficients of determination values (R
2
), depending on how 

each variable (geotechnical characteristic) related to each other. The empirical equations 

were compared with other relationships published in the literature. 

6.2 PHYSICAL PROPERTIES CORRELATIONS 

6.2.1 Dry density and water content 

The dry density of soil and peat in the study area decreased with an increase in the water 

content w (see Figure 6.1). As such, an empirical relationship between them yielded 

Equation 6.1, with an R
2
 value of 0.9786 as follows: 

𝐷𝑟𝑦 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 = 18.097 (𝑤)−0.72                                                                                (6.1) 

The R
2
 value is used to illustrate the adequacy regression model (Walpole et al., 2006). 

Normally, the higher R
2
 value indicates a better relationship and a high correlation 

between the dependent and independent variables. The value of R
2
 indicates what 
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proportion of the entire variation in the response of dependent variable is described by 

the fitted model (Chai et al., 2012).  

           

Figure 6.1 Dry density and water content in the study area  

 

This relationship was compared with the published correlations given by Duraisamy et 

al. (2007) and Den Haan (1997) (see Equations 6.2 and 6.3) of the more established 

organic soils of the temperate genesis in Malaysia and the Netherlands, respectively. In 

addition, the relationship between the dry density and water content in the study area 

was compared with the relationship given by Noto (1991) for the Hokkaido peaty soft 

substrata (see Equation 6.4). The result of these comparisons showed the same trend and 

fitted close to each other (see Figure 6.2). Further, the trend of the relationship given in 

Figure 6.2 was consistent with the trend given by Andersen (2012) for peat and organic 

soils. 
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Figure 6.2 Dry density versus water content  

𝐷𝑟𝑦 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 = 22.422 (𝑤)−0.804                                                                               (6.2) 

𝐷𝑟𝑦 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 = 35.075 (𝑤)−0.856                                                                              (6.3) 

𝐷𝑟𝑦 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 =
94.1

(𝑤+48.1)
                                                                                            (6.4) 

As observed from Figure 6.2, there is a difference among the four studies in the water 

content values. In the current study, the water content of the soil and peat area was 

between 22.9 to 247.1%, which is obviously lower than what have been reported in 

Malaysia, the Netherlands, and Japan. This outcome might be attributed to the 

shallowness of the peat and its occurrence in bogs, marshes, and tropical areas which, in 

turn, increases the water content of peat in those regions. 

The published relationships were considered when comparing the measured dry density 

values of the study area with the estimated dry density data. The dry density values in 

were estimated from Equations 6.2, 6.3, and 6.4, based on Duraisamy et al. (2007), Den 

Haan (1997), and Noto (1991), respectively. As such, the measured and estimated 
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values were plotted and showed excellent linear relationships with the R
2
 values of 

0.948, 0.94, and 0.99, respectively (see Figure 6.3, Figure 6.4, and Figure 6.5).   

                

Figure 6.3 Observed dry density in the study area versus estimated dry density 

values from Duraisamy et al. (2007) in Malaysia 

                  

Figure 6.4 Observed dry density in the study area versus estimated dry density 

values from Den Haan (1997) in the Netherlands  
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Figure 6.5 Observed dry density in the study area versus estimated dry density 

values from Noto (1991) in Hokkaido, Japan  

Huat (2004) mentioned that the densities of peat are significantly low when compared 

with those of the mineral soils, due to the occurrence of the organic content. This fact is 

in agreement with the results of the current study. Further, Huat (2004) stated that both 

tropical and temperate peat showed a very close fit on a graph that represents a 

relationship between natural water content and dry density. This yielded Equation 6.5, 

which was established by Al-Raziqi et al. (2003).  

𝐷𝑟𝑦 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 = 0.872 (𝑤 + 0.317)−0.982                                                                  (6.5) 

The dry density values from Equation 6.5 were estimated; however, the resulting values 

were very low compared with the values obtained from Equations 6.2, 6.3, and 6.4.    

Using the statistical t-test method, the observed and the estimated dry density values 

were statistically analysed to determine the significance and non-significance level of 

the deviation. The t-test is an important test which utilises the t distribution to determine 

the significance of the estimated dry density. Spatz (1993) stated that the formula of the 

t-test for data from a correlated-samples design has a familiar theme. The theme is 

represented by a difference between the means of x,y (which are the observed and 

estimated dry density here) divided by the standard error of the difference. The 

statistical formula of the t-test is represented by Equation 6.6 as follows: 
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𝑡 =
𝑋1̅̅̅̅ −𝑋2̅̅̅̅

√∑ 𝐷2−
(∑ 𝐷)

2

𝑁
𝑁(𝑁−1)

                                                                            (6.6) 

Where: 𝑋1
̅̅ ̅ = the mean of the observed data, 𝑋2

̅̅ ̅= the mean of the estimated data, ∑ 𝐷2 = 

the sum of the squares of the difference between the estimated and the observed data, 

(∑ 𝐷)
2
 = the square of the sum of the difference between the observed and the 

estimated data, N= number of samples used (statistically called ‘pairs’). The ‘degree of 

freedom’ parameter can be explained statistically as: there is a t distribution for each 

sample size from 2 to ∞; these different t distributions are described as having different 

degrees of freedom. Thus, according to Spatz (1993), there is a different t distribution 

for each degree of freedom, which can be obtained by subtracting 1 from the total 

number of samples (df =N -1). As such, with fewer degrees of freedom, the larger 

proportion of the curve contained in the tails (see Figure 6.6).  

  

Figure 6.6 Degree of freedom of t-test for three different t distributions (Spatz, 

1993) 

If the resulting value of t is greater than the hypothetical datasets which are given by 

Spatz (1993), then, there is a significant deviation between the observed and the 

estimated values at various levels of confidence, and vice versa. In other words, the 

estimated data may or may not deviate significantly from the observed data. This t test 

has been used by Chai et al. (2012) to determine the statistical significance deviation 

between the measured and the estimated values of the compression index and the 
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ompression ratio for the marine clay in the northwestern part of the Malay peninsular, 

for road foundation purposes.  

In the current study, the computed t test value was 3.82 for the observed and estimated 

dry density values from the equation proposed by Duraisamy et al. (2007) (see Equation 

6.2). Based on Spatz (1993), if the computed value of t exceeds the critical value 3.922 

at significance level of 0.001, a significant deviation occurs. The significance level of 

0.001 corresponds to a 99.9% confidence interval percent for the two tailed test (two 

variables) that an interval contains: the estimated and the observed values.  In contrast, 

if the t value does not exceed the critical value of t of 3.922 at a significance level of 

0.001, then both values (observed and estimated) have non-significant deviations.  

As such, the calculated t test value 3.82, in the current study did not exceed the critical 

value of 3.922 (3.82 < 3.922), at a significance level of 0.001, at a 99.9% confidence 

interval. This means that there was no significant deviation between the observed dry 

density values in the study area, and the estimated values from Duraisamy et al. (2007). 

The reason for this could be attributed to the same source of the parent materials of peat 

in both Malaysia and Australia, which may be reflected in the physical and engineering 

properties of the peat, in terms of the dry density, as both are considered as a tropical 

peat. 

Similarly, there was no significance deviation between the observed dry density values 

in Surfers Paradise and the estimated values from Den Haan (1997) (see Equation 6.3) 

in the Netherlands. The computed t test value (2.107) indicates that this value does not 

exceed the hypothetical values of t of 2.101, 2.552, 2.878, and 3.922, at significance 

levels of 0.5, 0.2, 0.1, and 0.001, respectively. These levels correspond to the 

confidence intervals of 95%, 98%, 99%, and 99.9%, respectively, at a degree of 

freedom df of 18.  

However, there was a significant deviation between the observed dry density values in 

the study area and the estimated values from Noto (1991) for the peaty soft substrata in 

Hokkaido, Japan. This is because the computed t test value for the estimated dry density 

from Equation 6.4, proposed by Noto (1991), was 5.89. Based on Spatz (1993), this 

value is greater than the critical value of t of 3.922 (5.89 > 3.922) at a significance level 

of 0.001, which corresponds to a 99.9% confidence interval. This could be attributed to 
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the unusual characteristics of peat in Hokkaido; according to Noto (1991), in some 

cases it shows a water content above 1000%, ignition loss of 90%, very small densities, 

very small specific gravities, very small shear strength, very large void ratio, and very 

large compression indexes. Moreover, he concluded that“the coefficient of permeability, 

the shear strength, and the compression index all show anisotropy”. These 

characteristics are different from the characteristics of peat in Surfers Paradise, 

Malaysia, and the Netherlands, particularly in terms of water content and dry density, as 

interpreted by the statistical significance deviation of the estimated dry density values 

from Noto’s (1991) equation. For, Hobbs (1986) and Huat (2004), the peat’s origin, 

parent materials, degree of humification, water content, and fibre content are dominant 

factors that affect the physical and engineering properties of peat.  

To highlight the effect of organic matter on the properties of soil, and particularly on the 

dry density, Malkawi et al. (1999) stated that adding an organic matter to the illitic soil 

(non-expanding, clay sized mineral soil) decreases the dry density. The organic matter 

had an adverse effect on the dry density by decreasing it with every added amount of 

organic matter (see Figure 6.7). For example,  adding 21.2% of organic matter (O.C.) 

drops the dry density value from 1.30 Mg/m
3
 (soil original state) to 0.9 Mg/m

3
, with an 

increase of water content from 26% to 35%, respectively (see Figure 6.7).  

 

Figure 6.7 Curves showing the effect of adding organic matter to the mineral 

soil (Malkawi et al., 1999)  
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The trend of the relationship between the dry density and the water content of the 

current study is consistent with the peat and soil study by Ulusay et al. (2010) in the city 

of Kayseri, Turkey. They found that with the increase in water content, there was a 

decrease in the bulk density. Their results shown on the diagram established by Hobbs 

(1986) for the UK mires were consistent with the current findings (see Figure 6.8).  

                       

Figure 6.8 Bulk density versus water content of the peat in Turkey on Hobbs 

(1986) diagram showing the consistency of the results. (Ulusay et al., 2010)    

It is worth mentioning that the dry density values of the current study were not been 

plotted on the Hobbs (1986) diagram, mainly because he used the bulk density against 

the water content. In contrast, this study used the dry density against the water content. 

However, both results show a similar trend. 

6.2.2 Dry density and liquid limit 

The dry density values of peat and soil in the current study area decreased with an 

increase in the liquid limit. Figure 6.9 shows that an inverse proportional relationship 

exists between the liquid limit and the dry density. A correlation between them is 

presented in Equation 6.7 and shows that the R
2
 value is 0.95: 

𝐿𝐿 = 175 𝛾𝑑 + 311.84                                                                                                (6.7)  

Where: LL is the liquid limit. 



  

341 

 

 

               

 

Figure 6.9 Dry density versus liquid limit in the study area  

Equation 6.7 is consistent with the relationship given by Kolay et al. (2010) for the 

tropical peat soil in the Matang area, Sarawak, Malaysia. The consistency is represented 

by the decreasing dry density with the increase in liquid limit. These tropical peat soils 

have a liquid limit and maximum dry density values of between 69 – 79 % and 0.72 – 

0.88 Mg/m
3
, respectively. In contrast, the liquid limit and dry density values of the peat 

and soil in the study area were between 50 – 305 % and 0.37 – 1.64 Mg/m
3
, 

respectively. The only difference between the peat in the study area and the peat in 

Sarawak are represented in the values of dry density and liquid limit. The study of 

Kolay et al. (2010) was conducted on samples of peat at shallow depth and ranged 

between 0.40 and 0.80 m, which means that the peat was not loaded (low values of the 

maximum dry density). In contrast, the peat in the study area was found at depth 

ranging from R.L. -10.0 to R.L. -19.6 m. The occurrence of the peat in the study area at 

these depths reflected the high values of dry density. At these depths, changes in the 

internal structure of the fibres (fibre orientation) and the humified particles of peat are 

likely affect the density of the peat.  

6.2.3 Water content and liquid limit 

The liquid limit of the peat and soil in the study area increased with an increase in the 

water content. The water content (w) versus the liquid limit (LL), as shown in 

Figure 6.10, illustrates that the water content and the liquid limit values of the soil and 

peat ranged between 16 and 34.4 %, and between 24 and 305 %, respectively. As such, 
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the peat layer had water content and liquid limit values of between 176.2 and 234.4 % 

and between 259 and 305 %, respectively. The tropical hemic peat of Malaysia has a 

liquid limit of between 200 and 500 % (Huat, 2004), and a water content that ranged 

from between 200 and 950 % (Al-Raziqi et al., 2003), as presented previously in Tables 

Table 5.17 and Table 5.21 (Chapter 5). 

A direct proportional relationship between the water content and the liquid limit of soil 

and peat in the study area was established (see Figure 6.10), through Equation 6.8, 

which was obtained with an R
2
 value of 0.922, as follows: 

𝑤 = 0.6969 𝐿𝐿 + 0.1406                                                                                            (6.8) 

Where:  

              w = water content 

              LL = liquid limit 

                        

Figure 6.10 Water content versus liquid limit of soil and peat in the study area  

The liquid limit and the water content values of soil and peat in the study area were 

plotted and compared with the Malaysian peat samples (see Figure 6.11). These samples 

represent tropical organic and peat soil with the organic content between 50 to 90 % 

from several locations in Malaysia, namely: Johore, Sarawak, and Selangor (Huat et al., 

2009). The soil and peat in Surfers Paradise showed a consistent trend similar to the 

peat deposits of Malaysia (direct proportion relationship), except with differences in the 
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magnitudes of the liquid limit and water content. For example, the peat in the Parit 

Sulong showed a high liquid limit and water content values of approximately 225 to 

nearly 300%, and between 350 to 625 %, respectively (Huat et al., 2009). Compared 

with the peat in Parit Sulong, Seri Medan, Kuala-Sepentag, and Kuala Langat, the peat 

in the study area had lower liquid limit and water content magnitudes. 

               

Figure 6.11 Liquid limit versus water content compared with Huat et al. (2009)  

6.2.4 Plasticity index and liquid limit 

A relationship between the plasticity index and the liquid limit was first suggested by 

Casagrande, based on the Unified Soil Classification System USCS (a plasticity chart). 

The A-line in the plasticity chart, located on a graph of the plasticity index PI (ordinate) 

and the liquid limit LL (abscissa), represents the boundaries between clays which lay 

above this line, and silts and organic soils lay below the line. As such, a direct 

proportional relationship was established between the liquid limit LL and the plasticity 

index PI in the study area (see Figure 6.12). Using Equation 6.9, the relationship 

between the plasticity index and the liquid limit was obtained with an R
2
 value of 0.853, 

as follows: 

𝑃𝐼 = 0.3443 𝐿𝐿 + 11.586                                                                                          (6.9) 
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As mentioned earlier, the liquid limit and plasticity index values of soil and peat in the 

study area ranged between 24 and 305% and between 5 and 134%, respectively. From 

these values, it can be inferred that peat has the highest value of either the liquid limit or 

the plasticity index. A comparison was made between the LL and PI values of soil and 

peat with the corresponding values of the highly compressible marine clay of Malaysia 

(see Figure 6.13). The marine clay usually poses a long term settlement and causes 

construction challenges as does the peaty soil (Chai et al., 2012).  

               

Figure 6.12 Plasticity index versus liquid limit in the study area  

According to Chai et al. (2012), thick deposits of soft marine clay, which occur in the 

Northwestern part of Peninsular Malaysia, due to the quaternary deposition, pose poor 

ground conditions. The thickness of these deposits is between 4 m and 23.9 m, which 

represent the light to dark grey silty clay, with traces of organic matter and decayed 

wood (Oh and Chai, 2006). These marine clay conditions are similar to the 

characteristics of the clays in the study area in terms of their geotechnical challenges 

and organic content. Thus, the two soil types have been plotted on one graph for 

comparison purposes (see Figure 6.13). This comparison of both soil types has the same 

trend, while the points were situated close to each other in terms of soil consistency 

limits. 
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Figure 6.13 Plasticity index versus liquid limit in the study area with marine 

clays of Malaysia 

Table 6.1 shows the consistency limits of soil and peat in the study area with those of 

the soft marine clay in Malaysia, based on Oh and Chai (2006) and Chai et al. (2012). 

According to Hobbs (1986), the differences in the liquid limit values of peat depend on 

the type of plant detritus, clay content, and degree of humidification. As such, the liquid 

limit of the peat in the study area was less than that what was reported by Huat (2004) 

for the East and West Malaysian peat, which was between 210 and 550%, and between 

190 and 360%, respectively. In addition, the liquid limit of peat in the study area was 

noticeably less than what was reported by Hobbs (1986), namely, between 200 and 

600% for fen peat, and between 800 and 1500% for bog peat. 

Table 6.1 Consistency limits of peat and soil in the study area with the marine clay of 

Malaysia   

 Clay 

in the study 

area 

Peat 

in the study area 

Marine clay 

in Northwestern Malaysia 

Liquid limit LL % 50 – 88 259 – 305 50 – 127 

Plastic limit PL % 20 – 27 125 – 207 18 – 51 

Plasticity index PI % 25 – 61 88 – 134 19 – 77 
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6.2.5 Liquid limit and void ratio 

In the current study, there were not data available for the void ratio in the study area, as 

discussed in Chapter 5. However, the void ratio values were estimated from the liquid 

limit, based on Huat et al. (2009), and from thewater content, based on Huat (2004, 

2006). The estimated void ratio values from the water content for the peat and organic 

clay in the study area were between 3.6 and 4.7, whereas the estimated void ratio of clay 

ranged between 0.96 and 1.30 (see Table 5.26). 

Void ratio values were estimated from the liquid limit LL values based on the 

relationship that established by Huat et al. (2009) for the Malaysian peat, as given in 

Equation 6.10:  

𝑒 = 3.2093 ∗ ln(𝐿𝐿) − 11.835                                                                                 (6.10) 

Further, the void ratio values were estimated from the water content values, based on 

the relationship established by Huat (2004) and Huat (2006) for the Malaysian peat, and 

given in Equation 6.11: 

𝑒𝑜 =
30.65(𝑤𝑜+0.88)0.116−30

1.12
                                                                                   (6.11) 

Where  

            eo =initial void ratio 

            wo =natural water content expressed as ratio 

The estimated void ratio values (from Equation 6.10) for the peat and clay ranged from 

5.99 to 6.52 and from 0.58 to 2.53, respectively. These values were slightly higher than 

the values which were estimated from the water content (Equation 6.11). However; both 

the estimated void ratio values of clay (from the water content and from the liquid limit) 

were within the limit, reported by Huat (2004). The void ratio of the Malaysian marine 

clay fell within the range of 1.5 and 2.5, which was similar to the range of the clay 

values in the study area. However, Chai et al. (2012) posited that the void ratio of the 

marine clay in the Northwestern of Peninsular Malaysia was between 0.43 and 3.36. 

In terms of peat, the estimated void ratio of peat in the study area was lower than what 

was reported by Huat (2004). He stated that the void ratio of peat ranged between 9 for 

the amorphous peat and up to 25 for the fibrous peat. However, Huat et al. (2009) 

pointed out that the values of the void ratio and the liquid limit for the peat in Johore, 
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Perak, Sarawak and Selangor (Malaysia) ranged between 1.0 and7.88 and between 50 

and 262.7 %, respectively.    

In the current study, a relationship was established between the estimated void ratio 

(from liquid limit) and the liquid limit (see Figure 6.14). Another relationship was 

established between the estimated void ratio (from water content) and the liquid limit 

(see Figure 6.15). Further,  the empirical equation obtained from the relationship 

between the estimated void ratio (from liquid limit) and the liquid limit values (based on 

Equation 6.10) had the same trend, R
2
equals 1, and the same empirical equation [e = 

3.209 ln (LL) -11.835], as established by Huat et al. (2009).  

                

Figure 6.14 Liquid limit versus estimated void ratio (based on Huat et al.(2009)) 

in the study area 

                

Figure 6.15 Liquid limit versus estimated void ratio based on (Huat, 2004; 2006)  
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These two relationships were compared with Huat et al.’s (2009) data for the Malaysian 

peat, Miyakawa’s (1960) data for the lower Ishikari district, Japan, and Skempton and 

Petley’s (1970) data for the Avonmouth, King’s Lynn, and Cranberry Moss in the UK.  

The comparisons highlighted a similar trend, either as a linear or logarithmic 

relationship. As such, the general trend was that the void ratio increased with the 

increase of the liquid limit (see Figure 6.16 and Figure 6.17). 

 

Figure 6.16 Comparisons of liquid limit versus estimated void ratio (estimated 

from Liquid limit based on Huat et al. (2009)) of the study area with other 

relationships   

There was a relationship between the estimated void ratio from the liquid limit with the 

estimated void ratio from the water content in the study area (Figure 6.18). The 

relationship had a linear regression with an R
2
 value of 0.837, which indicated that the 

estimated values were correlated to each other, and had a good estimation. 
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Figure 6.17 Comparisons of liquid limit versus estimated void ratio (estimated 

from water content based on Huat (2004, 2006))  

          

 

Figure 6.18 Estimated void ratio from liquid limit versus estimated void ratio 

from water content in the study area 
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To highlight the statistical significance of the prediction of the void ratio in the study 

area, a statistical t-test was conducted, based on Spatz (1993). It estimated the void ratio 

values from both the liquid limit and the water content, as follows: 

 It is observed that there was no significant deviation between the estimated void 

ratio, based on Equation 6.10, and the estimated void ratio, based on Equation 

6.11. The t-test value was 1.88, which did not exceed the critical value of t of 

2.262, 2.821, 3.250, and 4.781, at significance levels of 0.05, 0.02, 0.01, and 

0.001, respectively. These values corresponded to 95%, 98%, 99%, and 99.9% 

confidence intervals, respectively, with an interval containing the estimated e 

from the liquid limit or from the water content, at a degree of freedom of ‘9’. 

 There was no significant deviation between the estimated void ratio from the 

water content, based on Equation 6.11, and the void ratio values of Huat et al. 

(2009). This outcome arose because the t value was 2.46, which means it did not 

exceed the critical value of t of 2.681, 3.055, and 4.318, at significance levels of 

0.02, 0.01, and 0.001, respectively. These values correspond to the 98%, 99%, 

and 99.9% confidence intervals, respectively, and that an interval contains the 

estimated e from the water content and the void ratio at a degree of freedom of 

‘12’. 

 The test showed that there was no significant deviation between the estimated 

void ratio from the liquid limit, based on Equation 6.10, and the void ratio values 

of Miyakawa (1960). This outcome arose because the t value equaled 0.84, which 

did not exceed the critical value of t of 2.896, 3.355, and 5.041, at significance 

levels of 0.02, 0.01, and 0.001, respectively. These values correspond to the 98%, 

99%, and 99.9% confidence intervals, respectively, with the interval containing 

the estimated e from the liquid limit and the void ratio, at a degree of freedom of 

‘8’. 

 There was no significant deviation between the estimated void ratio from the 

liquid limit, based on Equation 6.10, and the void ratio values of Skempton and 

Petley (1970). This outcome arose because the t test value was 0.74, which did 

not exceed the critical value of t of 2.365, 2.998, 3.499, and 5.408, at significance 

levels of 0.05, 0.02, 0.01, and 0.001, respectively. These values corresponded to 

the 95%, 98%, 99%, and 99.9% confidence intervals, respectively, with an 
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interval containing the estimated e from the liquid limit and the void at a degree 

of freedom of ‘7’. 

Thus, based on the t-tests, there were no significance deviations between the estimated 

void ratio values in the study area and the void ratio values stated in Huat et al. (2009), 

Miyakawa (1960), and Skempton and Petley (1970). 

6.2.6 Water content and void ratio 

The estimated void ratio values were correlated with the water content values in the 

study area. The general trend showed that the void ratio increased with an increase in 

the water content (see Figure 6.19 and Figure 6.20). This trend was consistent with the 

trend given by Den Haan (1997) for the Dutch peat and the trend of the Malaysian peat 

(particularly the peat of Johore, Perak, Sarawak, and Selangor), as given by Huat 

(2006). In addition, the trend of the relationship between the water content and the 

estimated void ratio for the peat and soil in the study area were consistent with the trend 

proposed by Oikawa and Igarashi (1997). 

                

Figure 6.19 Estimated void ratio from water content versus natural water 

content in the study area (estimated based on Huat (2004, 2006))  
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Figure 6.20 Estimated void ratio from liquid limit versus natural water content 

in the study area (estimated based on Huat et al. (2009))  

6.2.7 Liquid limit and organic content 

The organic content of the peat and organic soil was estimated, due to the unavailability 

of the data in the study area. It was estimated from the liquid limit and the water 

content, based on the published relationships of Skempton and Petley (1970), 

Duraisamy et al. (2007), and Huat et al. (2009). Skempton and Petley (1970) suggested 

the use of Equation (6.12) for the temperate peat in the Avonmouth, King’s Lynn and 

Cranberry Moss, in the UK. In addition, Duraisamy et al. (2007) proposed a relationship 

between the liquid limit LL and the organic content O.C. (see Equation 6.13) for 

tropical peat on the West coast of the Malaysian Peninsular. Further, Huat et al. (2009) 

proposed one relationship between the liquid limit LL and the organic content O.C. (see 

Equation 6.14) and another relationship between the organic content and the water 

content (m) (see Equation 6.15) for the tropical peat in several locations in Malaysia, 

namely: Johore, Perak, Sarawak, and Selangor. Furthermore, Kolay et al. (2010) 

established that a relationship exists between the liquid limit and the organic content for 

the peat of Sarawak (Matang area, Malaysia) (see Equation 6.16).  

𝐿𝐿 = 0.5 + 5.0 𝑂. 𝐶.                                                                                                  (6.12) 

𝐿𝐿 = 0.3 + 3.0 𝑂. 𝐶.                                                                                                  (6.13) 

𝑂. 𝐶. = 0.1747 𝐿𝐿 + 20.377                                                                                     (6.14) 
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𝑂. 𝐶. = 0.0592 𝑚 + 54.34                                                                                        (6.15) 

𝐿𝐿 = 0.2088 𝑂. 𝐶. +59.982                                                                                      (6.16)                                                                                                    

Based on the above equations (except for Equation 6.16), the organic content of the peat 

and organic soils were estimated from liquid limit and water content (see Table 5.16 and 

Table 5.24). The ranges of the estimated organic content are shown in Table 6.2). 

Equation 6.16 yielded very high organic content values; hence, it has been ignored. 

Table 6.2 Estimated organic content from published equation 

 Organic content 

estimated from 

Equation 6.12: 

Skempton and 

Petley (1970) 

Organic content 

estimated from 

Equation 6.13: 

Duraisamy et al. 

(2007) 

Organic content 

estimated from 

Equation 6.14: 

Huat et al. (2009) 

Organic content 

estimated from 

Equation 6.15: 

Huat et al. (2009) 

Peat 52.3 – 61.5 86.63 – 101.97 65.6 – 73.6 64.29 – 68.49 

Organic 

clay 
/ / / 63.77 – 68.97 

 

The relationships between the liquid limit and the estimated organic content (from both 

the liquid limit and the water content) were established for the study area. Figure 6.21 

shows these relationships, based on Equations 6.12, 6.13, and 6.14, which were 

proposed by Skempton and Petley (1970), Duraisamy et al. (2007), and Huat et al. 

(2009), respectively. As seen in Figure 6.21, the liquid limit of peat increased with an 

increase in the organic content. The trends of these relationships for the study area are 

consistent, and similar, to the trends given by: Malkawi et al. (1999), Al-Raziqi et al. 

(2003), Duraisamy et al. (2007), Huat et al. (2009), Kolay et al. (2010), and 

Thiyyakkandi and Annex (2011). Further, Thiyyakkandi and Annex (2011) stated that 

the liquid limit was found to be linearly increasing with increased organic content, after 

adding the organic content to the Kuttanad Clay, India. 
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Figure 6.21 Estimated organic content versus liquid limit  

In addition, a relationship between the liquid limit and the estimated organic content 

(from the water content, based on Equation 6.15, proposed by Huat et al. (2009)), versus 

the liquid limit, was established (see Figure 6.22). Moreover, the liquid limit, linearly, 

increased with an increase in theorganic content with an R
2
 value of 0.93. 

Further, the relationship between the estimated organic content and the liquid limit in 

the study area was compared with the published relationships (see Figure 6.23). The 

trend line of the relationship in the study area was located between the trend lines of the 

relationships suggested by Skempton and Petley (1970) (above the study area trend line) 

and Duraisamy et al. (2007) (below the study area’s trend line). Huat (2004) and 

Duraisamy et al. (2007) stated that the trend line of the relationship, given by Skempton 

and Petley (1970), did not seem to fit well in the case of the tropical peat. This 

relationship was established, based on the properties of the temperate peat. Thus, it can 

be deduced from these relationships that the peat in the study area can be considered as 

a tropical peat, because it fits well and close with the relationships of the tropical peat in 

terms of the relationship between the liquid limit and the organic content.  
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Figure 6.22 Estimated organic content (from water content based on Huat 

(2009)) versus liquid limit 

         

 

Figure 6.23 Estimated organic content versus liquid limit  
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statistical significance of the estimation was examined. This statistical process was 

performed by using the aforementioned statistical t-test (see Equation 6.6) using the 

well-known published equations, which estimated the organic content values (Equation 
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 There was a significant deviation between the estimated organic content values 

from the liquid limit, based on Equation 6.12, which was proposed by 

Skempton and Petley (1970), and the estimated organic content values from the 

liquid limit, based on Equation 6.14, which was proposed by Huat et al. (2009). 

The result of the t-test was 25, which greatly exceeded the critical values of t of 

1.35, 1.771, 2.16, 2.65, 3.01, and 4.22, at significant levels of 0.2, 0.1, 0.05, 

0.02, 0.01, and 0.001, respectively. These significant levels corresponded to up 

to 99.9% confidence intervals, with an interval containing the estimated 

organic content values. The results could be attributed to the origin of the 

parent materials of peat. As previously mentioned, Equation 6.12 was 

established by Skempton and Petley (1970) for the temperate peat in the 

Avonmouth, King’s Lynn, and Cranberry Moss in the UK; whereas Equation 

6.14 was established by Huat et al. (2009) for the tropical peat of Malaysia. 

This approach was normally undertaken to obtain a significant deviation in the 

estimated organic content values (see Table 6.2).  

 There was no significant deviation between the estimated organic content 

values from the liquid limit, based on Equation 6.13, which was proposed by 

Duraisamy et al. (2007), and the estimated organic content values from the 

liquid limit, based on Equation 6.14, which was proposed by Huat et al. (2009). 

The result of the t-test was 0.95, which dids not exceed the critical values of t 

of 1.35, 1.771, 2.16, 2.65, 3.01, and 4.22, at significant levels of 0.2, 0.1, 0.05, 

0.02, 0.01, and 0.001, respectively. These significant levels corresponded to 

between 80 to 99.9% confidence intervals with an interval containing the 

estimated organic content values at a degree of freedom of ‘14’. Both 

Equations 6.13 and 6.14 were related to the peat of Malaysia, so it was 

anticipated that no significant deviation would be obtained between these two 

equations.  

 There was no significant deviation between the estimated organic content 

values from the water content, based on Equation 6.15, which was proposed by 

Huat et al. (2009), and the estimated organic content values from the liquid 

limit, based on Equation 6.14, as proposed by Huat et al. (2009). The result of 

the t-test was 2.07, which did not exceed the critical values of t of 2.44, 3.143, 

3.707, and 5.95, at significant levels of 0.05, 0.02, 0.01, and 0.001, 
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respectively. These significant levels correspond to 95%, 98%, 99%, and 

99.9% confidence intervals with an interval containing the estimated organic 

content values, at degree of freedom of ‘6’.  

 There was a significant deviation between the estimated organic content values 

from the water content, based on Equation 6.15, which was proposed by Huat 

et al. (2009), and the estimated organic content values from the liquid limit, 

based on Equation 6.12, which was proposed by Skempton and Petley (1970). 

The result of the t-test was 8.6, which exceeded the critical values of t of 1.35, 

1.771, 2.16, 2.65, 3.01, and 4.22, at significant levels of 0.2, 0.1, 0.05, 0.02, 

0.01, and 0.001, respectively, at a degree of freedom of ‘14’. These significant 

levels corresponded to between 80 to 99.9% confidence intervals, with an 

interval containing the estimated organic content values. As mentioned above, 

the reason for this significant deviation might be attributed to the type of peat, 

organic content percentage, and type of parent materials.  

 

As such, these statistical t-tests indicated that there were no significant deviations 

between the estimated organic content values of the peat and soil in the study area, 

which were estimated from Equations 6.13, 6.14, and 6.15. The only difference was 

between the estimated organic content values from the equation, which related to the 

peat in the UK (based on Skempton and Petley, 1970), and the organic content values, 

which were estimated from equations established for the Malaysian peat. The reason for 

this can be explained by the fact that the peat in the UK is a temperate peat, which 

means it is basically different from the tropical peat of Malaysia. Thus, the differences 

between the temperate and tropical peat were represented by: the type of parent 

materials, the nature of the organisms (flora, bacteria, fungi), which work on the plant 

remains during the decomposition process of peat, the climate conditions (temperature, 

humidity, precipitation rate), and the species of tree.  

6.2.8 Water content and organic content 

The relationships were established between the estimated organic content and water 

content in the study area. There was a direct proportional relationship with the R
2
 value 

of 0.93 between the liquid limit and the estimated organic content. These estimated 

values were based on Equations 6.12, 6.13 and 6.14, which were proposed by Skempton 
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and Petley (1970), Duraisamy et al. (2007), and Huat et al. (2009), respectively. The 

water content values were obtained from Table 5.20. As such, the water content 

increased with the increase in the organic content, which could be attributed to the 

amounts of water, which were preserved in the fibres or plant remnants of peat.      

                

        

Figure 6.24 Estimated organic content versus water content  

In addition, there was a well-established relationship (R
2
 =1) between the water content 

and the estimated organic content, based on Equation 6.15, which was given  by Huat et 

al. (2009) for the tropical peat in Malaysia (Figure 6.25).  

The trend of these relationships was consistent and similar to the trends given by 

Malkawi et al. (1999), Al-Raziqi et al. (2003), Huat et al. (2009), Kolay et al. (2010), 

and Thiyyakkandi and Annex (2011) (see Figure 6.26). Thiyyakkandi and Annex (2011) 

stated that the water content was increased at a rate of 0.68% per unit (1%) and an 

increase in the organic content of the highly compressible and organic Kuttanad Clay, 

India. 
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Figure 6.25 Estimated organic content (from water content based on Huat et al. 

2009) versus water content  

       

Figure 6.26 Estimated organic content (from water content based on Huat et al. 

(2009)) versus water content  

The estimated organic content values from Malkawi et al. (1999) and Thiyyakkandi and 

Annex (2011) showed low organic content values because they used small added 

amounts of organic content (10 – 25 %); hence, they cannot be compared with the 

values in the study area. Though, Kolay at el. (2010) referred to the high organic content 
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values in their study, it was correlated with low water content (up to 60%), which was 

considered as low values compared with the water content in the study area. However, 

all the studies had similare trends to those found in the current study.   

6.2.9 Plastic limit and organic content 

The relationships between plastic limit and organic content of the peat and soil in the 

study area were established. The organic content values were estimated from Equations 

6.12, 6.13, and 6.14; then they were plotted with the plastic limit values (see Table 5.16) 

as shown in Figure 6.27. A direct proportional relationship was found between the 

plastic limit and the organic content, with the general trend that when the plastic limit 

increases there is an increase in the organic content. Further, three relationships were 

established, based on Equations 6.12, 6.13, and 6.14 with R
2
 values of 0.98, 0.97, and 

0.98, respectively.   

             

 

Figure 6.27 Estimated organic content  (from liquid limit) versus plastic limit in 

the study area 

Another relationship was established between the plastic limit and the organic content 

based on Equation 6.15. The general trend of this relationship is similar to previous 

relationships where the plastic limit increases with an increase in the organic content. 

As previously mentioned, the organic content values in this relationship were estimated 

from the water content values of peat and soil in the study area, and then they were 
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plotted against the plastic limit. Figure 6.28 shows a direct proportional relationship 

between the organic content and the plastic limit with an R
2
 value of 0.907.  

                

Figure 6.28 Estimated organic content (from water content) versus plastic limit 

in the study area 

The general trends of the relationships, as seen in both Figure 6.27 and Figure 6.28, 

were consistent with the trend given by Malkawi et al. (1999) for the added organic 

content to the natural soil in Jordan and Thiyyakkandi and Annex (2011), for the highly 

compressible Kuttanad clay, India. Ulusay et al. (2010) stated that the plastic limit was 

impossible to obtain for most kinds of peat. However, as Ajlouni (2000) pointed out, the 

presence of fibres in most peats makes it difficult to obtain the plastic and the liquid 

limits, and resulted in little meaningful data in terms of the consistency limits. Also, 

most of the experimentalists failed to describe the specific methods of defining the 

nature of cracks formed while obtaining the plastic limit, or dealing with peat fibres, 

while obtaining the liquid limit. There was congruency with the work of Skempton and 

Petley (1970). Moreover, Zainorabidin and Wijeyesekera (2007) identified that the 

presence of the fibres makes the determination of the Atterberg limits very difficult. 

Nevertheless, as Hobbs (1986) declared, it was impossible to carry out the plastic limit 

tests on peat. 

6.2.10 Plasticity index and organic content 

The relationships were established between the estimated organic content and plasticity 

index of the peat and soil in the study area. As mentioned before, the organic content 
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values were estimated from Equations 6.12, 6.13, 6.14, and 6.15 (based on Skempton 

and Petley (1970), Duraisamy et al. (2007), and Huat et al. (2009). The general trend of 

the relationship between the plasticity index and the organic content was that the 

plasticity index increases with the increase in the organic content. Figure 6.29 shows the 

estimated organic content (from equations 6.12, 6.13, and 6.14) versus the plasticity 

index for peat and soil in the study area (PI from Table 5.16). As seen in Figure 6.29, 

there is a direct proportional relationship with the R
2
 values of 0.92, 0.92, and 0.899, 

respectively. Figure 6.30 shows a relationship between the plasticity index and the 

estimated organic content from the water content (based on Equation 6.15, as proposed 

by Huat et al. (2009)). Hence, the relationship is that the plasticity index was directly 

proportional to the organic content with an R
2
 value of 0.88.  

According to Malkawi et al. (1999), the plasticity index first increases (2.4% increase) 

with the increase in the added organic content (up to 10% organic content) to the soil in 

Jordan. Next, the plasticity index decreases with the increasing the organic content (a 

22% decrease at 20% added organic content). However, “The effect of decreasing the 

organic content on the Atterberg limits is more significant and both the liquid limits and 

the plastic limits decrease” (Zentar et al., 2009). Further, the plasticity index decreases 

with the reduction of organic content in the dredged marine sediments in Dunkirk 

Harbour (north of France). Furthermore, the liquid limit decreases faster than the 

plasticity index, when there is a decrease in the organic content. Nevertheless, Holtz and 

Krizek (1970) revealed an increase in the plasticity index with an increase of the liquid 

limit for soils with increasing amounts of organic content. Thus, the increasing of 

organic content has a direct impact on the plasticity index values.  

6.2.11 Dry density and organic content 

The estimated organic content values were plotted in relation to the dry density values 

of the peat and soil in the study area (see Figure 6.31). There was a direct proportional 

relationship between the dry density and the organic content, which was estimated from 

the liquid limit, based on Equations 6.12, 6.13, and 6.14 with R
2
 values of 0.958, 0.93, 

and 0.9589, respectively. 
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Figure 6.29 Estimated organic content (from liquid limit) versus plasticity index  

 

              

Figure 6.30 Estimated organic content (from water content) versus plasticity 

index 
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Figure 6.31 Estimated organic content (from liquid limit) versus dry density in 

the study area 

 

In addition, a relationship was established between the dry density and the estimated 

organic content from the water content, based on Equation 6.15 and presented in 

Figure 6.32. Further, there was a direct proportional relationship between the dry 

density and the organic content with an R
2 

value of 0.94.     

It is generally accepted that the density of peat is low and variable, mainly because the 

high water content of peat causes a sharp reduction in the density of peat. In addition, 

the specific gravity of the solid materials of peat and organic soil is smaller than their 

mineral soils counterparts. Thus, when the specific gravity, or so called ‘relative 

density’, is low, the density will be high. The density of peat is usually smaller than the 

mineral soils, due to the high water content, low specific gravity, and the presence of 

gas. Further, the density of peat significantly depends on the fibre content and its 

structure, water content, the source or the type of parent materials, the degree of 

humification, and the depth of the strata holding peat (Huat et al., 2011).  

The trend of the relationship between the dry density and the organic content of peat 

and organic soil in the study area was consistent with the trends of Skempton and Petley 

(1970), Den Haan and El Amir (1994), Malkawi et al. (1999), Huat (2004), Duraisamy 

et al. (2007), Huat et al. (2009), Kolay et al. (2010), Huat et al. (2011), and 

Thiyyakkandi and Annex (2011). 
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Figure 6.32 Estimated organic content (from water content) versus dry density 

in the study area 

The established relationships between the dry density and the organic content of peat 

and soil in the study area were compared with the published relationships of Duraisamy 

et al. (2007) and Kolay et al. (2010) (as shown in Figure 6.33). Thus, the relationships 

of the peat and soil in the study area were consistent with the relationships proposed by 

Duraisamy et al. (2007) and Kolay et al. (2010) for the peat in the West coast of the 

Peninsular of Malaysia and Sarawak, respectively.   

 

Figure 6.33 Organic content versus dry density  
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6.3 ENGINEERING PROPERTIES CORRELATIONS 

In this section, a discussion of the correlation of the engineering properties of peat and 

soil in the study area is presented. Further, comparisons were made between the 

engineering properties of peat and soil in the study area, with the published 

relationships. The correlations and comparisons found that peat is extremely variable 

and has a changing behaviour, compared with the mineral soils.        

6.3.1 Compression index and dry density 

As mentioned in the previous chapter, the compression index was estimated from ten 

well-known published equations (see Table 5.44). Further, the compression index 

values were estimated from the liquid limit, water content, void ratio, and dry density. 

In this section, the estimated compression index values, estimated from the void ratio, 

were excluded. Two reasons for this exclusion were that it yielded high compression 

index values, and the void ratio values, previously estimated. Thus, eight well known 

published equations (shown in Table 6.3) were used to estimate the compression index 

values of peat and soil in the study area.  

The resulting compression index values were correlated with the dry density values of 

peat and soil in the study area (see Figure 6.34). There was a direct proportional 

relationship between the compression index and the dry density, with a very good 

correlation of the determination values. The R
2
 values of the best fit lines of Equations 

6.17, 6.18, 6.19, 6.20, 6.21, 6.22, 6.23, and 6.24 were 0.85, 0.84, 0.84, 0.95, 0.93, 0.94, 

0.94, and 1.0, respectively. These trends were consistent with, and similar to, the trends 

given by Skempton (1944), Terzaghi and Peck (1967), Azzouz et al. (1976), Kogure and 

Ohira (1977), Lav and Ansal (2001), Chung et al. (2003), and Mesri and Ajlouni (2007). 
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Table 6.3 Published equations used to estimate compression index in the study area 

Equation 

Number 

Symbol 

 

Published equation Reference Sediment type 

6.17 Cc1 Cc = 0.0084 LL + 

0.164 

Chung et al. (2003) Pusan clay, South 

Korea 

6.18 Cc2 Cc= 0.007 (wL - 10) Skempton (1944) Remoulded clay 

6.19 Cc3 Cc = 0.009 (wL - 10) Terzaghi and Peck 

(1967) 

Normally 

consolidated clay 

6.20 Cc4 Cc = 1.15*10
-2

 w Moran et al. (1958) Organic soil and peat 

6.21 Cc5 Cc = w / 100 Mesri and Ajlouni 

(2007) 

Middleton and James 

Bay peat, Canada 

6.22 Cc6 Cc = 0.00782 w
1.07

 Kogure and Ohira 

(1977) 

Hokkaido Peat, Japan 

6.23 Cc7 Cc = 0.013 (w - 7) Kogure and Ohira 

(1977) 

Hokkaido Peat, Japan 

6.24 Cc10 Cc = 0.621 ɤ 
-1.37

 Kogure and Ohira 

(1977) 

Hokkaido Peat, Japan 

   

 

Figure 6.34 Dry density versus estimated compression index in the study area  

Statistically speaking, the estimated compression index values, obtained from Equations 

6.17 – 6.24, had undergone the t-test, based on Spatz (1993), to examine the statistical 
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Table 5.43) were used versus the estimated compression index values to perform the t-

test. The results of the t-test were as follows: 

 The measured Cc versus Cc1: There was no significant deviation between the 

measured compression index values and the estimated compression index values 

(from Equation 6.17). The calculated t value was 4.37, which did not exceed the 

critical values of t of 6.965, 9.925 and 31.598 at significant levels of 0.02, 0.01, 

and 0.001, respectively. These significant levels correspond to the 98%, 99%, 

and 99.9% confidence intervals, respectively, with an interval containing the 

estimated compression index values at a degree of freedom of ‘2’.   

 The measured Cc versus Cc2: There was no significant deviation between the 

measured compression index values and the estimated compression index values 

(from Equation 6.18). The computed t value was 3.68, which did not exceed the 

critical values of t of 4.303, 6.965, 9.925 and 31.598, at significant levels of 

0.05, 0.02, 0.01, and 0.001, respectively. These significant levels correspond to 

95%, 98%, 99%, and 99.9% confidence intervals, respectively, with an interval 

containing the estimated compression index values at a degree of freedom of ‘2’. 

 The measured Cc versus Cc3: There was no significant deviation between the 

measured compression index values and the estimated compression index values 

(from Equation 6.19). The result of the t-test was 2.48, which did not exceed the 

critical values of t of 2.920, 4.303, 6.965, 9.925 and 31.598, at significant levels 

of 0.1, 0.05, 0.02, 0.01, and 0.001, respectively. These significant levels 

correspond to the 90%, 95%, 98%, 99%, and 99.9% confidence intervals, 

respectively, with an interval containing the estimated compression index values 

at a degree of freedom of ‘2’. 

 The measured Cc versus Cc4: There was no significant deviation between the 

measured compression index values and the estimated compression index values 

(from Equation 6.20). The calculated t value was 2.02, which dids not exceed 

the critical values of t of 2.132, 2.776, 3.747, 4.604, and 8.610, at significant 

levels of 0.1, 0.05, 0.02, 0.01, and 0.001, respectively. These significant levels 

correspond to the 90%, 95%, 98%, 99%, and 99.9% confidence intervals, 

respectively, with an interval containing the estimated compression index values 

at a degree of freedom of ‘4’. 
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 The measured Cc versus Cc5: There was no significant deviation between the 

measured compression index values and the estimated compression index values 

(from Equation 6.21). The result of the t-test was 2.1, which did not exceed the 

critical values of t of 2.132, 2.776, 3.747, 4.604, and 8.610, at significant levels 

of 0.1, 0.05, 0.02, 0.01, and 0.001, respectively. These significant levels 

correspond to the 90%, 95%, 98%, 99%, and 99.9% confidence intervals 

respectively, with an interval containing the estimated compression index values 

at a degree of freedom of ‘4’.   

 The measured Cc versus Cc6: There was no significant deviation between the 

measured compression index values and the estimated compression index values 

(from Equation 6.22). The computed t value was 1.8, which did not exceed the 

critical values of t of 2.132, 2.776, 3.747, 4.604, and 8.610, at significant levels 

of 0.1, 0.05, 0.02, 0.01, and 0.001, respectively. These significant levels 

correspond to the 90%, 95%, 98%, 99%, and 99.9% confidence intervals, 

respectively, with an interval containing the estimated compression index values 

at a degree of freedom of ‘4’. 

 The measured Cc versus Cc7: There was no significant deviation between the 

measured compression index values and the estimated compression index values 

(from Equation 6.23). The result of the t-test was 1.68, which did not exceed the 

critical values of t of 2.132, 2.776, 3.747, 4.604, and 8.610, at significant levels 

of 0.1, 0.05, 0.02, 0.01, and 0.001, respectively. These significant levels 

correspond to the 90%, 95%, 98%, 99%, and 99.9% confidence intervals, 

respectively, with an interval containing the estimated compression index values 

at a degree of freedom of ‘4’. 

 The measured Cc versus Cc10: There was no significant deviation between the 

measured compression index values and the estimated compression index values 

(from Equation 6.24). The computed t value was 0.2, which did not exceed the 

critical values of t of 2.132, 2.776, 3.747, 4.604, and 8.610, at significant levels 

of 0.1, 0.05, 0.02, 0.01, and 0.001, respectively. These significant levels 

correspond to the 90%, 95%, 98%, 99%, and 99.9% confidence intervals, 

respectively, with an interval containing the estimated compression index values 

at a degree of freedom of ‘4’.   
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Therefore, from a statistical point of view, there were no significant deviations between 

the measured compression index values of peat and soil in the study area, and the 

estimated compression index values obtained from Equations 6.17 - 6.24 (see 

Table 6.3). In addition, the resulting compression index values are within the range of 

the compression index, as reported in the literature. Further, the measured and estimated 

compression index values were plotted against each other to examine the relationship 

between them. Figure 6.35 shows the linear relationships between the estimated and the 

measured compression index values of peat and soil in the study area, and the R
2
 values 

ranged between 0.973 - 0.999.  

 

Figure 6.35 Measured compression index versus estimated compression index 

(from Equations 6.17 - 6.24) 

6.3.2 Compression index and liquid limit 

The estimated compression index values were correlated with liquid limit values of peat 

and soil in the study area. The general trend of the linear relationship was that the 

compression index increases with an increase in the liquid limit. The R
2
 value of the 
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relationship between the measured compression index values in the study area and the 

liquid limit was 0.97 (see Figure 6.36). In addition, the R
2
 values of the relationship 

between the estimated compression index (Cc1, Cc2, Cc3, Cc4, Cc5, Cc6, Cc7, and Cc10) 

and the liquid limit were 1, 1, 1, 0.92, 0.922, 0.92, 0.922, and 0.69, respectively. As 

seen in Figure 6.36, all the estimated compression index values were higher than the 

measured values, mainly because the measured values belonged to the peat and soil at 

depths ranging between 11.6 to 32.5 m below the ground surface. Thus, the peat and 

soil were already compressed and consolidated. Therefore, the actual compression index 

values of the peat and the soil were lower than the estimated values.  

 

Figure 6.36 Compression index versus liquid limit in the study area  

Further, the relationship between the compression index and the liquid limit of the peat 

and soil were compared with some published relationships (see Figure 6.37). The 

relationship between the compression index (measured and estimated) and the liquid 

limit of peat and soil had a similar trend to that reported by Al-Raziqi et al. (2003) for 

various tropical peats in Malaysia. In addition, it had similar trends to the relationship 

between the compression index and the liquid limit of the highly compressible marine 

clay of the Northwestern part of of the Malaysian pensulare (Chai et al., 2012). Further, 
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the relationship was consistent with the relationship reported by Chung et al. (2003) for 

the Pusan Clay.     

 

Figure 6.37 Compression index versus liquid limit  

6.3.3 Compression ratio and liquid limit 

The compression ratio values were estimated from the water content and the liquid 

limit, based on the two equations (6.25 and 6.26) suggested by Azzouz et al. (1976), as 

follows: 

𝐶𝑟 = 0.003(𝑤𝑛 + 7)                                                                                                 (6.25) 

𝐶𝑟 = 0.002(𝐿𝐿 + 9)                                                                                                  (6.26) 

Where 

             wn : natural water content  

             LL:  liquid limit 
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Further, Mortensen (1961) asserted that the compression ratio could be a function of the 

soil water content: 

𝐶𝑟 = 60
𝑤−25

𝑤+40
                                                                                                             (6.27) 

Where: Cr and w are given in percentage. Anderson (2012) stated that Mortensen’s 

(1961) equation was valid for normally consolidated organic soils, such as peat, gyttja, 

organic clays, silts, and sands of postglacial age. However, the equation yielded high 

compression ratio values when used to estimate the compression ratio for the peat and 

soil. Further, Anderson (2012) presented the compression ratio values of peat and peaty 

mud ranging between approximately 23% and 58% and between about 5% and 35% for 

the organic clay and silt. However, Huat et al. (2009) illustrated that the compression 

ratio values of between 0.15 and 0.42 for the peat in Malaysia. Moreover, Duraisamy et 

al. (2007) reported that the compression ratio values of peat in the West Coast of 

Malaysia were between 0.202 and 0.422. Furthermore, Abu Hassan et al. (2013) 

mentioned that the compression ratio of peat, at a depth between 0.5 and 1.0 m in Bukit 

Changgang, Selangor, Malaysia which was between 0.10 and 0.38. Though, the 

estimated compression ratio of peat in the study area, from Equations 6.25 and 6.26, 

were between 0.525 and 0.738 and between 0.536 and 0.628, respectively. Based on 

these estimated compression ratio values, the peat was classified as ‘very compressible’, 

according to the classification suggested by O’Loughlin and Lehane, (2003), and 

illustrated in Table 6.4. 

Table 6.4 Classification of compression ratio of peat and organic soil (O’Loughlin & Lehane, 

2003)   

Compression ratio (Cc/1+e) Classification 

 

0 – 0.05 Very slightly Compressible 

0.05 – 0.10 Slightly Compressible 

0.10 – 0.20 Moderately Compressible 

>0.20 Very Compressible 

  

The estimated compression ratio from the water content ‘based on Equation 6.25’, and 

the estimated compression ratio from the liquid limit, based on Equation 6.26, were 
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compared in Figure 6.38. There was a linear relationship between both the estimated 

compression ratio values with an R
2
 value of 0.93.  

           

Figure 6.38 Estimated compression ratio (from water content) versus estimated 

compression ratio from liquid limit  

 

A relationship was idnetified between the estimated compression ratio and the liquid 

limit for peat and soil (see Figure 6.39). Further, the estimated compression ratio (from 

the liquid limit and the water content) increased with the increase in the liquid limit in a 

linear relationship with R
2
 values of 1.0 and 0.93, respectively. The trend of the 

relationship was consistent with the trend lines given by Miyakawa (1960), Azzouz et 

al. (1976), Oh and Chai (2006), Huat (2006), Huat et al. (2009), Chai et al. (2012), and 

Andersen (2012). 
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Figure 6.39 Estimated compression ratio versus liquid limit  

6.3.4 Compression ratio and water content 

A relationship was also established between the estimated compression ratio and the 

water content for the peat and soil. This linear relationship showed that the compression 

ratio increased with the increase in the water content with an R
2
 value of 0.93 (see 

Figure 6.40). This relationship trend was consistent with the trend given by Chai et al. 

(2012) for the highly compressible marine clay in Malaysia. Further, the trend was 

consistent with what Andersen’s (2012) study for clays and organic soils. Furthermore, 

the trend of the relationship between Cr and w, in the current study, was similar to the 

trend given by Magnan (1994) for the French bog peat in the Lezarde and Aulnes 

valleys in France.  

6.3.5 Compression index and water content 

The measured and estimated compression index values of peat and soil were also 

plotted against the water content (see Figure 6.41). The compression index increased 

with the increase in the water content in a linear relationship with the R
2 

values of 0.92, 

0.92, 0.92, 1.0, 1.0, 0.99, 1.0, 0.58 for the estimated compression index Cc1, Cc2, Cc3, 

Cc4, Cc5, Cc6, Cc7, Cc10, respectively. Additionallly, these compression index values 

were estimated from Equations 6.17, 6.18, 6.19, 6.20, 6.21, 6.22, 6.23, and 6.24, 

respectively. These relationships had excellent R
2
 values, except for the value estimated 

from the dry density (Cc10), as based on Equation 6.24. 
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Figure 6.40 Estimated compression ratio versus water content  

In the current study, the measured compression index values were generally lower than 

the other estimated values of peat and soil. The reason for this measurement could be 

attributed to the lack of the available compression index data as it is measured only five 

values. Because of insufficient data it is unclear whether the estimated values were 

higher than the actual data.    

 

Figure 6.41 Compression index versus water content in the study area  
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The relationship between the compression index values (measured and estimated) and 

the water content of the peat and soil were compared with some published relationships 

(see Figure 6.42). Therefore, the estimated compression index values adopted in these 

comparisons are: Cc1 (estimated from LL based on Equation 6.17), Cc4 (estimated from 

water content based on Equation 6.20), and Cc10 (estimated from dry density based on 

Equation 6.24). In addition, the trend of the relationships between the measured and 

estimated compression index values versus the water content were similar and 

consistent with the trends of the relationships given by Lefebvre et al. (1983) for peat in 

James Bay in Canada, Lo et al. (1990) for peat in Bishan of Singapore, and Chai et al. 

(2012) for the highly compressible marine clay of Malaysia. Hence, the values of the 

water content and compression index of the peat in James Bay, Canada, were much 

higher than the values of those in Malaysia, Singapore, and the study area. Moreover, 

the depth of the peat sample examined in Lefebvre’s study was between 0.2 and 2.2 m. 

Thus, the high compression index of peat was attributed to the high water content at this 

level of depth. The trend of the relationships shown in Figure 6.42 were also consistent 

and similar to the trends given by Azzouz et al. (1976), Kogure and Ohira (1977), Lav 

and Ansal (1999), and Mesri and Ajlouni (2007). 

 

Figure 6.42 Compression index versus water content  
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6.3.6 Compression index and void ratio 

As mentioned in Chapter 5, the void ratio values of peat and soil in the study area were 

estimated from the water content, based on Equation 5.17, as given by Huat (2006). The 

void ratio can also be estimated from the liquid limit, based on Equation 6.28 and 

proposed by Huat et al. (2009), as follows: 

𝑒 = 3.2093 ∗ ln(𝐿𝐿) −11.835                                                                                   (6.28) 

The estimated void ratio values, resulting from the water content, based on Equation 

5.17 were between 0.23 and 0.80 for sand, between 0.91 and 3.72 for clay and organic 

clay, and between 3.73 and 4.70 for peat. Whereas, the resulting estimated void ratio 

from the liquid limit, based on Equation 6.28, were between 0.7 and 2.5 for silty and 

peaty clay, and between 6.0 and 6.5 for peat.   

The estimated void ratio values from w (Equation 5.17) were plotted against the 

estimated void ratio from LL (Equation 6.28), as shown in Figure 6.43. The relationship 

between the estimated values (based on Huat 2006, 2009) had a linear trend line with an 

R
2
 value of 0.92. 

             

Figure 6.43 Estimated void ratio from Huat (2006) versus estimated void ratio 

based on Huat (2009) 
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void ratio (see Figure 6.44). This trend was consistent with trends given by Chung et al. 

(2003) for the Pusan clay, Dames and Moore (1983) for the design purposes in 

Singapore, Tan (1983) for the Upper and Lower Marine clay of Singapore, and Kougre 

and Ohira (1977) for the peaty ground of Ishikari area, Hokkaido, Japan. 

The trend line of the measured compression index values was lower than the other trend 

lines related to the estimated values (Figure 6.44). The reason for this line might be 

attributed to the depth of the peat layer in the study area, and it may lead to other 

factors, such as degree of humification, status of peat compressibility under a certain 

depth, degree of saturation, and the age of the peat layer. It is generally accepted that 

deep layers are susceptible to more load compared with the shallow layers. 

Consequently, it is normal to have low compression index values at the range of depth 

(for the measured values) of between R.L. -8.9 and R.L. -24.0 m (see Table 5.43, 

Chapter 5).     

   

Figure 6.44 Void ratio versus compression index 
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6.3.7 Compression index and vertical stress σv 

As mentioned in Chapter 5 Section 5.8.5, the vertical stress values were obtained, based 

on Table 5.61. These values represent the adopted unit weight (saturated and non-

saturated) for each soil type. The relationships were established between the vertical 

stress and the compression index (measured and estimated) of peat and soil in the study 

area (see Figure 6.45). The R
2 

values of the relationships between the vertical stress and: 

Cc (measured), Cc1, Cc2, Cc3, Cc4, Cc5, Cc6, Cc7, and Cc10 were: 0.94, 0.79, 0.79, 0.79, 

0.82, 0.81, 0.81, 0.81, and 0.52, respectively.  

The compression index decreased with the increase in the vertical stress (Figure 6.45). 

In the literature, most of the studies calculated the effective vertical stress, which 

required the magnitudes of pore water pressure. However, in the current study, not 

enough data were related to the pore water pressure; hence; the vertical stress was 

calculated as a total stress instead. The applied vertical stress, at a certain point, 

represents the total stresses at that point, with reference to the unit weight of this type of 

soil and its depth below the ground surface. However, Pecker et al. (2007) stated that a 

feature of the soil behaviour was controlled by the mean stress rather than the vertical 

stress alone.   

The vertical stress values of the peat layer in the study area appeared to be high 

compared to the other vertical stress values of peat in the literature. For example, the 

vertical stress values of the peat layer in Wilnis city, the Netherlands, based on Den 

Haan and Kruse (2007), ranged between 18.5 and 71.0 kN/m
2
, at a depth between 1.67 

and 6.8 m, while the vertical stress values of the peat were between 197.2 and 288 

kN/m
2
, at depths between 11.6 m (R.L. -4.6 m) and 16.0 m (R.L. -13 m), as shown in 

Figure 6.46. The reason of this was obviously related to the depth of the peat strata, with 

reference to the ground level. Thus, in terms of peat, the depth of the peat strata was a 

function of the vertical stress, as well as the low unit weight of the peat itself. In other 

words, the depth of the peat strata played an important role in the magnitude of the 

vertical stress. In addition, the internal structure of the peat layer (fibres orientation) 

contributed to the magnitude of the vertical stress of peat (see Figure 5.42, Chapter 5). 

This occurs through the tendency of the peat fibres to align themselves at right angles to 

the direction of the vertical stress (applied stress). This fact was confirmed by Landva 

(2007) for the Escuminac peat in Canada.  
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Figure 6.45 Compression index versus vertical stress in the study area  

                                    

Figure 6.46 Variation of the vertical stress with depth 
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6.3.8 Compression index Cc and coefficient of secondary consolidation Cα 

The relationships were established between the compression index and coefficient of the 

secondary consolidation of peat and soil in the study area. As mentioned in Chapter 5, 

the coefficient of the secondary consolidation values were estimated from the water 

content, based on Equation 5.32 (in Chapter 5), as given by Farrell et al. (1994). Direct 

proportional relationships were established between the estimated Cα and the 

compression index values [Cc (measured) Cc1, Cc2, Cc3, Cc4, Cc5, Cc6, Cc7, and Cc10]. 

The R
2
 values were 0.99, 0.92, 0.92, 0.92, 1.0, 1.0, 0.99, 1.0, and 0.76, respectively (see 

Figure 6.47).     

Figure 6.48 shows a comparison between the relationship of Cc and Cα of peat and soil 

(in the study area) with some soil types reported in the literature. The measured and the 

estimated compression index values (Cc1 from LL, Cc6 from w, Cc10 from dry density) 

were plotted against the estimated coefficient of the secondary consolidation values. 

The general trend was that the relationship between the Cc and Cα in the study area was 

consistent with the trend reported by Santagata et al. (2008) for the intact and 

reconstituted organic soil of the Celery Bog, Indiana, USA. In addition, the trend of the 

Cc and Cα relationship in the study area was consistent with the trend given by 

Kanayama et al. (2003) for the undisturbed clays of Japan. Further, the trend of the 

relationship between Cc and Cα was similar to what was stated by O’Loughlin and 

Lehane (2003) for the Clara and Ballydermot fibrous peat in the Irish Midlands. 

Furthermore, the trend of the relationship, as shown in Figure 6.48, was consistent with 

the trend given by Ulusay et al. (2010) for the peat in the Kayseri industrial district, 

Turkey.     

Additionally, the values of Cc and Cα of peat and soil in the study area were lower than 

those values given by Santagata et al. (2008), and O’Loughlin and Lehane (2003). The 

reason for this could be attributed to the depth of the organic soil strata, because the 

depth of the organic clay in the Celery Bog being between 3 and 4 m. Whereas, the 

relationship between the measured values of Cc and Cα were higher than what was 

reported by Kayamana et al. (2003) for the undisturbed clay in Japan. In addition, these 

values were even higher than the estimated values of Cc (Cc1, Cc6, and Cc10).     
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Figure 6.47 Compression index versus estimated coefficient of secondary 

consolidation (from water content) in the study area  

The depth of the peat strata had a noteworthy impact, and played a significant role on 

the values of the compression index and the coefficient of secondary consolidation. 

Figure 6.49 highlights the impact of the depth factor on the Cc and Cα values. The 

values of Cc and Cα, of the Middleton and James Bay peats (Cc was between 2 to 12 and 

Cα was between 0.1 – 0.72) were higher, about 12 fold, than those values in the study 

area. The reason for this outcome occurred because the depth of the Middleton and 

James Bay peats of Canada ranged from the surficial peat to up to 2.5 m, whereas, in the 

study area, the Cc values were between 0.111 and 1.229; the estimated Cα was between 

0.0028 and 0.44 for the peat and clay at depths between 15 and 30 m. In addition, 

Duraisamy et al. (2007) illustrated the values of Cc and Cα for peat in the West coast of 

Peninsular Malaysia at a depth of 5.0 m. These values were positioned below (which is 

lower than) the Middleton and James Bay peat values, and above (which is higher than) 

the peat and soil in the study area. Moreover, the measured values of the Cα of the Troll 

Clay (marine clay offshore Europe near Norway) hav decreased with the increasing 

depth, from 0.015 at a depth between 0.0 and 16.5 m to 0.004 at a depth between 16.5 

and 74 m, as stated by Lunne et al. (2007).  
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Figure 6.48 Compression index versus coefficient of secondary consolidation  
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Mesri et al. (1997) stated that the Cα/Cc concept of compressibility predicts and explains 

the secondary behaviour of geotechnical materials. In the study area, the ratio Cα/Cc 

could not be precisely obtained due to the lack of data related to these two parameters. 

However, it can be calculated for the clay layer because there are four magnitudes of Cα 

and Cc, as shown in Table  6.5. The ratio Cα/Cc for clay at Site_24 fell within the range 

of clay in the classification given by Mitchell and Soga (2005), as shown in Table 5.53 

(Chapter 5). However, the other two values were lower than that reported for clays by 

Mitchel and Soga (2005), but it is still within the range of the geotechnical materials 

suggested by Mesri et al. (1997).  

Table 6.5 The ratio Cα/Cc of clay in the study area  

Site Depth R.L. Cα 

(measured) 

Cc 

(measured) 

Cα/Cc Soil type 

Site_24 28.5 -22.5 0.0041 0.114 0.036 Clay, trace of fine to 

medium sand, grey and 

brown. 

Site_24 30 -24 0.0035 0.111 0.031 Sandy clay, grey, moist, 

fine to medium sand 

Site_# 25.5 -19.5 0.0001 0.123 0.01 Clay, grey, moist 

Site_# 27 -21 0.0016 0.147 0.01 Clay, grey, moist 

 

Further, the coefficient of the secondary consolidation was also estimated from the 

plasticity index, based on the equation proposed by Nakase et al. (1988), 

(Cα=0.00168+0.0003 Ip). The resulting estimated values of Cα of the peat were between 

0.028 and 0.042; whereas the resulting estimated values (from w) of the peat were 

between 0.031 and 0.042. Figure 6.50 shows the relationship between the estimated Cα 

from the water content versus the estimated Cα from the plasticity index. Also, there 

was a direct proportional relationship between them with an R
2
 value of 0.88. 

Moreover, the estimated secondary consolidation values (either from the water content 

or from the plasticity index) fell within the range given by Tan (1983) for the peat in 

Singapore. 
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Figure 6.50 Estimated coefficient of secondary consolidation from plasticity 

index versus estimated coefficient of secondary consolidation from water 

content 

6.3.9 Vertical stress σv and void ratio 

An inverse proportion relationship was also established between the vertical stress and 

the estimated void ratio for peat and soil in the study area. Figure 6.51 shows the two 

relationships between the estimated void ratio values (from the water content based on 

an equation proposed by Huat (2006), and from the liquid limit based on an equation 

given by Huat et al. (2009)) together, versus the vertical stress. The R
2
 values of these 

two relationships were 0.77 and 0.96, respectively. In terms of peat, as previously 

mentioned, the voids occur normally in the matrix of peat (outer voids) and, inside, 

mostly its fibres and plant remains (inner voids), so when the load applies these fibres 

rearrange itself in a direction to be perpendicular to the load direction. When the load 

increases, these voids will consequently decrease, causing an expected magnitude of 

settlement. This process varies, depending on a number of factors, such as the type of 

the parent material of peat, the fibre content, degree of decomposition, water content, 

and the depth of the peat strata. 
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Figure 6.51 Vertical stress versus estimated void ratio in the study area 

6.3.10 Vertical stress σv and coefficient of secondary consolidation Cα 

The coefficient of the secondary consolidation decreased with an increase in the vertical 

stress of peat and soil in the study area. An inverse proportional relationship was 

established between the estimated Cα from the water content, based on equation 

suggested by Farrell et al. (1994), and the vertical stress of peat and soil in the study 

area with an R
2
 value of 0.81 (see Figure 6.52).  

However, the coefficient of the secondary consolidation was more significant in peat 

than in other soil materials for three reasons. First, the peat consists of a high void ratio 

and the natural water content. The plant remains, found in the peat hold a considerable 

amount of water, and have a light weight. The peat plates, grains, and fibers were light 

because it is porous and the specific gravity of it is somewhat small (between 1.5 - 1.6). 

Second, the peat had the highest values of Cα/Cc, apart from the other mineral soils. 

Third, the period of primary consolidation for the peat strata is comparatively short due 

to the high initial permeability of peat. According to Kazemian and Huat (2009), a large 

secondary compression, even for tertiary compression, had also been observed in peat 

deposits. Thus, the study of the secondary consolidation behaviour of peat was 

beneficial in terms of construction over peaty soils.   
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Figure 6.52 Vertical stress versus coefficient of secondary consolidation in the 

study area 

6.3.11 Coefficient of secondary consolidation Cα and water content 

The coefficient of the secondary consolidation increases with an increase in the water 

content. A linear relationship was established between Cα (estimated from w and PI) 

and the water content with R
2 

values of 1.0 and 0.88, respectively (see Figure 6.53). The 

Cα was estimated, based on Equation 5.32 proposed by Farrell et al. (1994) for water 

content up to 250 %. The maximum water content in the study area was up to 247.1 %, 

which was related to the peat at the depth of 16 m (R.L. -12.5 m), with an initial dry 

density of 0.313 Mg/m
3
. Thus, at this depth a certain amount of peat failure could occur, 

due to the high water content and the low dry density. Because the time rate of the 

secondary consolidation was slower than the primary consolidation, the secondary 

consolidation was considered as the most significant part of compression (Yulindasari, 

2006). Consequently, the coefficient of the secondary consolidation was high at these 

parameters compared with other soil materials at other depth levels. Further, as stated 

by Mesri et al. (1997), the secondary consolidation of peat was thought to result from 

the continuous humification of fibres, which was presumed to occur at a slower rate 

after the end of the primary consolidation. This continuous decomposition happens due 

to the high water content, which was responsible for the biochemical oxidation, oxygen 
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reduction, and anaerobic decay. Also, peat can hold a substantial amount of water in its 

organic particles (fibres), which are described as loose and hollow. Huat et al. (2011) 

posited that the high water content also occurred because peat has a low bulk density, 

high pore volume, and low bearing capacity. Consequently, Coutinho (2007) pointed 

out that the value of the coefficient of the secondary compression increased with an 

increase in the water content. 

 

Figure 6.53 Coefficient of secondary consolidation versus water content in the 

study area 

6.3.12 Coefficient of secondary consolidation Cα and plasticity index 

A direct proportional relationship was established between the estimated coefficient of 

the secondary consolidation (from w and PI), and the plasticity index of peat and soil in 

the study area. The R
2
 values of this relationship were 0.88 and 1.0, respectively (see 

Figure 6.54). The general trend of this relationship is that the coefficient of the 

secondary consolidation increases with an increase in the plasticity index. This trend 

was consistent with the trend given by Nakase et al. (1988) for the Kawasaki marine 

clay in Japan.  
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Figure 6.54 Coefficient of secondary consolidation versus plasticity index in the 

study area 

Coutinho (2007) identified that the value of the coefficient of the secondary 

compression increased with increasing water content, liquid limit, plastic limit, and 

plasticity index. In addition, the presence of the organic content further increased these 

parameters and served to increase the soil compressibility. Hence, the organic soils and 

the soft organic clays had relatively high Cα values (Coutinho & Lacerda 1987, Mesri & 

Godlewski 1977).  

6.3.13 Preconsolidation stress and energy corrected SPT-N60 

Relationships were established between the estimated preconsolidation stress and the 

energy corrected SPT-N60 for four stiffness types of sand in the study area. As 

mentioned in Section 5.8.4 in Chapter 5, the preconsolidation stress values were 

estimated from Equation 5.33, based on Mayne (1992).  

A direct proportional relationship was established between the estimated 

preconsolidation stress and energy corrected SPT-N60 for firm to stiff clays in the study 

area (see Figure 6.55). The preconsolidation stress values of clays were estimated from 

the energy corrected N60, based on a relationship proposed by Mayne and Mitchell 

(1988). This relationship was suitable to estimate the preconsolidation stress for firm to 

stiff clays, which are neither highly sensitive nor structured, as shown in Equation 5.34, 
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in Chapter 5. The firm to stiff clays had an SPT-N value of between 5 – 20 blows, based 

on the classification given by Look (2007). The trend of the relationship shown in 

Figure 6.55 was consistent with the trend proposed by Mayne (1992) for the intact 

clays. 

From Figure 6.56, the clays occur at depths ranging from 13.5 m to 35.0 m below the 

ground surface (R.L. -12.3 m to R.L. -30 m). As such, the estimated preconsolidation 

stress of firm to stiff clays at the study area ranged from 242.9 kPa to 971.9 kPa. Based 

on this, the variations of the preconsolidation stress of these types of clays were plotted 

with depth, as shown in Figure 6.56. 

   

Figure 6.55 Estimated preconsolidation stress versus energy corrected N 60 for 

the firm to stiff clays in the study area  
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Figure 6.56 Variation of the estimated preconsolidation stress of firm to stiff 

clay with the depth in the study area 

In addition, the relationships were established between the estimated preconsolidation 
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with R
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Figure 6.57 Estimated preconsolidation stress versus energy corrected N 60 for 

the sands in the study area 

It is generally accepted that the preconsolidation stress increases with an increase in the 

depth of the soil strata. Leong et al. (2003) posited that it is reasonable to expect 

preconsolidation pressure to increase with depth. The variation of the estimated 

preconsolidation stress of the sand in the study area, with depth, was plotted (see 

Figure 6.58). As such, the very loose sand occurred at depths between 0.6 to 4.57 m 

below the ground surface (between R.L. +6.6 to R.L. -0.57 m). As such, the estimated 

preconsolidation stress of the loose sand varied with depth, namely, ranging from 47.95 

kPa at a depth of R.L. +2.48 m, to 110.16 kPa at depths between R.L. +5.1 m. 

In addition, the loose sand occurred at the depth of between 0.5 to 4.95 m below the 

ground surface (between R.L. +6.9 to R.L. -2.4 m). The estimated preconsolidation 
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R.L. -38.9 m). 
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Furthermore, the values of the estimated preconsolidation stress of the dense sand 

varied with a depth within the range of 369 kPa (at the depths of between R.L. -0.1 m to 

R.L. -35.4 m) to 495.3 kPa at a depth of R.L. +1.1 m. Additionally, the dense sand 

occurred at a depth between 3.0 m to 42.45 m below the ground surface (between R.L. 

+1.43 to R.L. -36.5 m).  

                                

Figure 6.58 Variation of the estimated preconsolidation stress of sand with the 

depth in the study area 
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the sands (loose, medium dense and dense) in the study area, as shown in Figure 6.59. 

The relationship between the preconsolidation stress and the SPT-N60 in the study area 

was consistent and had a similar trend to the relationship as proposed by Mayne (1992) 

for clean sands.  

 

Figure 6.59 Comparison between the relationship between estimated 

preconsolidation stress of sands and the SPT-N60 of this study and Mayne (1992)  
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6.4 CONCLUDING REMARKS     

The various physical and engineering properties of peat and soil in the study area were 

correlated, analysed, discussed, statistically tested, and compared with other published 

studies. Chapter 6 focused on the geotechnical properties of peat, in particular, as being 

a geotechnically problematic layer in the study area. The main findings mentioned in 

this chapter are summarised in the following concluding remarks: 

 Four empirical equations were established between the dry density and the water 

content, dry density and the liquid limit, water content and the liquid limit, and 

plasticity index and the liquid limit. These empirical equations were analysed by 

using the regression analysis with the R
2
 values of 0.97, 0.95, 0.92, and 0.85, 

respectively. 

 The correlations between the physical and engineering properties of the peat and 

soil in the study area were performed. These correlations were between: dry density 

and the water content, dry density and the liquid limit, water content and the liquid 

limit, plasticity index and the liquid limit, liquid limit and the void ratio, water 

content and the void ratio, liquid limit and the organic content, water content and 

the organic content, plastic limit and the organic content, plasticity index and the 

organic content, and dry density and the organic content. Further, these 

relationships were compared with the published studies in the literature and showed 

similar trends with R
2
 values ranged from 0.84 to 0.99. 

 The statistical t-test was conducted to statistically analyse and determine the level 

of the deviation between the observed and the estimated values. The t-test is an 

important test which utilises the t distribution to determine the significance of the 

estimation. Thus, non-significance deviations were obtained for all of the 

estimation, except for the estimated values of dry density and organic content when 

compared with studies in Japan and the UK. The reason of this significant deviation 

could be attributed to the type of the parenet materials of peat, peat depth, and 

degree of humification (decomposition).    

 The compression ratio values were estimated from the water content and liquid 

limit, based on the regression equations proposed by Azzouz et al. (1976). The 

estimated compression ratio values from water content were plotted against the 

estimated compression ratio values from the liquid limit and showed a linear 
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relationship with an R
2
 value of 0.93. Then, these estimated values were correlated 

and compared with the relationships given by Huat et al. (2009) and Miyakawa 

(1960), and showed similar trends.  

 The applied vertical stress on the soil layers in the study area was calculated. In 

addition, the vertical stress was plotted against the depth to show the variation of 

the stress values at each depth level. 

 The ratio Cα/Cc could not be precisely obtained due to the lack of data related to 

these two parameters. However, it was calculated for the clay layer in the study 

area because there were four magnitudes of Cα and Cc, as shown in Table 6.5. The 

ratio Cα/Cc for the clay (0.03) in Site_24 in the study area fell within the range of 

clay in the classification given by Mitchell and Soga (2005), as shown in Table 

5.53 in Chapter 5. However, the other two values were lower than that reported in 

Mitchel and Soga (2005) for clays; nevertheless, it was still within the range of 

the geotechnical materials suggested by Mesri et al. (1997).  
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CHAPTER 7. CONCLUSIONS AND 

RECOMMENDATIONS 

7.1 SUMMARY 

An extensive study was conducted on the problematic peat layer in Surfers Paradise, the 

Gold Coast, Queensland, Australia. Surfers Paradise has a unique prominent location 

which increases the tourism and commercial activities on the Gold Coast. It has been an 

iconic tourist destination since the 1950s; also it is famous world wide as a holiday 

destination. The area covers roughly 4 by 1.3 km
2
, with the Nerang River dividing it 

into two main parts: Nerang River side, and the ocean beach side. The study area 

includes the area is located on the beach side, between the Nerang River to the west and 

the Coral Sea to the east. It is the home for many high-rise buildings and skyscrapers, 

such as the Q1 tower (Queensland’s highest tower, and considered the tallest building in 

Australia, and one of the tallest buildings in the world).  

The data for the current study were collected from 51 reliable soil investigation reports 

related to the already erected high rise buildings, skyscrapers, and other engineering 

structures at 35 locations. A total 168 boreholes were used at 4,096.5 m. As such, 113 

boreholes showed the occurrence of peat in their stratigraphic columns; whereas, 55 

boreholes did not show peat in their logs. This was either because the peat was not been 

found in those boreholes or these boreholes had not been reached to the depth of the 

peat at some locations. The deepest borehole reached a depth of 46.45 m below the 

ground surface (R.L. - 40.1), which represents the depth of the bed rock in some 

locations in the study area. The Reduced Level (R.L.) was a calculated elevation of a 

specific point in relation to a particular datum. As such, the R.L. used in this study was 

calculated, based on the Australian Height Datum (AHD). 

The study has two scopes. The first scope represented the Geographic Information 

System (GIS), which was conducted to develop the GIS-based SPT-N value zonation 

maps. As such, 26 zonation maps were established, based on the Depth Classification 

Scheme DCS, which reached a depth of the bed rocks. These zonation maps 

characterised the soil stiffness in Surfers Paradise using the interpolation techniques in 

the Spatial Analyst in GIS.  
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The second scope includes the geotechnical data collection, data compilation, and the 

characterisation of geotechnical properties of peat and soil in the study area. This, 

additionally, included the establishment of new empirical equations, correlations 

between the geotechnical soil properties, a comparison with the peat properties reported 

in the literature, and an estimation of some geotechnical properties from the well-known 

equations identified by the literature review. This chapter outlines two main sections: 

the conclusion and the recommendations. The conclusion includes the subsurface 

profile of the study area, GIS - based SPT-N zonation maps, Geotechnical properties of 

soil, Correlations of the geotechnical properties, and bed rock. The recommendations 

section comprises the suggested recommendations that have been drawn from this 

research. 

7.2 CONCLUSION     

This study was conducted to characterise and analyse the geotechnical properties of peat 

and soil in Surfers Paradise in order to provide a better understanding of the behaviour 

of peat in Australia, especially the Surfers Paradise area. A gap in the knowledge was 

identified in the literature about the behaviour and the properties of the problematic peat 

layer in Australia. Consequently, this was the first study to examine the geotechnical 

behaviour of peat as a deep layer; most studies had only examined shallow peat 

deposits. Based on this finding, the following seven conclusions were drawn: 

7.2.1 Subsurface soil profile 

The soil profile of Surfers Paradise consists of very loose sand with an SPT-N value of 

between 0 – 4 blows. This layer is followed by, and sometimes interbedded with, loose 

sand with an SPT-N value of between 4 – 10 blows. A layer of medium dense sand 

occurs beneath the loose sand; it has an SPT-N value of between 11 – 29 blows. Next is 

a dense sand layer with an SPT-N value of between 31 – 49 blows. Very dense sand 

layer is located underneath this layer; sometimes it is interbedded with it and has an 

SPT-N value of 50 blows or greater. Within this, a layer of peat was observed at depths 

ranging between R.L. -10.0 m (14.5 m below the ground surface) to R.L. -19.6 m (19.5 

m below the ground surface) with SPT-N values of between 6 and 12 blows, 

respectively. Below this layer (peat + very dense sand), a layer of clay was encountered 

with an SPT-N value of between 0 – 36 blows. Then, the bed rocks were found at depths 

starting from R.L. -26.8 m (31.0 m below the ground surface).   
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7.2.2 GIS - based SPT-N zonation maps 

Four activities were involved int the GIS-based SPT-N zonation maps: Standard 

Penetration Test N, the Depth Classification Scheme (DCS), interpolation techniques in 

Spatial Analyst in ArcMap, and Borehole Management Information System (BMIS). 

1. Standard Penetration Test N values were used to produce GIS - based zonation 

map with the aim to characterise the soil and peat in Surfers Paradise in terms of 

soil stiffness. As such, the 1,754 SPT-N values were used to develop 26 zonation 

maps at 9 depth classes reached to the depth of R.L. -40 m.  

2. Depth Classification Scheme (DCS) was designed at different depth levels in the 

study area to facilitate the drawing of the GIS-based SPT-N zonation maps. The 

depth (as a dimension) was classified into 9 classes, with an interval every 5 

meters, except for the first depth of 7 m, because it depended on the ground 

surface elevation. Each class consists of three subclasses starting from the 

ground surface till a depth of R.L. - 40 m was reached. 

3.  GIS-based SPT-N value zonation maps were obtained, by adopting eight 

interpolation techniques using the Spatial Analyst, in ArcMap to examine which 

technique provided the best representation for the investigated data. These 

interpolation techniques were: Spatial Analyst Inverse Distance Weighting IDW, 

geostatistical IDW, Ordinary Kriging Universal Kriging, Spline, Diffusion, 

Global Polynomial, and Kernel. Comparisons were made amongst those 

techniques and showed that the Spatial Analyst Inverse Distance Weighting 

(IDW) provided the better representation for the SPT-N value data, in the study 

area, with certain parameters. These parameters were: an output cell size of 

2.719E
05

, a power of 2, a fixed search radius, and a distance of 0.25. This 

outcome was consistent with the reported case studies in the literature. 

4. The Borehole Management Information System (BMIS) was proposed as a 

geotechnical information system in Surfers Paradise. Thus, for the current study, 

vast amounts of geotechnical data available from the drilling investigations were 

collected, coordinated, tabulated, synthesised, and organised, and presented in 

this proposed system. The potential outcomes of the BMIS can be digital 

borelogs, which contains all the information related to the borehole’s location, 

their coordinates, depth, bore diameter, field tests, and stratigraphic column. In 
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addition, this BMIS can provide cross sections in N-S and E-W directions in 

order to show the extent of the soil layers, their thickness, and the bed rock 

depth. Moreover, laboratory test sheets can also be attached to show charts 

related to the CPT test, the particle size distribution, the permeability test, the 

shear and triaxial tests, the consistency limits, and the oedometer results. 

Further, the BMIS proposes two types of data accessibility, either via a 

standalone computer or from a web-based computer. In both cases these outlets 

provide four main data repositories: existing data (roads, buildings, prominent 

features, etc.), site selection (by address or by coordinates), data bank (spatial 

and analogue), and GIS-based data (GIS layers). 

7.2.3 Geotechnical properties of soil  

Standard Penetration Test SPT 

1. The Standard Penetration Test N-value showed various ranges for soil and peat 

in the study area. As such, very loose and loose sand exhibit N values ranged 

between 0 –10 blows. Whereas, the medium dense and dense sand showed 

higher ranges of the N value of 11 – 29, and from 30 – 49 blows, respectively. 

Peat showed a unique N value range, which was between 0 and 22 blows. The 

majority of the locations with peat in their stratigraphical profile had an N value 

of less than 10 blows. Further, the SPT-N value of the very dense sand was more 

than 50 blows. Moreover, the N values of the clay layer were between 0 and 36 

blows, with most of the values around 20 blows.     

2. The (N60) for the SPT- N values were calculated for each soil type in the study 

area. As such, the (N60) values of the very loose sand, loose sand, medium dense 

sand, dense sand, peat, very dense sand, and clay were between 0 and 4.13, 4.13 

and 10.34, 11.37 and 32.05, 31.02 and 50.6, 0 and 22.7, 51.7 and >51.7, and 0 

and 37.2, respectively.    

3. The overburden pressure (N1)60 for the SPT-N value was calculated for each soil 

type in the study area. As such, the (N60) values of the very loose sand, loose 

sand, medium dense sand, dense sand, peat, very dense sand, and clay were 

between 0 and 5.81, 5.07 and 18.01, 2.88 and 48.63, 7.1 and 53.66, 0 and 14.22, 

11.7 and 87.8, and 0 and 12.8, respectively.  
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Cone Penetration Test CPT 

1. The cone penetration test results were shown at depths up to R.L. -5 m, based on 

the available data in the study area. The results of this test confirmed the soil 

profile of the study area until the mentioned depth. 

2. The cone resistance values were between 0.25 MPa (for very loose sand) to 

49.64 MPa (for very dense cemented sand) at depths between R.L. +5.16 m 

(0.04 m below the ground surface) to R.L. 0 m (6.0 m below the ground surface) 

at Sites 34 and 29, respectively. 

3. The friction resistance (sleeve friction) values were between 4.48 kPa (medium 

dense sand) to 502.39 kPa (very dense sand) at depths of between 0.02 m (R.L. 

+1.88 m) to 5.56 m (R.L. +0.64 m) in Sites 29 and 15, respectively. 

4. The friction ratio values were between 0.17% (very loose sand) to 9.84% (very 

dense sand) at depths ranging between 0.27 m (R.L. 2.73 m) to 10.4 m (R.L. -7.4 

m) in Sites 15 and 2, respectively. 

Cross section 

1. The North-East cross section passes through 11 boreholes along a distance of 

462 m. The distance between these boreholes ranged between 10 to 35 m. The 

thickness of the peat within this cross section was between 0.3 to 5.8 m. The 

thinnest occurrence of peat was at a depth of between R.L. -12 to R.L. -12.3 m, 

and described as peat intrusions. The thickest peat existence was at a depth 

between R.L. -12.4 to R.L. -18.2 m, described as black, amorphous with wood 

fragments. 

2. The East-West cross section passes through 17 boreholes along a distance of 576 

m. The distance between these boreholes ranged between 20 to 45 m. The 

thickness of the peat layer within this cross section was between 0.1 to 6.0 m. As 

such, the lowest thickness of the peat layer was at a depth of R.L. -9.7 m and 

described as an amorphous black peat. Whereas, the thickest peat layer was at a 

depth of R.L. -15.7 and described as moist peat, low plasticity, dark brown, with 

decaying vegetation and logs. 
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Atterberg limit 

1. Based on the plasticity chart, the classification of the clay in the study area 

ranged between CH (high plasticity clay) and CL (low plasticity clay). The 

liquid limit and plastic limit of the clay ranged between 48 – 88 % and 23 – 27 

%, respectively. The clay activity value was calculated. Based on the 

classification given by Day (2001), the clay activity value were between 0.69 

and 0.47, which is classified as Illite (the mineral group of this clay), and Illite to 

Kaolinite, respectively.  

2. The Atterberg limit of the problematic peat layer showed extraordinary values 

which differed from those in other soil types. As such, the liquid limit and the 

plastic limit values of peat in the study area ranged between 259% to 305% and 

125% to 207%, respectively. These values appear high due to the high water 

content values, which were between 168% to 247.1%.   

Dry density 

1. Peat and organic soils show low dry density values compared with mineral soils, 

due to the presence of organic matter, high water content, and high void ratio. 

The dry density values of peat were between 0.37 – 1.26 t/m
3
.  

2. The dry density values of the clay layer in the study area ranged between 1.07 

and 1.92 t/m
3
 at depths of R.L. -26.5 m and R.L. 24.0 m, described as silty clay 

and sandy clay, respectively. 

Organic content 

1. Based on the available data, there was only one ash content value available in 

the study area. As such, the ash content value was 20% in Site_15 for a peat 

sample taken from the depth of 15 m (R.L. -14.25 m) which is equivalent to 

80% of organic content.  

2. The organic content values of peat were estimated from the liquid limit and the 

water content. The estimated organic content values from the water content and 

the liquid limit, based on Huat et al. (2009), were between 63.77% – 68.97% and 

between 65.62% - 73.66%, respectively. In addition, according to Duraisamy et 
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al. (2007), the estimated organic content values from the liquid limit were 

between 51.7% - 60.9%. 

3. The estimated organic content values of the peat in the study area fell within the 

range of the most peat types in the world. 

Void ratio 

1. The void ratio values of peat and soil in the study area were estimated from the 

water content, based on an equation proposed by Huat (2006).  

2. The estimated void ratio values of sand, clay, and peat were between 0.23 and 

0.79, between 0.96 and 1.30, and 3.6 to 4.7, respectively. 

3. The estimated void ratio of peat and other soil types fell within the ranges 

reported in the literature. 

Permeability 

1. The granular soil (sand) had a high rate of permeability compared with the fine 

grained soil (clay) in the study area.  

2. The peat showed different ranges of permeability in two sites within the centre 

of the study area, ranging between 9.6E-10 m/sec to 7.2E-04 m/sec. Thus, based 

on the low value, peat can be described as highly colloidal and amorphous 

(fibres become humified and decayed). In addition, based on the Von Post scale, 

peat can be classified as H7 (highly decomposed peat) due to its low 

permeability values. 

3. The overburden pressure and the decomposition (decaying) of peat at the 

deepest layers could result from the reduction in the peat permeability.  

4. The highest permeability value was 5.0E-05 m/sec at a depth of 8 m (R.L. -2 m) 

at Site_12 for dense sand. Whereas, the lowest value was 0.0 m/sec (impervious) 

at a depth of 22.5 m (R.L. -19.9 m) at Site_12 for the hard clay layer.  

Undrained shear strength 

1. The undrained shear strength values of the peat layer at two sites within the 

study area ranged from 25 to 160 kPa.  

2. The undrained shear strength values of clay (either silty or sandy clay) in the 

study area ranged between 35 – 175 kPa at a depth of between 19.5 m (R.L. -
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13.8 m) and 29.5 m (R.L. -27.2 m). It was described as high plasticity clay in 

two locations at adepth of between 18 – 33 m (R.L. -12.4 to R.L. -27.4 m). In 

contrast, the undrained shear strength values of the clayey sand in the study area 

ranged between 40 – 80 kPa. 

3. The undrained shear strength of peat was estimated from the water content, 

based on the empirical relationship developed by Carlsten (2000). The estimated 

values were between 36.09 – 55.98 kPa. This estimated range fell within, or was 

less than, the range of the measured shear strength values of peat in the study 

area.  

Friction angle  

1. The estimated friction angle from the SPT (N1)60 for very loose sand, loose sand, 

medium dense sand, dense sand, very dense sand, and clay were between 20 – 

29.4°, 25.1 – 34.9°,  26.6 – 44.4°,  30.5 – 47.6°, 41.9 – 49.8°, and 20 – 32.7°, 

respectively. 

2. The friction angle of the peat layer was between 0 – 14°, based on the available 

data in the study area.  

Compression index 

1. The measured compression index value of the peat layer was 1.229 at a depth of 

R.L. -14.25 m (15 m below the ground surface). 

2. The measured compression index values of clay ranged between 0.111 – 0.147 

at depths between R.L. -24 m (30 m below the ground surface) to R.L. -27 m (-

21 m below the ground surface), respectively. 

3. Compression index values were estimated from 10 well-known equations 

reported in the literature. The range of the compression index values were 

obtained and appeared to be close to each other, except two estimations from the 

void ratio which yielded high values.  

4. The compression index of the peat in the study area was within the range of the 

compression index of peat in Malaysia and Singapore, based on Abdullah et al. 

(2007), Shanul et al. (2004), Huat (2004), Ramaswamy et al. (1979), Lo et al. 

(1990), and Zainorabidin & Bakar (2003). 
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Coefficient of consolidation 

1. The coefficient of consolidation of the peat layer ranged between 1.12 to 3.57 

m
2
/ year, except in Site_15 where the value was 11.6 m

2
/ year.  

2. High Cv value could be attributed to the occurrence of saturated decayed organic 

materials (decaying trees). These materials contain woody fragments and fibres, 

which are likely to be filled with gases and water within their internal structure 

and, therefore, may need more time to finish the consolidation process. 

3. The coefficient of consolidation of the peat layer in the study area lay within the 

ranges of the Cv of peat in Malaysia.    

Coefficient of volume compressibility  

1. The coefficient of volume compressibility (mv) of peat in the study area ranged 

from 2.40E-04 (in Site_15 at a depth of R.L. -14.25 m) to 6.63E-04 (in Site_13 

at a depth of R.L. -13 m).  

2. In terms of the mv values, the peat fell within the range of the Sessang peat in 

Malaysia. 

Coefficient of secondary consolidation 

1. The observed coefficient of the secondary consolidation (Cα) of the clay in the 

study area ranged between 0.0001 – 0.0041. 

2. The coefficient of secondary consolidation values were estimated from the water 

content and were close to the measured values. 

3. The estimated Cα of peat in the study area ranged from 0.029 to 0.044. This 

range showed that the peat was classified as highly organic soil, based on the 

range given by Hobbs (1986). 

4. The Cα values increased with the increasing organic content; the highest Cα 

value of peat had the high organic content.  

Preconsolidation stress 

1. The preconsolidation stress values were estimated for sands and clays in the 

study area from the corrected energy efficiency value (N60) of the Standard 

Penetration Test SPT. 
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2. The estimated preconsolidation stress values of the very loose sand, loose sand, 

medium dense sand, dense sand, and very dense sand, were between 47.5 – 

110.16, 92.7 – 190, 190.9 – 369, 369.9 – 495.3, and 518 – > 518 kPa, 

respectively. 

3. The estimated preconsolidation stress values of firm and stiff clay ranged 

between 243 – 486 and 486 – 972 kPa, respectively. 

Vertical stress 

1. The vertical stress at the peat zone (R.L. -10 to R.L. -20) had  low vertical stress 

values 197.2 – 288 kN/m
3
,  due to the fact that the saturated unit weight of peat, 

which is 17 kN/m
3
, was lower than the saturated unit weight of the sand and 

clay.   

2. The variation of the vertical stress was plotted with the depth in the study area 

and showed that the vertical stress increased with the increase in depth.  

Apparent cohesion 

1. The cohesion value of the peat layer is 43 kPa with an associated friction angle 

of 2°. 

2. The high cohesion value of peat could be attributed to the depth of the peat layer 

(at 14.5 m) under the undrained loading. The increasing depth allows the soil 

particles to be compacted and the inter-particle spaces to be much smaller than 

those deposits found in the shallow depths, in addition, such actions can happen 

due to the gradual dissipation of the voids. 

3. The cohesion value of the clay in the study area ranged between 71 and 199 kPa. 

7.2.4 Correlations of the geotechnical properties 

1. Four empirical equations were established for the geotechnical properties such 

as: 

 Dry density and water content. 

 Dry density and liquid limit. 

 Water content and liquid limit. 

 Plasticity index and liquid limit. 
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2. The statistical t-test was conducted to statistically analyse and determine the 

level of the deviation between the observed and the estimated values. The t-test 

is an important test which utilises the t distribution to determine the significance 

of the estimation. Thus, non-significance deviations were obtained for all of the 

estimation, except for the estimated values of dry density and organic content 

when compared with studies in Japan and the UK. The reason of this significant 

deviation could be attributed to the type of the parenet materials of peat, peat 

depth, and degree of humification (decomposition).   

7.2.5 Bed rock 

1. The centre (core) of the study area has folded bed rock due to the historical 

tectonic processes which controled the shape and the structure of these rocks. 

The two cross sections drawn in the centre of the study area showed that the 

anticlines (a convex up geological structure that contain the old rocks in its 

core), and the synclines (a downward fold where its youngest rocks are located 

in its centre) are shaping the bed rock in the centre of Surfers Paradise.  

2. The shallowest bed rock in the study area was Argillite, which is a fine grained 

sedimentary rock consisting largely of lithified clay particles. This Argillite is 

described as brown and grey, extremely weathered, and with a very low strength 

(point load index Is50 is between 0.03 – 0.1 MPa). Thus, the bed rocks have a 

low strength (point load index Is50 is between 0.1 – 0.3 MPa) at a depth of 31 m 

(R.L. -26.8 m). 

3. The deepest bed rock in the study area is Argillite, which is described as dark 

grey, laminated with high strength (point load index Is50 is between 1.0 – 3.0 

MPa).  
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7.3 RECOMMENDATIONS FOR FUTURE RESEARCH 

Five recommendations are proposed as important future research in the area of Surfers 

Paradise, namely 

1. Collecting additional SPT-N data in the area of Surfers Paradise to enrich the GIS 

based SPT-N zonation maps. This data would help in further examination of the 

Inverse Distance Weighting IDW interpolation technique, and enhance the accuracy 

of the current study’s parameters. 

2. Collecting supplementary geotechnical data to accomplish the GIS layers which 

would achieve the proposed Borehole Management Information System BMIS. 

3. Undertaking more boreholes in the areas lacking sampled peat and organic soil to 

obtain other geotechnical properties of peat that were not examined extensively in 

the current  study, such as cohesion, friction angle, consolidation parameters, degree 

of saturation, fibre content, wet unit weight, dry unit weight, and specific gravity. 

These studies would further consolidate the theory of peat.  

4. Examining the cohesion of peat and organic clay. 

5. Assessing peat in other parts of Australia would link the depositional conditions of 

peat in Queensland, as well as how this affects the engineering properties of peat 

and organic soil. 
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