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Chapter 1 

 

Introduction 

 

1.1 General 

Recent years have seen major advances in understanding the manner in which pile foundations 

interact with the surrounding soil. Our work shall present some of the modern analytical methods 

available. The choice of piles of sufficient axial capacity is still considered as one of the key issues in 

pile design. Settlement consideration plays a dominant role in pile design. The choice of what ‗factor 

of safety‘ is appropriate for pile foundations depends on how much settlement is tolerated. 

It has been observed that nowadays the construction of piles is carried out by specialist contractors 

who exercise considerable skills in adapting methods which enable sound piles to be formed even in 

the most forbidding ground conditions. However, it should still be borne in mind that every technique 

used can encounter difficulties and unforeseen problems at times. The skill of a particular contractor 

often depends on his experience, earned over many years, in using a wide range of methods and 

practices. 

In Al-Hasa, a layer of clay 50 metres in depth is covered by a very weak soil from 3 to 10 metres 

depth,  called ―Sabkha‖.  This is a major problem in the area and  has caused building damage 

(Abduljauwad & Ahmed, 1990). It has been observed that isolated footings or rafts are used as  

traditional foundations, while the option of pile foundations has not been selected. 

 

1.2 Layout of the Thesis 

The thesis comprises an abstract, seven chapters and six appendices: 

Chapter 1 introduces the significance and organization of the thesis. It also presents a brief summary 

of the contents of each chapter. 

Chapter 2 includes the aims and objectives of the thesis with the hypothesis. 
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Chapter 3 includes a review of the available literature concerning the problem of pile foundations and 

a source of information of Al-Hasa geology. Moreover, it summarizes the available methods for 

modeling pile foundation problems. 

Chapter 4 presents analysis and methodology and monitors results of pile foundation for the Al-Hasa 

area. The chapter considers numerical models used in the present study to analyze single pile and pile 

groups, considering the interaction between the three elements of pile, soil and cap, where a full 

computability is achieved.  

Chapter 5  presents the results and analysis of two case studies specific to the Al-Hasa area, the 

parametric study and all results of calculations. Analyses are carried out for single piles and for pile 

groups, where bearing capacity and settlement are calculated in different cases and variables.      

Chapter 6 discusses the objectives mentioned in chapter 2 and is based on the results derived from the 

study leading to the final conclusions. 

Chapter 7 is a summary of the conclusions drawn from this investigation, recommendations and future 

work suggestions. 

Appendix A: contains figures analyzing pile foundation of Al-Hasa Holiday Inn Hotel 

Appendix B: contains figures analyzing pile foundation of Al-Hasa Hospital                                                 

Appendix C: contains the detailed parametric study tables and diagrams extracted from the Excel 

program which was developed during the thesis for calculation of the best pile choice.  

Appendix D: contains the theoretical basis of the program ELPLA 

Appendix E: contains the paper ―Foundations in the Al-Hasa Area, Saudi Arabia‖ 

Appendix F: contains soil report & pile load test schematic 
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1.3 Statement of the Problem 

Al-Hasa is about 70 to 80 km from the sea coast and has generally a high water table with rapidly 

changing geological conditions which call for proper decisions on the type of foundations for 

particular buildings. Figure 1.1 shows an aerial map of the gulf coastal region that contains the Al-

Hasa region. 

The presence of Sabkha and cavities creates serious threats for foundation design. In addition, the 

presence of various chemicals makes for strata of an expansive nature that have adverse effects on the 

foundation design. The intended study aims to explore and find appropriate solutions to achieve 

suitable safe and sound foundations. 

The Al-Hasa region lies on the biggest oil reserve in the world.  It is developing very rapidly and 

many prestigious projects are expected in the future. As a result, location specific construction 

technology is much in demand. Thus, one of the objectives is to educate future developers, designers 

and contractors about Al-Hasa‘s geological conditions and the associated problems of conventional 

foundations in the light of the latest technology and experience. 

 

Figure1.1       Aerial map of the gulf Coastal Region: Photo of Al-Hasa. 
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1.4 Significance of the Study 

It is believed that this study will encourage the confident use of pile foundations by the civil and 

construction engineering community and achieve the safest, stable and earthquake-resistant structures 

in Al-Hasa and similar geological areas. The findings of this work would ultimately help the 

construction industry as a whole while making  a significant contribution to engineering science. 

Figure 1.2 shows examples of pile casing in the Al-Hasa region. 

 

Figure 1.2       Erection of pile casing in the Al-Hasa region. 
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Chapter 2 

Aims and Objectives 

 

2.1  Scope of Research 

The Al-Hasa region has been the subject of traditional methods of construction in the past and is very 

much in need of  up-to-date construction technology suitable to the geology of the region and for 

challenging and heavy construction projects. It is of paramount importance to develop understanding 

and establish standards within the context of educating the relevant professionals (i.e. from developers 

to planners and designers and from sub-contractors to  local authority officers and engineers) who 

have knowledge of the latest technology and construction design and will be engaged in the future 

development of the region. 
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2.2  Aims  

The main aims of this study are: 

1- To  assess the existing foundation design methods and choices used for buildings and 

structures in the region. 

 

2- To investigate the suitability of  pile foundations in the Al-Hasa region in the Eastern province 

of Saudi Arabia for complex buildings and structures (including high-rise buildings). 

 

3- To establish up-to-date information on geological and hydro-geological characteristics of the 

Al-Hasa region for construction purposes. 

 

4- To provide, from this study, recommendations and suggestions for pile foundations for high-

rise and heavy buildings in the region.  
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2.3 Objectives 

In order to achieve the above aims, the following objectives have been set: 

1- Study of different foundation techniques/methods/choices suggested for the clay and sandy 

soft soils within the available literature. 

 

2- Study of the recent history of foundation design and construction (case histories) in the Eastern 

province of Saudi Arabia, including compilation of available information on engineering 

challenges and associated problems such as foundation failures and settling. 

 

3- Compiling available geotechnical information (data) within the context of soil characterization 

and testing methods for piling purposes within the Al-Hasa region. 

 

4- To study behaviour and suitability of cast in-situ bored piles for construction purposes in the 

Al-Hasa region of Saudi Arabia. 

 

5- Design, construction and monitoring of two different types of structures/building complexes 

using pile foundations techniques in the Al-Hasa region and report on findings and challenges 

encountered in these case studies. 

 

6- To propose a reliable foundation system/mechanism with the capability to resist structural 

settlement induced by weak clay layers in the Al-Hasa region. 

 

7- To carry out a parametric study for various pile diameters and lengths for various load 

conditions (using numerical studies/analysis). 

 

8- A comparison study will be carried out of design methods for pile foundations, in terms of 

reliability and cost-effectiveness. 
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2.4 Hypothesis 

One of the main challenges for construction in the Al-Hasa region in Saudi Arabia is the presence of 

clay layers covered with very weak soil such as Sabkha which is susceptible to failure and cracks 

when subjected to varying load conditions. Sabkha is also weather sensitive (Sabkha behaves in a 

volatile manner in different weathering conditions) with serious consequences on the integrity and 

health of structures and buildings built on it (Al-Amoudi & Asi, 1991). It has been reported that the 

soil condition/structure in this region can extend to a depth of some 50 metres below the ground 

surface in certain areas. Shallow foundations on this type of clay generally exercise considerable 

consolidation, and hence settlements often take several years to reach their final values. Figure 2.1 

shows a generalized soil profile of the Al-Hasa area. This figure shows that the soil stratification of 

this area consists of two main layers; the first one is directly under the surface and contains a weak fill 

of soil and in some places of Sabkha. The layer extends to about 4  metres below the ground surface.  

The Sabkha overlays a thick layer of clay which extends to a greater depth of up to 50  metres.    

Based on  the considerable experience of the author and his practicing engineers team, it is assumed 

that pile foundations could be considered a worthy and reliable alternative for the foundation of heavy 

buildings in this region. 

 

Figure 2.1 – Generalized soil profile of the area under study.  
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Pile foundations have proven to reduce settlement in clay and weak soil (Sommer et al, 1985).  It has 

been reported that this type of foundation enlarges the contact area through friction piles between the 

structure and the soil. Consequently, the settlements are considerably reduced. The results of this 

research will become a source of reference for future studies and provide information for the design of 

pile foundations in the Al-Hasa region. 

 

Due to the large development of the Al-Hasa area, there is a pressing need to construct foundations for 

complex buildings and structures, including high-rise buildings.  The Al-Hasa area contains places 

with soil-to-structure problems, whether it be clay, Sabkha, marl, loose sand, expansive soil or 

limestone with cavities. Accordingly, the suitability of pile foundation in the Al-Hasa area must be 

evaluated for use in such varying soil conditions. 
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Chapter 3 

Literature Review and Background Studies 

 

3.1  Introduction 

Al-Ahsa or Al-Hasa (Arabic:   األحساء al-Ahsā) is a traditional oasis region in Eastern Saudi Arabia and 

gives its name to the Al-Ahsa Governorate, which comprises much of that country's eastern Province. 

The oasis is located about 60 km inland from the Persian Gulf. The region of Al-Hasa is located 

49.30–50 degrees East and 25–26 degrees North. It is 146 metres above sea level. 

 

The main problem for construction in the Al-Hasa region is the presence of clay layers, which extend 

to 50  metres below the surface. Foundations built in clay generally cause considerable settlement. 

This study is part of   a long-term investigation and monitoring program on pile foundations in the Al-

Hasa region of Saudi Arabia.  A major problem found in the Al-Hasa region is that the subsoil 

conditions and contents vary rapidly from place to place. Some places have Sabkha (Akili, 1980), 

while others have expansive soil (Adduljauwad & Ahmed, 1990) or subsurface cavities (Al-Shayea, 

1994). Therefore, surface foundation systems such as footing or rafting may not be suitable in this 

area (traditionally and historically preferred methods of foundations in the region). The scarcity of 

geographical knowledge and data available about the subsoil of the area makes it difficult to decide on 

suitable foundation systems. Moreover, few structures with pile foundations are found in this area. For 

the reasons mentioned, a  comprehensive research study is being carried out to  investigate the 

suitability of pile foundations in the Al-Hasa region. 
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3.2  Pile Foundations 

Pile foundations are that part which transmits to, and into, the underlying soil or rock the loads 

supported by the foundation and its self-weight.  

Factors governing the choice of pile type are: 

- The location and type of structure. 

- Ground condition, including the position of the ground water table. 

- Durability. Timber piles are subjected to decay, particularly above the water table, and to 

attack by marine borers. Concrete is liable to chemical attack in the presence of salt and acids 

in the ground, and steel piles may suffer from corrosion if the specific resistivity of the clay is 

low and the degree of depolarization is high. 

- Overall cost to the client. The cheapest form of piling is not necessarily the cheapest pile per 

metre run.  

Pile foundations are the structural members of reinforced concrete columns used to transmit 

surface loads down to lower levels in the soil mass. This may be by vertical distribution of the 

load along the pile shaft or by direct application of the load to a lower stratum through the pile 

point. All piles have a combination of bearing and friction forces. The end bearing can be 

calculated from the area of the pile end multiplied by the bearing forces of the soil. Skin friction 

force is calculated by the area of the skin and by the shear force originating from the interaction of 

the pile with the soil. It varies from one kind of soil to another. 

 

The problem of soil-containing clay layers, extended to a depth, is found in many cities around the 

world. The most famous two cities are London (England) and Frankfurt (Germany). The behaviour of 

London clay and Frankfurt clay with pile foundation has been studied and analyzed for a long time 

and has been comprehensively documented by many researchers. Some of the known researchers on 

London clay are Cooke et al. (1981), Padfield & Sharrock (1983), Hong et al. (1999) and Hemsley 

(2000). On the other hand, Frankfurt clay is studied and analyzed by Sommer et al. (1985), 

Katzenbach et al. (2000) and Reul & Randolf (2003).  
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Numerical analysis of pile foundations on clay is a complicated nonlinear problem. Pile foundations 

have attracted much research during the last four decades. Early research focused on hand calculation 

techniques with the help of empirical charts and formulae for single piles and piles groups. With the 

advent of computers and numerical procedures, finite element techniques were developed to analyze 

pile foundations. In the next paragraphs we will take into account the research and work done on the 

method for analyzing pile foundations. 

  

Butterfield and Banerjee (1971) analyzed rigid and compressible single piles in a homogenous 

isotropic linear elastic medium based on Mindlin's solutions (Mindlin, 1939) and extended the method 

to analyze axially loaded pile groups with floating caps. The effects of pile length, modulus ratio, pile 

spacing and base enlargement on the response of single piles and pile groups were investigated. The 

group settlement ratios were calculated to extrapolate load displacement data on single pile analysis to 

predict group response. The limitation of this study is that it is confined to floating cap and 

homogenous soil only.  

  

Hain and Lee (1978) studied the settlement efficiency, raft flexibility and group parameters for LA 

Azteca building, Mexico City and Hyde Park Cavalry Barracks, London. The analysis predicted 

settlements and pile loads. The study was limited to structural response, such as bending moments, 

shear forces and connections between piles and rafts only. 

 

Cheung et al. (1988) presented an infinite layer method for analysis of settlement interaction between 

piles and layered soil. An iterative approach was applied to calculate settlement in terms of an 

interaction factor. The effect of layered soil, pile spacing and pile stiffness was determined for single 

piles and was extended to pile groups and pile caps with a superposition principle. The advantage of 

this study is that it is suitable to study settlements, but has been limited to calculate bending moments 

and axial loads. 
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Lui and Novak (1991) applied infinite and infinite layer procedures in single pile analysis with or 

without pile caps. The analysis technique proved to be efficient. The drawback of this study is that it 

is limited to single piles only. 

 

Sayed and Bakeer (1992) proposed a simplified formula to evaluate the efficiency of axially loaded 

pile groups. Efficiency, friction factor and group interaction factors were thus obtained and matched to 

the reported case records. The method is limited to vertical loading and does not reflect cap–soil 

interaction and settlement. 

 

Lee (1993) applied a simple hybrid layer approach for settlement analysis of the axially loaded group. 

Semi-analytical flexibility coefficients were derived which yielded reasonable agreement to measured 

values. 

 

Lee and Xiao (2001) presented a simplified analytical method for nonlinear analysis of the behaviour 

of pile groups under vertical loads. A hyperbolic approach was adopted to describe the nonlinear 

relationship between the shaft shear stresses and the relative shaft displacements along a confined 

disturbed soil zone around a pile–soil interface. Outside the distributed zone, the soils are assumed to 

behave in a linearly elastic state. By adopting the elastic closed-form analytical solution to 

approximate the displacement fields around a single vertically loaded pile, and by the principle of 

superposition, they presented a new transfer function for analyzing the behaviour of pile groups in 

multilayered soil.  

 

Wong and Poulos (2005) developed approximations for the settlement interaction factors between two 

dissimilar piles. Via an extensive parametric study using the computer program GABAN, 

approximations were developed for interaction factors for piles having dissimilar diameters but equal 

lengths, for piles having dissimilar lengths and for piles having dissimilar ground conditions at the 

pile tip. 
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El Gendy (2007) presented a composed coefficient technique. This is formulated for analyzing large 

piled-raft foundations or pile problems. In the technique, the pile was treated as rigid and having a 

uniform settlement on its nodes. Thus, it may be possible to assemble pile coefficients in composed 

coefficients. The advantage of the analysis was that there was no approximation when generating the 

flexibility coefficients of the soil. Using the composed coefficient technique makes it possible to apply 

the nonlinear response of the pile by a hyperbolic relation between the load and settlement of the pile. 

The analysis may be applied for single piles, pile groups or piled raft. A direct hyperbolic function 

was presented for nonlinear analysis of a single pile. Moreover, an iteration method is developed to 

solve the system of nonlinear equations of pile groups or piled raft. 
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3.3    Absence of Pile Foundations in the Al-Hasa Area 

In the past, most buildings in Al-Hasa area were low rise. Therefore, there was no need for deep 

foundations. Isolated footings and rafts were suitable foundations for those buildings. In the last two 

decades, the Al-Hasa area has been extensively developed. This development requires the replacement 

of old low-rise buildings with higher buildings. It is accepted that owing to the presence of clay layers 

settlement will exceed the allowable value and can cause problems for a new building and damage to 

surrounding old buildings. Another soil problem may be the presence of Sabkha and cavities. 

 

Sabkha develops at the ground surface of the area because of the arid climate, which causes 

continuous evaporation of water content and precipitation of salts in the soil surface. As a result of 

this phenomena, the soil remains loose with low strength. Surface foundations such as isolated 

footings and rafts cannot be constructed directly on this type of soil, see section 3.5.2.  

 

This thesis searches for other foundation systems that may overcome soil problems in the Al-Hasa 

area. Piled raft and pile group foundation types have been studied as settlement reducers to overcome 

the soil problems in the area. For achievement of the task, two constructed projects on pile foundation 

were studied. In these projects, typical soil stratification and properties were considered. Numerical 

analysis has been carried out and compared with filed measurements. Besides, a parametric study has 

been carried out to examine the behaviour of single piles, pile groups, rafts and piled rafts in the Al-

Hasa area under different variables and conditions such as pile geometry and groups. Both linear and 

nonlinear behaviours have been taken into account when analyzing foundation elements. The study 

has presented guidelines and charts for pile foundation that may be used in the Al-Hasa area. 
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3.4 Local Experience 

Various studies have been conducted on expansive soil, cavities, water levels, and oil wells in this 

area of Al-Hasa (see Introduction). An investigation carried out to search for small or large scale 

research done on soil nature, engineering judgment, value engineering, pilot piles, integrity tests and 

load settlement test, failed to produce concrete results. Before the two case studies of the Al-Hasa 

Holiday Inn Hotel and the Al-Hasa Hospital, only a few piles had been used to install large machinery 

or electricity poles.  

 

Before these two projects no one had gathered any soil parameters, or made any description, 

classification or analysis in order to make any scientific conclusion or recommendations. This 

research study commenced with gathering and developing not only the available information and test 

results, but also provided guidelines for useful judgments in designing and redesigning structures.  

 

The problem of settlement in Al-Hasa has been a great concern in recent years. Many buildings have 

suffered serious damage; however, reinforced raft foundations were used for buildings in Al-Hasa. 

This is related to the presence of weak soil under the surface and clay layers, which extend to 50m 

under the ground surface. For these reasons, and the need of new tall buildings, a new foundational 

system that may overcome the settlement problem in Al-Hasa is recommended, and pile foundations 

were studied as a settlement reducer. In order to achieve the task, typical soil stratification and 

properties were given due importance. Analysis was carried out to verify the soil parameters used in 

the study. A parametric study was carried out to examine the behaviour of single piles, pile groups, 

rafts and piled rafts under different variables and conditions.  
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3.5   Problematic Soil in the Area 

 

The subsoil of Al-Hasa has different types of soil materials and properties such as marl, Sabkha and 

clay. The next paragraph describes the main features of Al-Hasa soil material and properties. 

 

3.5.1   Marl 

Marl is defined as a soil or rock-like material containing 35% to 65% calcareous material and a 

complementary content of clay (Pettijohn, 1975). The term marl is used to represent all types of 

calcareous soils in the Eastern Province including the al-Hasa area of Saudi Arabia. Locally, the 

available soils are used in the construction of all types of pavements and foundations. Owing to their 

poor performance, which depends on several factors, the engineering properties of the soils need to be 

explored in detail. Marl soils are causing a serious problem because they are extremely sensitive to 

molding and varying moisture content.  In addition, it varies in both lateral and vertical directions  

3.5.1.1  Calcareous Soils 

Calcareous soils possess distinct geotechnical properties which are different from those known in 

classic soil mechanics (Beckwith and Hansen, 1982). The main constituent of calcareous soils is 

calcium carbonate. The calcium carbonate particles cannot be treated as normal soil particles. The 

distinctive behaviour of these soils makes the applicability of certain standard testing procedures 

doubtful. The factors affecting the engineering properties at the time of formation are the deposition 

environment in the case of sedimentary calcareous soils and the type of host soil in the case of non-

sedimentary calcareous soils. These factors lead to variation in the calcareous soil deposits in terms of 

their constituents. Variability exists in both the lateral and the vertical directions. 

Calcareous soils found in the Eastern Province of Saudi Arabia contain many impurities (Aiban, 

1994). These soils exhibit wide variations in their characteristics, engineering properties and even in 

their definition. This is mainly due to: (1) the presence of different types of impurities such as 

gypsum, aragonite, calcite, dolomite, sand, chert, quartz, geode, etc, (2) layering of the borrow pits, 

and (3) their burial with detritus sediments. 
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Figure 3.1 Geological formations of Eastern Saudi Arabia and Gulf countries (After Ministry of 

Agriculture and Water, 1969). 
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3.5.1.2 Engineering Behaviour of Calcareous Soils 

The behaviour of calcareous soils is complicated and their engineering properties are affected by 

many factors, such as the carbonate content, degree of indurations, particle size, origin of carbonate 

material, content of non-carbonate material, environmental conditions and the construction 

procedures. Typical deviations in the behaviour of these soils compared with the non-carbonate soils 

include particle crushing, cementation, negative shrinkage indices, non-plastic carbonate fines, low 

friction sand-sized particles, large differences between the unwashed and washed grain size 

distribution, solubility of the carbonate fraction in water, self-stabilization and recrystallization, poor 

gradation, intra-particle water leading to erroneous results for the atterberg limits. The most crucial 

factor is their acute water sensitivity (Horta, 1980, 1988; Netterberg, 1967, 1982). Water sensitivity 

can lead to a complete collapse and reduction in the bearing capacity when these soils get into contact 

with water. This is mainly attributed to the loss of cohesion of frictionless material, and the reduction 

of friction of cohesion-less material. 

 

In most cases sand-sized particles do not generally contain silica. The calcite, dolomite, and other non-

silica particles of marine origin offer low friction and are susceptible to crushing upon loading and 

dissolution. When excess water comes into contact with these soils, a very weak matrix of water and 

fine particles is formed in which the gravel fraction just floats. Therefore, the granular-bearing 

skeleton which has a very high friction on the dry side of optimum of the compaction curve forms a 

mud-like structure in the presence of water. Furthermore, the presence of aggregate-sized particles of 

gypsum and calcite is prone to crushing, dissolution and loss of stability when wet. Consequently, 

these soils are not suitable to be used in construction projects associated with high water tables or 

exposed to heavy rainfalls unless they are initially stabilized. In relatively dry areas, these soils behave 

adequately. Therefore, existing specifications are of limited use because no consideration is given to 

the water susceptibility of these soils when used in construction. As a consequence, engineers are 

using their own specifications and judgment when dealing with such soils. According to Horta (1988), 

the minimum value of plasticity index (PI) is increased from 6% to 15% for the use of these soils as a 

base material.  The Calcium carbonate equivalent, the calcium carbonate content of the soil passing 

ASTM #40 sieve, is widely used as an index instead of the PI, since it is more representative of the 
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behaviour of these soils. A field pliers test is also used to get an idea about the hardness of the gravel 

fraction of these soils (Netterberg, 1967). Hardness is measured by crushing the aggregates using a 

standard pair of pliers. The hardness or resistance to abrasion of the gravel fraction is one of the 

controlling factors for the use of these soils in highways. Hard and sound aggregates, in most cases, 

minimize the negative effects of calcareous soils. 

 

Because of their low strength and water sensitivity attempts have been made to stabilize and improve 

the engineering properties of calcareous soils using different additives such as cement, lime, 

emulsified asphalt and cut-back asphalt. Most of the chemicals used gave results with various degrees 

of success; and the stabilized soils can be recommended for use as base and/or sub-base and for 

building foundations or other applications even when water can reach these soils. In addition, the 

carbonates present in these soils are soluble in acidic water and consequently precipitate when water 

evaporates. This may have an advantage of providing cementation to the compacted soils, which can 

be used for the self-stabilization of the soil. 

 

3.5.1.2.1     Non-Sedimentary Calcareous Soils 

Non-sedimentary calcareous soils are formed by the precipitation of calcareous material in a host soil. 

Some of this material is derived from the parent calcareous soil by physical or chemical weathering 

while others are derived from an influx of carbonate-rich aeolian dust or carbonates dissolved in 

rainwater (Demars and Chaney, 1982). During intermittent periods of wetting in arid or semi-arid 

climates, the dissolved carbonates penetrate the parent materials and then precipitate by 

evapotranspiration processes. Precipitation occurs at the grain contacts as a result of capillary action. 

Netterberg (1982) noted that calcretes may form when dissolved carbonates precipitate from the 

ground or soil water. In any case, the formation of caliche or calcrete soils involves complex 

geochemical and geophysical processes which are dependent upon local geological and environmental 

conditions. The particle size for these non-sedimentary carbonates varies from a silt-sized powder to 

cemented nodules to hardpan or massive rock. The host material for non-sedimentary carbonates can 

be of clay, silt or sand (Horta, 1988).  
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Calcrete  

Calcrete can be defined as a material formed by the in-situ cementation and/or replacement of a pre-

existing soil by carbonates, precipitated from the groundwater or soil water (Netterberg, 1982). The 

term soil is used here in its wide engineering sense for any material which does not require blasting 

for excavation. Netterberg (1982) stated that calcretes vary widely in carbonate content and 

geotechnical properties from loose, fine-grained soils to limestone rock, and it is this variability which 

has been a major cause of confusion and disagreement over their geotechnical properties and 

behaviour.  

Calcrete materials represent a mixture of different types of elements with different sizes, including 

hardpan cobbles, crust fragments, nodules, calcrete fines, and various types of host material and 

inherited elements such as pebbles, aeolian sands, silts and clays. Calcrete fines include calcareous 

silt, fine crystals of calcite (micrite) arid, a clay fraction. The clay fraction may be inherited from the 

host material and/or formed during the calcrete development process. Studies by many authors in 

several parts of the world concluded that the neo-formation of attapulgite is characteristic of calcrete 

development (Horta, 1988). It was found that although attapulgite exhibits high plasticity indices, it is 

stable and does not swell. The inherited clay minerals may include practically all other clay minerals 

such as kaolinite, illite and the highly unstable montmorillonite (Horta, 1988).  

 

Caliche soils possess distinctive geotechnical properties that are quite different from those generally 

treated in classic soil mechanics. These properties are a consequence of their formation in arid and 

semi-arid periods during which calcium carbonates were carried downward by percolation of water 

from the surface, precipitating to form cemented horizons (Beckwith and Hansen, 1982). These soils 

possess ‗collapsing‘ characteristics.  

 

Calcrete or Calcareous Duricrust in the Arabian Peninsula  

Throughout the Shedgum area of the Eastern Province, the plateau surface, the tops of erosional 

outliers, the sides of wadis and gullies and all terrace surfaces are covered by duricrust which has 
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developed on the calcareous beds of the Hofuf Formation (Al-Sayari and Zotl, 1978). The events 

responsible for the formation of duricrust started with the uplift of the plateau. Later on, during the 

semi-arid periods, the duricrust resulted from the recrystallization of original calcite in the parent 

sandy limestone, and then by the introduction of additional calcite either from above or below; the 

additional calcite replaced quartz and feldspar and removed the released silica (Al-Sayari and Zotl, 

1978).  

 

3.5.1.3 Geotechnical Properties of Calcareous Soils  

3.5.1.3.1  Atterberg Limits  

Calcareous soils are formed by the weathering of rocks containing calcium carbonate as their main 

constituent. The source of calcium carbonate constituting these rocks is mostly organic. Organic 

carbonates are skeletal remains of the microscopic plants and animals settled at the sea floor, e.g. 

pteropods, foraminifera (forams), and cocolithophorids (nannofossils or nannos because of their small 

size) (Demars and Chaney, 1982). 

 

The shells or skeletons of these organisms are porous in nature, containing intra-particle water, inside 

the particles. Demars and Chaney (1982) estimated that the ratio of the volume of intra-particle water 

to the volume of particle solids to be 5.0 for forams and 1.05 for nannos. This intra-particle water is 

responsible for the erroneous values of the liquid and plastic limits (LL and PL) of the carbonate soils. 

Atterberg limit tests are frequently Pet-formed on the soil fraction passing ASTM No. 40 sieve 

(ASTM D423, ASTM D424). The water contributing towards the plasticity behaviour of the soil 

particles is only the surface or adsorbed water portion of the inter-particle water. Moisture content 

determination for a soil (by drying the sample) is the sum of the inter-particle and intra-particle water. 

The apparent LLs and PLs determined for a calcareous soil are always higher than their actual values. 

Since the difference of the two values eliminates the above-mentioned effect, the PL is therefore not 

greatly affected by the presence of intra-particle water (Demars, 1982). In addition, the shrinkage limit 

(SL) for calcretes is higher than that for normal soils (SL>20%) and is found to be very close to or 

even greater than the plastic limit (Horta, 1980). 
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The calcium carbonate equivalent (carbonate content of the material passing the ASTM No. 40 sieve) 

of calcareous soils can be used in place of PI for the construction material (Horta, 1988). It was found 

that the PI decreases with an increase in calcium carbonate content. The determination of the calcium 

carbonate content is carried out using a COLLIN-BERNARD calcimeter or in a carbonate bomb. It is 

a direct measure of the pressure of the carbon dioxide released during the reaction of calcium 

carbonate with hydrochloric acid. The test is simple and less time-consuming compared with 

Atterberg tests. 

 

Akili (1980) found that the behaviour of marl, obtained from the south of Dammam city, Eastern 

Saudi Arabia, was affected by the presence of plastic material. The plasticity in the marl was due to 

the presence of clay. Qahwash (1989) found that the LL of arid PIs of the calcareous sediments in the 

Dammam-Dhahran area were attributed to the existence of some montmorillonite and/or soluble salts 

as displayed by X-ray diffraction (XRD) results. 

 

3.5.1.3.2 Grain-Size Distribution  

The grain-size distribution of non-sedimentary calcareous soils depends on the host soil which varies 

from clay to gravel size. The sedimentary calcareous rocks are formed by the deposition and the 

consequent cementation and indurations of the calcium carbonate particles in the marine environment. 

The cementation is mostly due to the calcite precipitation. These calcium carbonate particles are 

mostly of biological origin. The grain-size distribution of the calcareous soils depends on the degree 

of cementation of the soil grains (Datta et al. 1982). The cemented particles can lead to misleading 

grain-size analysis because the cementation is lost upon remoulding and to some extent by the 

dissolution in water. This dissolution is pronounced if the water is acidic (pH < 7). 

The grain-size distribution of calcareous soils is not representative of their engineering behavior if 

cementation and/or indurations are not considered in the analysis (Datta et al.1982). In the case of 

cemented calcareous soils, the specific gravity of the fines is higher than the coarser particles formed 

by the cementation of the finer particles whereby the calcium carbonate is the main cementing agent. 

The grain size distribution by weight of calcareous soils, such as calcrete, overestimates the volume 
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occupied by the fine particles. In addition, the washed and dry sieve analysis show large differences in 

the percentage of fines, the unwashed sieving being unreliable for calcareous soils. Moreover, when 

the fines (passing ASTM No. 200 sieve) are subjected to the hydrometer analysis for estimating their 

grain-size distribution, the hollow particles float on the surface of the water, making the test unreliable 

for these types of soils (Datta et al. 1982). Details of soil tests and parameters are described in the 

introduction of each case study.   (see chapter 5 & Appendix F) 

 

3.5.1.3.3 Soil Strength  

Strength of soil is a function of its structure, which in turn depends on particle orientation and their 

interaction with each other. Grain crushing results in reduction in the angle of internal friction at 

relatively low stress levels. Furthermore, the sand-sized carbonate particles offer lesser frictional 

resistance as compared with quartz sand grains. The strength of calcareous soils is controlled by the 

carbonate cementation at the grain contacts. Carbonate-cemented soils show higher strengths, but 

dissolution of this cementation in pore water results in a complete loss of cohesion. 

 

Non-sedimentary calcareous soils are formed by the precipitation of dissolved calcium carbonate from 

the parent rock, brought down by flowing water (Beckwith and Hansen, 1982). The precipitation of 

calcium carbonate provides different degrees of cementation.  

 

Valent et al. (1982) evaluated the geotechnical properties of two calcareous oozes. They defined 

calcareous oozes as the clay–fine sand remains of calcareous marine life, covering approximately 36% 

of the deep-sea floor. In geology, oozes are pelagic deposits pertaining to the open ocean and 

composed predominantly of the hard parts of small planktonic organisms (Challinor, 1978). Valent et 

al. (1982) obtained these oozes from the Venezuelan Basin at a water depth of 3930 m. One of the 

oozes, labelled as clayey silt (56–75% calcium carbonate), was subjected to isotropically-consolidated 

undrained (CIU) triaxial shear strength test. It was observed that the angle of internal friction was 

reduced from 34° to 28° when the confining pressure was raised above 4 psi (27.6 kPa). Another ooze, 
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designated as fine sand-silt, showed a similar behaviour of reduction of the angle of internal friction. 

This behaviour was attributed to the probable crushing calcareous grains at high confining stresses. 

 

Datta et al. (1982) studied the carbonate soils of the Indian continental shelf. They studied both the 

surface sediments as well as the subsurface deposits. They referred to these soils as carbonate soils 

since they contained both calcium carbonate and ‗dolomitic‘ (i.e. calcium-magnesium carbonate) 

contents.  

 

Bringen et al. (1982) evaluated the grain crushing of carbonate soils during consolidation and shearing 

tests. They compared carbonate sands obtained from offshore Bombay, India and the North Rankin 

site, offshore Western Australia, with a conventional quartz sand from Maas river that flows through 

Belgium. It was found that the amount of crushing was greater for soils which have larger, uniform, or 

angular particles. For triaxial tests, it was found that the crushing increases with both consolidation 

pressure and deviator stress. The crushing coefficient, as defined by Datta et al. (1982), was found to 

be an appropriate parameter for the evaluation of the crushing behaviour of soil grains. 

 

Post (1982) investigated the caliche soils found in the Tucson area, Arizona, USA. Unconfined 

compressive strength of caliche was performed on both natural indurated caliche and a remoulded 

one. For the indurated caliche, blocks for compressive strength testing were cut with a masonry saw. 

On the other hand, bulk samples were reduced to material passing ASTM No. 20 sieve and were used 

for remoulded soil. The remoulded soil was extremely moisture sensitive. A complete collapse of 

bearing strength occurred upon saturation. Presence of clay in indurated samples weakens, while in 

the case of remoulded soil it was responsible for the cohesion of the soil particles. This cohesion is 

lost upon saturation and collapse occurs. 

 

The Playa Lake deposits in southern Idaho, USA, were studied by Olsen and Leonard (1982). The 

parent materials for these soils consist of sedimentary limestone and calcium rich basalts. These 
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deposits contain 20–25% calcite. The authors reported the unconfined compressive strength results of 

remoulded specimens. Prior to testing, the samples were cured for different time intervals ranging 

from several minutes to 3 months. These samples showed considerable strength gain (400%) with loss 

of moisture. The specimens compacted at the optimum moisture content showed higher strength 

compared with those at the dry side of optimum. Density and calcite cementation were the 

contributing factors for such behaviour. 

 

Arkin and Michaeli (1989) studied the strength and cementation of chalk and clay mixtures. The 

natural sediments were mixed in varying proportions. The mixtures were of the Upper Cretaceous 

smectites (bentonite and montmorillonite clay) and Juraisic kaolinite from Makhtesh Ramon with 

Eocene chalk from the Northern Negev. These materials were obtained from different quarries located 

in southern occupied Palestine. They tried to simulate the pattern of marl rock within carbonate 

sequences, which occurs as varying proportions of clay and carbonate. Various proportions of the dry 

weight of the mixtures were prepared such that the carbonate content varied from 10 to 90 %. The 

effective range in friction angle for the kaolinite-chalk mix (KC) was Ø=13–36° with a corresponding 

range in cohesion c=14–37 kPa. The montmorillonite-chalk mix (MC) showed a friction angle range 

of Ø =2–37° and a cohesion of c=11–36 kPa, while that of bentonite-chalk mix (BC) showed Ø =3–

35° and c=18–40 kN/m
2
. Variations in the shear strength parameter values depend not only on the 

presence of specific clay mineral, but on the variation in carbonate content as the PL exceeds 30. They 

attributed the variation in the strength to the lime–mud sediments undergoing lithogenesis. As the 

lithogenesis progresses, the properties of the sediment change accordingly. 

 

Akili (1980) performed repeated loading tests on limestone and argillaceous limestone (marl) obtained 

from the south of the city of Dammam, eastern Saudi Arabia. The results show that for stress levels 

above a certain critical value, plastic strains increased with repeated stress application until failure of 

the sample occurred. Below the critical stress, plastic deformation continued to increase only with 

increased number of stress cycles even at very low stress levels. For both soils, the critical stress was 

approximately 40% of the undrained shear strength static loading at the same static confining 

pressure. Increasing the number of stress cycles led to an increase in the resilient modulus (impulse 
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deviator stress divided by resilient or recoverable strain) of soil derived from limestone, and a 

decrease in the modulus of resilient of clayey soil. This indicates that the former is a strain-hardening 

while the latter is a strain-softening material.  

Tsiambaos (1991) developed a correlation between the residua1 angle of friction for marl soils found 

in Greece and both calcium carbonate content and atterberg limits. It was found that any increase in 

the calcite content of these marls causes a decrease in their PI and clay-sized fraction, but a significant 

increase in the residual angle of friction. 

 

Aiban (1994) studied the strength of marl obtained from Abqaiq, Eastern Saudi Arabia. Results 

showed that the strength of samples compacted at optimum moisture content gave higher strength 

compared with the samples compacted on dry as well as on the wet side of optimum. Aiban (1995) 

explained these findings in relation to the fabric of the soil. On the dry side of optimum, the presence 

of small macropeds serves as a bridge or a connector between large macropeds. These macropeds are 

extremely sensitive to the moisture content and become weaker on contact with water. This behaviour 

is responsible for the lower strength on the wet side of optimum since the macropeds are too weak to 

resist stresses imposed on them. At their optimum, macropeds are closely packed and have regular 

connectors. 
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3.5.2 Sabkha 

Sabkha soils are widely distributed throughout the Persian Gulf. Their presence is extensive in parts of 

Saudi Arabia, especially along the coastal areas. Typical problems encountered in foundations and 

structures built over Sabkha beds include cracking, formation of huge potholes and rutting. A review 

of the literature reveals that these types of soil have not received the needed attention from the 

geotechnical community to improve their inferior properties. The main geotechnical problems in 

Sabkha media could be ascribed to one or more of the following): (i) periodic changes in moisture 

content; (ii) presence of diagenetic minerals; (iii) shallowness of groundwater table; (iv) presence of 

highly corrosive brines; and (v) very low and variable strength at the Sabkha natural conditions (Al-

Amoudi, 1992).  

 

As Sabkha soils exhibit variable characteristics to exposed conditions, in terms of temperature, 

moisture content repeated/static loading, etc, constituents may vary from one region to another. It is 

rational to expect that the response of each Sabkha to stabilization is unique.  

 

3.5.2.1 Sabkha Soil  

Sabkhas can be defined as saline flats underlain by clay, silt and/or sand and are often encrusted with 

salt (Al-Amoudi & Asi, 1991). They represent equilibrium surfaces whose level is largely controlled 

by the local ground water table (Johnson et al 1978). 

 

Many types of evaporitic terrains may exist in view of their association with brine evaporation. Local 

names for these evaporitic associations are: (i) Sabkha (coastal salt marsh); (ii) playa (an ephemeral 

lake flat); (iii) salt playa (as playa but with a salty surface due to evaporation of saline lake waters); 

and (iv) saline (a local depression with a high water table and capillary rise reaching the surface that 

includes the formation of a salt crust).  
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3.5.2.2 Types of Sabkha Soils  

There are two main types of Sabkhas, namely, coastal and continental Sabkhas. Coastal Sabkhas are 

supertidal surfaces which have developed as a result of a sedimentation sequence. This sea 

encroachment has resulted in lagoons separated from the Gulf water by barrier islands. After this 

transgression and subsequent morphological changes, the depositional environment appears to have 

shifted from sub-aerial to sub-aqueous causing extensive carbonate sedimentation in lagoons which 

led to gradual widening of the Sabkha plain and eventual pro-gradation of the coastline (Akili, 1980). 

After the deposition of the primary material sediments, diagenetic processes continue which result in 

the formation of new materials. Argonite, calcite, gypsum, anhydrite, magnesite, dolomite, halite and 

a few other minerals form in response to the physical and chemical conditions that prevail in the 

Sabkha environment (Akili, 1980). Figure 3.1 shows a generalized cross section of a coastal Sabkha 

from the Arabian Gulf water to the inland margin where the Sabkha plain may abut sand dunes or rock 

outcrops.  

 

The continental or inland Sabkhas are saline deposits of inland areas that do not have a hydrological 

link with the sea or ocean; therefore, replenishment of their ground water is not from the sea (Akili 

and Torrance, 1981). They tend to occur in areas that are dominated by dune sands and derive their 

evaporative minerals through the concentration of ground water by an evaporative mechanism or by 

saline continental ground waters. These waters flow through deep permeable strata to the Miocene 

formation, which underlies the continental Sabkha, and then rise to replace the evaporated ground 

water (Kinsman, 1969). The continental Sabkhas are dominated by wind-blown sands and  eolian 

agencies which are primarily responsible for transporting mineral grains into and out of the Sabkha. 

The continental Sabkhas contain relatively little carbonate and what is present has usually been 

derived by erosion of merely carbonate outcrops or by  eolian transport from the coastal areas. 

Gypsum and anhydrite are the most abundant minerals in the Sabkha (Akili and Torrance, 1981).  
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3.5.2.3     Distribution of Sabkha Soils  

Saudi Arabia has a large number of Sabkhas, both coastal and inland. A summary of these Sabkhas in 

the coastal plains of the Eastern Province, based mainly on reconnaissance visits, has been reported by 

Johnson et al. (1978). Along the western shores of Saudi Arabia, coastal Sabkhas exist at Obhor, Al-

Lith (250 km south of Jeddah) and Yanbu (A1-Amoudi et al, 1992b). In southwestern Saudi Arabia, 

near the town of Jizan, a coastal Sabkha is reported to exist surrounding a salt dome. In the north, 

continental Sabkhas are reported to exist in Wadi as-Sirhan. Figure 2 shows a generalized cross 

section across a coastal Sabkha with typical surface features (Akili, 1980). 

 

Sabkha distribution along the southern and southwestern shores of the Arabian Gulf is well 

documented. Figure 3.3 gives a typical presentation of the prevalence of Sabkha along the Arabian 

Gulf (Fookes and Higginbottom, 1980). The presence of Sabkhas in Saudi Arabia and in the other 

Arabian Gulf States is shown to be quite extensive, especially in the well-populated cities along the 

Arabian Gulf and Red Sea coasts.  

 

 

Figure 3.2 A schematic diagram showing the distribution of Sabkhas in Saudi Arabia. 
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Figure 3.3       Distribution of Sabkhas in the Arabian Peninsula (Al-Amoudi et al. 1992). 
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3.5.3 Sand 

 

Approximately one-third of the Arabian Peninsula is covered by sand in one or other form. The 

primary source of most of the sand is the large granite batholiths underlying the Arabian Shield (Al-

Sayari and Zotl, 1978). Natural sands may exist in uncemented or cemented conditions, with various 

degrees of cementation. Therefore, the sand, although cohesionless, may have slight inter-particle 

cementations in some areas.  

The use of abundant sands in construction helps control sand movements which are known to result in 

many hazards, especially during windy seasons (Watson, 1985; Stipho, 1992). Typical problems 

associated with the abundance of sands in arid and semi-arid regions can be summarized as 

continuous sand movement, ground surface erosion and dust clouds (Stipho, 1992). Sand particle 

movement can also reduce visibility, cause abrasion of natural and man-made structures and may 

bring about the wholesale movement of dunes (Watson, 1985). These sands cannot be used as a 

foundation material in their natural condition. However, when improved, they can be used in many 

applications (Al-Sanad et al. 1993).  

 

3.5.3.1 Problem Statement  

During the last two decades, Saudi Arabia, as well as the other Arabian Gulf States, has witnessed a 

surge of construction projects.  The lack of good quality aggregate has resulted in the use of marl soils 

as a backfill material for most construction purposes throughout the region, in spite of the published 

information which indicates that marls exhibit a great deal of variation in their origin, texture, colour, 

mineral composition, plasticity and engineering properties (Akili, 1980; Qahwash, 1989; Aiban et al. 

1999).  

In the Eastern Province of Saudi Arabia, sand is the most abundant soil type owing to the fact that the 

area is confined by deserts from three directions. There are, principally, two types of sands: dune sand 

and beach sand; both are aeolian in nature. Despite the efforts that have been made to understand their 

origin, movement and environmental impact, the literature contains little information about their 

identification, quantification and geotechnical characteristics (Al-Sanad et al. 1993). Consequently, 
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there is a need to conduct an investigation on sands that may provide laboratory test results leading to 

the development of regional codes of practice that will help delineate their relevant engineering 

properties and establish a database for their eventual classification. Such information would also be 

beneficial for soil stabilization and ground improvement. 

Because of the difficulties in obtaining good quality soils for different projects (Aiban, 1994b), and 

since the extensive use of marl has depleted the local resources (Qahwash, 1989), there is an urgent 

need to stabilize and use the locally available marginal soils.  Therefore, it seems appropriate to 

consider the potential of large-scale use of dune sands blended with marls in construction to reduce 

costs and environmental hazards and to save the good quality aggregate for future construction 

projects.  

 

3.5.3.2 Types of Sands  

Approximately one-third of the Arabian Peninsula is covered by sand. Confined by deserts on three 

sides, all eastern Saudi soils are intercalated one way or another by sand, particularly at the surficial 

layers. This sand, although cohesionless, may have slight inter-particle cementations in some areas.  

Geographically, the sand dunes in the Arabian Peninsula are broadly divided into three major zones. 

The great Nefud in the north (57 000 km
2
) links to Ar-Rub Al-Khali (the Empty Quarter) in the south 

(600 000 km
2
) through the arched Ad-Dahana that runs north – extending nearly 1300 km. Figure 3.4 

shows the major sand terrains within the Arabian Peninsula. The sands of Ar-Rub Al-Khali, the great 

Nefud and Ad-Dahana are medium-to-fine and bright red-orange in colour due to a coating of iron 

oxide on the quartz grains (AI-Sayari and Zotl, 1978). On the other hand, Al-Jafurah sands are buff to 

tan in colour (faint yellow) due to the presence of carbonates. The primary source of most of the sands 

is the large granite batholiths underlying the Arabian Shield (Al-Sayari and Zotl, 1978). In these 

regions where unconsolidated surface sediments are mobilized by wind, problems associated with 

drifting sand and moving dunes are severe. In Eastern Saudi Arabia, annual drift rates could reach 

30 m
3
/m width and dunes have an average rate of movement of 15 m per year (Watson, 1985). Most 

desert soils are granular, and their engineering behaviour is directly related to their gradation (Fookes, 

1978).  



 34 

3.5.3.3       Aeolian Deposits in the Arabian Peninsula  

Aoelian deposits cover more than 35% of the Arabian Peninsula surface. These deposits can be further 

subdivided into the following four main types, depending on their mode of occurrence and genesis 

(Chapman, 1978; Al-Sanad et al. 1993):  

 

(a) Sand Sheets  

Sand sheets can be defined as a thin accumulation of coarse sand or fine gravel consisting of grains 

that are too large to be transported by saltation. Particles are characterized by an extremely flat or 

plain-like surface broken only by small sand ripples (Bates and Jackson, 1980). These sheets or layers 

were formed either by the coalescence of small sand dunes and drifts or by free deposition of sand by 

wind in a broad depression. Their development is mainly attributed to the distribution of a protective 

layer of grit on the sand sheet surfaces. Depending upon the prevailing wind direction, vegetation and 

type of sand, these sand sheets are smooth, rugged, vegetated and very active.  

 

(b) Sand Dunes  

Sand dunes can be defined as an accumulation of loose sand, heaped up by the wind and commonly 

found along low-lying seashores above high-tide level. They can also be found in various desert 

regions where there is abundant dry surface sand at certain times of the year (Bates and Jackson, 

1980). Various types of sand dunes occur as isolated, sporadically distributed dunes or they may be 

clustered in the form of dune belt with their axes oriented in a certain direction. They are composed of 

yellowish to reddish medium-grained sand.  

 

(c) Sand Drifts  

Sand drift is a general term for surface movement of wind-blown sand occurring in deserts or along 

the shore (Bates and Jackson, 1980). They can be either fixed or mobile drifts. Fixed sand drifts are 

dome-shaped sand mounds commonly fixed by vegetation. They are composed of fine to silty sands 
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and are mostly gypsiferous. On the other hand, mobile sand drifts are longitudinal in shape and 

normally composed of coarse sand particles. Sand drifts are usually smaller than sand dunes.  

 

(d) Aeolian Wadi Fill Sand Deposits  

They occur as sand sheets, mostly developed by coalescing anchored vegetated sand drifts. Most of 

the wadi fill deposits are of  eolian origin. The wadis act as sand traps because of their orientation 

which is generally transverse to the prevailing wind direction.  

 

Geologists recognize the following four classes of  eolian sand terrains in the Arabian Peninsula 

(Hotzl et al. 1978):  

 

(1) Transverse: Predominantly simple and compound barchan dunes in the areas of more mobile 

sand and/or simple rounded ridges, oriented transverse to the prevailing wind direction.  

 

(2) Longitudinal: Primarily dikakah (bush- or grass-covered sand) and various types of undulating 

sand sheets, which are generally characterized by elongation of the individual forms parallel to 

the prevailing wind direction and often partly stabilized by sparse vegetation.  

 

(3)  ‗Uruq: Various forms of long parallel, sharp-crested narrow sand ridges and dune chains 

separated by broad sand valleys usually including elements of transverse sand terrain. These 

forms are the resultant of a system of two dominant wind directions and are identical to the 

‗sayf‘ dunes of North Africa.  

 

(4) Sand mountains: Dominated by large mountains of sand, commonly cresting 50 to 300 metres 

above the substratum, often with superimposed dune patterns consisting of various types of 
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complex barchans. Common forms are giant barchans spanning several kilometers from horn 

to horn, giant sigmoidal and pyramidal sand peaks as well as other less common peak forms, 

and giant oval-to-elongated sand mounds.  

 

3.5.3.4       Mineralogical Composition of Sands 

Aeolian sands are mainly made up of quartz that is composed of silica tetrahedral grouped in such a 

way as to form a spiral with all the tetrahedral oxygen bonded to silicon. Quartz is an oxide, and has 

no weakly bonded ions in its structure and has high hardness. These factors make it most stable. It is 

the commonest among rock-forming minerals and thus more abundant (Mitchell, 1993) because of its 

frequent occurrence in crystalline rocks as primary crystals already close to sand size (Al-Sayari and 

Zotl, l978). Begnold (1971), cit. Al-Salloum (1973) makes mention of the predominance of quartz in 

dune sand to its ability to survive under different erosive agents.  

Al-Tayyib et al (1985) have studied various types of sands from 58 locations within Saudi Arabia. 

Chemical as well as mineralogical analyses were performed for all samples and indicated that the 

silica contents in the Eastern Province sands ranged from 61.40% to 98.19%. In addition to quartz, 

calcite with minor amounts of feldspar, dolomite, chlorite and hornblende were present. Similar 

findings have been reported for the Central and Western Provinces.  

Al-Sanad (1987) has carried out a comprehensive evaluation of the sub-grade soils in Kuwait for 

pavement design and evaluation. Mineralogical analysis using XRD showed that quartz is the main 

mineral in dune sands (67–89%). Traces of feldspar were found, calcite and clay mineral were rarely 

found. Similar results were reported on a study performed by Al-Sanad et al (1993) to determine the 

dune sand properties in Kuwait. 

In general, the minerals occurring in the line fraction of the sands frequently contain sodium chloride, 

gypsum, carbonates and iron oxides, normally coating every grain of sand, irrespective of their size 

and shape. The coating, by different oxides, leads to various colours of dunes ranging from almost 

white to yellow to a pale red (Al-Sayari and Zotl, 1978).  
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 3.5.3.5   Gradation of Sands  

While sand may be synonymous with the topological environment of Saudi Arabia, the bulk of it falls 

short of good gradation and quality, making it unattractive for commercial use as well as for use in 

routine concrete construction (Maslehuddin et al. 1991). Most, if not all, dune and beach sands are 

classified as poorly graded sands (SP) according to the unified soil classification system and mostly 

(A-3) according to the American Association of State Highway and Transportation Officials 

(AASHTO) Soil Classification System.  

 

 

Figure 3.4 Sand terrains in the Arabian Peninsula: 1. Al-Jufrah, 2. Ad-Dahna, 3. The Great Nefud, 

4. Nefud Ath-Thuwayrate and As-Sirr, and 5. Ar-Bub'al Khali (Ministry of Communication, 1978). 
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Dune sands commonly have a specific gravity ranging between 2.6 and 2.8 and median grain 

diameters between 0.2 and 0.4 mm and particles size ranging between 0.1 and 0.7 mm (Fookes, 1978). 

Sands in the Eastern Province have a fineness modulus median of 1.8 and range between 0.9 to 3.0 

(Al-Tayyib et al. 1985). The coefficient of uniformity Cu, ranges between 2.0 and 4.0 (Hotzl et al. 

l978; Akili, 1983; Al-Abdul Wahhab et al. 1988; Al-Sanad et al. 1993, Bader et al (1994) reported that 

sand of the barchan dunes (cressentic and whale-back) is mainly fine-grained, while that of dome and 

parabolic dunes is fine-to-medium.  

 

3.5.3.6 Sand as a Construction Material 

Dune sands are often difficult to compact as a fill material even after careful laboratory tests, owing to 

the poor gradation and the lack of fines. However, they are generally not collapsible. On the other 

hand, wind-blown sand sheet (aeolian) deposits normally exist in a rather loose state and often mixed 

with soluble salts that typically act as cementing agents (Rahim, 1989a), and conditions have rendered 

these soils with collapsible characteristics upon inundation, as evidenced from field and laboratory 

data presented by Rahim (l989a), Touma et al. (1989), and Swan (1989). When dry, however, the 

aeolian deposits are incompressible with appreciable shear strength (Fooks, 1978; Rahim, 1989b). 
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3.5.4    Expansive Soil 

 

Expansive soils are a common occurrence in Saudi Arabia. Expansive soil formations are found in 

several locations in the Kingdom of Saudi Arabia as a result of geological history, sedimentation and 

climatic conditions (Slater, 1983; Abduljauwad and Ahmed, 1990). Argillaceous rocks are present in 

several formations of the Phanerozoic succession of the Kingdom (Saint-Marc, 1978). As summarized 

by Potter et al. (1980), the clay mineral content of argillaceous rock is a function of provenance 

(climate, lithology, topography) and diagenetic history. The effect of climate on clay mineralogy is 

also significant. Humid tropical climates lead to intense chemical weathering and the production of 

kaolinite; dry climates produce chloride, illite and palygorskite and climates with alternating wet and 

dry periods form smectite.  

 

The Eastern Province of Saudi Arabia is characterized by high temperatures, extremely variable 

humidity and an excess of total annual evaporation over total annual precipitation (Fookes, 1978; 

James and Little, 1994). Each year a large number of structures in the Eastern Province of Saudi 

Arabia are damaged by the effects of expansive soil (Abduljauwad et al. 1991).  

 

Heave can occur when the moisture content of argillaceous sediments is increased. It is sometimes 

attributable to the absorption of water. Many argillaceous soils expand when trees that were rooted in 

them are felled prior to construction, giving rise to increased soil moisture and swelling (Samuels and 

Cheney, 1974). Expansive soils are a source of damage to foundations throughout the world. Many 

buildings, including homes, schools, hospitals and offices, footpaths, and roads in the Eastern 

Province of Saudi Arabia have been damaged by the movement of expansive clays. The damage is 

primarily a result of excessive water infiltration into the subsoil, or rising water table, causing the 

excessive movement of the floor slab, the foundation and the load-bearing members. Rising ground 

water may be caused by leaking services and over-irrigation in the expanding urban areas (Al-Sanad 

et al. 1990). 
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3.5.5    Subsurface Cavities: 

 

Subsurface cavities can exist in one of the following forms: (1) natural cavities (Karst) according to 

Terzaghi (1959, 1981); (2) man-made cavities (buried structures) such as underground buildings, 

tunnels, buried tanks and drums, pipelines and sewer conduits, and buried ancient creatures and 

civilizations; and (3) other cavities or voids developed beneath rigid pavements and arid mat 

foundations (Richart and Zia, 1962). Other sources of information include the following: Beck, 1984; 

Beck and Wilson, 1987; and Sitar, 1988.  

 

3.5.5.1   Natural Cavities   

Approximately one-fourth of the earth‘s land surface is underlain by soluble rocks (Cooper and 

Ballard 1988), in which cavities are abundant. In the United States, approximately 15% of the land is 

underlain by soluble rocks, mostly limestones (Davies, 1984). The Florida Peninsula is the most 

famous region in the United States for subsurface cavities. In Michigan, hundreds of plugged 

sinkholes have been discovered by quarry operations (Black, 1984). This suggests that hundreds of 

active sinkholes do exist, particularly in the karst areas of the north-central portion of the Arabian 

peninsula. In Saudi Arabia, small cavities and vugs have been found during construction in limestone 

areas, especially in the Eastern Province (Grosch et al. 1987). 

 

3.5.5.2   Problems Induced by Subsurface Cavities  

It is appropriate to briefly mention some of the problems related to subsurface cavities. Similar 

problems might also be caused by other types of buried objects. Karst terrains are considered to be 

fragile and in a vulnerable environment due to the existence of subsurface cavities. Such cavities can 

cause great geotechnical problems either by causing sinkholes or by failing to provide a secure 

foundation for buildings (Al-Shayea, 1994). A sinkhole is a marked localized depression in the 

surface of the ground caused when underlying material collapses (Legget and Karrow, 1983). For a 

sinkhole to occur, materials above the deeper subsurface cavity should have an access route to fall into 

the cavity. The overlying soils are carried down into the cavity through an opening in the rock surface 
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to create a subsidence which appears on the surface of the ground. However, cavities can grow 

laterally before they proceed vertically, producing a sinkhole some distance away from the location of 

the cavity. 

 

If the cavity is air- or water-filled, a sinkhole occurs when the rock materials above the cavity collapse 

into it. If the cavity is soil-filled, a sinkhole occurs as a result of piping. With piping, a sufficient 

hydraulic gradient will begin the erosion process and transport the unconsolidated sediment into other 

solution openings in the bedrock. In all of these situations, the presence of a cavity represents the 

potential for a sinkhole to occur sooner or later, and thus, it is necessary to detect the cavity in time. 

 

Karst, especially when covered with thick deposits of elastic sediments, is called  

mantled karst. In addition to engineering and environmental problems, Karst-related issues include the 

following public safety hazards:  

1. Underestimation of foundation dimensions, especially length of pile  

2. Foundation settlement and collapse  

3. Catastrophic failure and damage to both on- and offshore structures when sinkholes or dolines 

cause ground subsidence, including highways  

4. Difficulties in regional and urban planning, i.e. selecting sites suitable for construction, for 

farms, etc. or for waste disposal  

5. High potential for leakage from under reservoirs and beneath dams, and for water gushing into 

mines and tunnels  

6. Increased potential for localized contamination for groundwater  

7. Aggravation of both drought and flood problems  

8. Severe difficulties in mapping and evaluating groundwater flow regime  

9. Toxic and explosive fumes from carbonate aquifers 

 

Among the above challenges to geotechnical engineers are two main problems created by the presence 

of subsurface cavities. The first one involves particularly drastic sinkholes. For example, in 1977 a 
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sinkhole which formed beneath the front wall of a house resulted in damages which cost a total of 

$50 000 to repair. At that time, the house was insured for $90 000 (Garlanger, 1989). The second one 

is the dramatic variation in the required pile length. At some sites, the length of piles varies by more 

than 20 m within one pile cap (Garlanger). This variation is caused by the considerable variation in the 

depth of bedrock due to the presence of deeply buried karst. Therefore, it is important to find ways 

and means by which karst features can be detected. 

 

3.5.5.3   Methods for Detecting Subsurface Cavities  

Sinkholes do not occur by chance, but are confined, in general, to karstic regions that are 

characterized by the presence of limestone or dolomite as bedrock (Legget and Karrow, 1983). 

Therefore, site investigation of such regions must include a search for any subsurface cavities that 

might indicate a potential for sinkhole development in karst terrains. Results obtained from the 

investigation of the location of subsurface cavities will help in the evaluating of sites for any proposed 

land development.  

Subsurface exploration of karst terrains requires the use of specialized techniques. It is important to 

note that no single technique is capable of accurately characterizing such a site. So, a number of 

techniques are to be employed on such a site in order to obtain an overall picture. During 

interpretation of the results of the investigation, one should take into consideration the limitation of 

various methods and the variation in material properties. There are several methods of site 

investigation for predicting the location of potential sinkhole areas, some of which could be combined 

in the following categories (Al-Shayea, 1994):  

 

I.  Direct Methods  

In contrast to other methods, these methods provide point information with a high degree of 

confidence. They include the following: (1) physical observations, (2) excavation, (3) coring and 

drilling, (4) penetration testing, and (5) cave diving. 
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II.  Indirect Methods  

1. Studying the regional geology  

2. Examining aerial photographs and United States Geological Survey (USGS) quadrangle 

maps of the site and vicinity  

3. Mapping of historic sinkholes in the vicinity of the site  

4. Reviewing previous hydrogeological and geotechnical reports and data  

5. Consulting expert geologists  

6. Taking unusual care in drilling tests  

 

III.  Statistical Methods  

1. Statistical methods, like sinkhole frequency analysis (Wilson and Beck, 1988)  

2. Double Fourier series analysis for ground subsidence susceptibility mapping (Thorp and 

Brook, 1984) 

 

IV.  Geophysical Methods (Surface and Borehole)  

1.Seismic methods, e.g. refraction, reflection, crosshole, uphole, acoustic, and the seismic 

transmission method (Dresen, 1977) 

2.Gravimetric methods, also called microgravity methods  

3.Electrical resistivity methods  

4.Electromagnetic methods, e.g. GPR technique  

5.Microwave radiometers (Legget and Karrow, 1983)  
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V. Special Methods  

1. Ground penetrating radar which is widely used; cavity and void detection these  

days. 

2. Remote sensing, e.g. photo-interpretation, thermal line scanning, and satellite 

 imagery (Southworth, 1984; Kennie and Edmonds, 1986; Singhroy, 1986). 

 

The detection of voids in rocks has been a major objective in the research program at the US Army 

Engineer Waterways Experiment Station (WES) since the 1970s. Researchers in this program 

evaluated a total of 28 different geophysical methods and techniques (Cooper and Ballard, 1988). As a 

result, 14 methods were found to be applicable for detection/delineation of relatively shallow cavities, 

i.e. less than 10 m deep, Table 3.1-a; and seven methods for relatively deep cavities, i.e. 

approximately 30 m deep, Table 3.1-b 

 

Table 3.1 provides a comparison between these methods used for cavity detection. The dotted line 

indicates information is not available.   

Table 3.1 Geophysical methods applicable for detecting cavities (Cooper and Ballard, 1988). 

Surface Methods Methods Requiring Boreholes 

Table 3.1a)       Shallow Cavities ( <30 ft) 

1. Conventional refraction seismic 

2. Refracted wave form  

3. Refraction fan shooting  

4. Refracted shear wave  

1. Crosshole seismic 

2. Crosshole radar  

3.Uphole refraction seismic (front)  

4. Acoustic resonance (requires access to cavity by entrance or 
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5. Reflection seismic  

6. Electrical Resistivity  

7. Radar  

   a. Pulse 

   b. Continuous Wave (CW)   

8. Magnetic  

9. Microgravity  

borehole)  

5.. Single borehole logging, 8 methods: 

  

a. Caliper  

b. Gamma-gamma density  

c. Gamma ray  

d. Multispacing resistivity  

e. Single point resistivity 

f. Neutron 

g. Spontaneous potential  

h. Acoustic 

Table3.1b)     Deep Cavities ( <90 ft) 

1. Microgravity  

2. Spontaneous potential 

1. Single borehole (above 8 methods) 

2. Crosshole radar  

3. Crosshole seismic  

4. Crosshole resistivity  

5. Acoustic resonance 
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3.6  Geotechnical Characteristics of Weak Soil in Al-Hasa Area 

3.6.1 Geotechnical Characteristics of Clay  

Borings carried out in the areas of the projects under study in this thesis show that below the sand 

layer and down to the final depth of investigation (20 m) a dark grey to brown, very soft to hard silty 

clay with low plasticity existed. The clay has a PI in the range 22–27%. The undrained cohesion 

increased with depth with an average value of Cu = 200 [kN/m
2
], while the modulus of elasticity of the 

clay has an average value of E=120 000 [kN/m
2
]. The unconfined compressive strength of the clay 

was found to range between qu=571 and 2002 [kN/m
2
]. The consolidation test reported a compression 

index Cc of 0.096 to 0.142 and a recompression index Cr of 0.024 to 0.027. The over-consolidation 

ratio is estimated as 2.5 to 3.5. The bulk density of the clay shale was found to range between 

b=19.32 and 27.66 [kN/m
3
]. 

 

3.6.2 Geotechnical Characteristics of Sabkha  

Sabkha consists of loose gypsiferous fine sandy silt with little clay. It has lower specific gravity and 

higher moisture content than other granular soils. Sulphates may exceed 60% of the soil composition 

at the ground surface and decrease sharply with depth, with increased compressibility and decreased 

strength with depth. Usually, the bearing capacity varied from 40 to 50 kPa with a higher value at 

ground surface. The problems with Sabkha are volume changes, corrosive behaviour and low strength. 

 

3.6.3 Geotechnical Characteristics of Expansive Soils   

Expansive soils are found in different locations in Eastern Saudi Arabia. The area is arid with high 

temperatures, high variable humidity and an excessive rate of evaporation in comparison with the low 

precipitation. This has resulted in the formation of water sensitive soils. Aiban (2006) investigated the 

expansive soils in eastern Saudi Arabia and found that the expansive soils in the area are highly plastic 

and have a very high swelling potential. The liquid limit (LL) values are between 261% and 285%, 

while the plastic limit (PL) values are between 123% and 140%. The Oedometer free swell tests 

produced an expansion ranging between 31.8% and 42.5% for the remoulded samples (Abduljauwad 
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& Ahmed 1990). However, expansion for cores ranges between 8.3% and 19.3%. The constant 

volume pressure tests produced a stress in excess of 4240 kPa. The swell potential reached a steady 

state after 4 days while the swelling pressure reached a steady state in about 3 h. 
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3.7 Summary  

Due to the large development of the Al-Hasa area, there is a pressing need is to construct foundations 

for complex buildings and structures, including high-rise buildings.  The Al-Hasa area contains places 

with soil-to-structure problems, whether it be clay, Sabkha, marl, loose sand, expansive soil or 

limestone with cavities. Accordingly, the suitability of pile foundation in Al-Hasa area must be 

evaluated for use in such varying soil conditions. This chapter discussed the methods used for the 

analysis of pile foundation and the geological subsoils in the Al-Hasa region. The following 

conclusions may be drawn: 

1. Soil problems in most places in Al-Hasa are caused by the presence of Sabkha, cavities and 

clay layers.  

2. Clay is defined as very soft to hard with low plasticity. The problems with Sabkha are volume 

changes, corrosive behaviour and low strength. 

3. Pile foundations in Al-Hasa have to incorporate a suitable foundation system to avoid weak 

soil at the surface and the presence of Sabkha, which can be used as a settlement reducer. 

4. The soil model that considers full interaction between the pile–soil–cap is preferred in the 

analysis of pile foundation. In the analysis, pile cap and raft are analyzed by the finite element 

method. Single piles are analyzed by finite element methods, while piles in a group are treated 

as rigid members having a uniform settlement on their nodes. Soil is modeled as a three-

dimensional continuum medium. The nonlinear analysis of pile foundations is taken into 

account using hyperbolic function. Theories underlying the methods in ELPLA are well 

documented by El Gendy (2007) and Kany et al. (2007).  

5. Analysis of pile foundations are carried out by the commercial program ELPLA, which 

considers methods for analyzing pile foundations. The analysis takes into account the full 

interaction between soil, pile and foundation. ELPLA (ELASTIC PLATE) is a program for 

analyzing raft, footing, pile groups, piled rafts or piled footings of arbitrary shape. ELPLA 

belongs to the package GEOTEC Office 9.2 SPI that is developed by GEOTEC (computers), 

Germany. 
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6. Depending on the available soil data, guidelines and charts can be developed from a 

parametric study for pile foundations in the Al-Hasa area. 
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Chapter 4 

     Research Methodology 

 

4.1  Introduction 

 

Analyzing pile foundations is a complex task. It is a three-dimensional problem that includes many 

possibilities.  Certain factors must be considered in the analysis, such as the interaction between piles, 

footings or rafts and soil elements; taking into account the actual loading and geometry of the pile 

foundation; representing the soil by a real model and treating the problem with nonlinear analysis. 

Considering all these features requires great experience and effort. To verify and evaluate the 

geotechnical data and the proposed analysis of pile foundations in the Al-Hasa area, a series of 

comparisons were carried out comparing calculated results with those from available measurements.  

 

The following describes the way to achieve the objectives of this thesis:   

The first objective of studying different foundation techniques, methods and choices suggested for the 

clay and sandy soft soils within the available literature can be achieved by collecting soil data 

obtained from laboratory and field tests for the available two projects in the Al-Hasa area. Then an 

evaluation can be done for soil data to find the soil constants and properties that can be used in 

numerical analysis. Empirical equations may be developed to describe soil parameters with depth. 

Since many studies were carried out about pile foundations, the library of University of Portsmouth 

has been used for literature collection of pile foundations and design in different countries of the 

world. Also, the library of King Fahad University for Petroleum & Minerals in Dharan, Saudi Arabia 

is used for the collection of available geological and geotechnical data of soil types and the problems 

of concern in the Al-Hasa area. 
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To achieve the second objective, i.e. compiling available geotechnical information (data) within the 

context of soil characterization and testing methods for piling purposes in the region of Al-Hasa, a 

survey will be carried out on the available calculation methods for analyzing pile foundations to 

choose the most suitable one to carry out the numerical analysis of pile foundations in this study. A 

comparison will be carried out between the measured settlement and calculated settlement to verify 

the recommended method. 

Other objectives will be achieved by two major case studies in order to study and record the 

settlement and long-term structural behaviour of construction projects in the study area. It is envisaged 

that the above settlement results be compared with the calculated results to achieve the full evaluation 

of the structures under study. Hence, based on this study, certain recommendations could be made. 

The following case studies describe how the set objective of ‘using an in-depth study of the recent 

history of foundation design and construction (case histories) in the Eastern Province of Saudi Arabia’ 

may be achieved. This will include the compilation of available information on engineering challenges 

and associated problems along with design, construction and monitoring of two different types of 

structures/building complexes, related to implication of pile foundation techniques in the Al-Hasa 

region.   
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4.2  Case Studies: 

Two available projects using pile foundation in Al-Hasa which were desigined and supervised by 

office of the author, are considered as case studies. These case studies are a good application to judge 

the methods that are used in numerical analysis. Full-scale project measurements may be used for 

back analysis. These two projects are the first structures in Al-Hasa where pile foundation were used. 

Single pile tests and measurements of the full scale projects were used for back analysis. The study 

has been carried out first by presenting soil data obtained from laboratory and field tests, analysis of 

single piles and then the pile foundation system is examined considering the pile group effect. The 

calculated results have been compared with in-situ measurements of single piles and pile groups. In 

addition, the calculated settlement for the whole structure is compared with the recorded one. The two 

case studies are used to establish reliable and primary data on the geological, hydro-geological and 

geotechnical characteristics of the region by comparing two locations with similar soil characteristics. 

 

The purpose of the case studies is to verify a proposed foundation system to reduce the settlement 

caused by clay layers in Al-Hasa. One of the foundation systems that can be considered as a possible 

settlement reducer is the pile foundation. This type of foundation enlarges the contact area through 

friction piles between the structure and the soil. Consequently, the settlement may be considerably 

reduced. Results of these studies may become a reference and recommendation for future study and a 

source of information for verifying the design of pile foundations in Al-Hasa. The process will 

involve extensive investigation, evaluation and design, including soil tests and engineering judgment, 

as well as specialized engineering, leading to the final design. The case studies include a hotel and a 

hospital, which are described below. 

 

4.2.1    Case study 1: Pile Foundation of Al-Hasa Holiday Inn Hotel  

Al-Hasa Holiday Inn Hotel is the first building in Al-Hasa designed to incorporate pile foundations. 

The hotel has an area of 30 000 [m
2
] and is located in Hofuf, the main city in the Ah-Hasa oasis, in the 

eastern region of Saudi Arabia. It is a 10-story reinforced concrete building which stands 30 [m] high. 

The hotel was constructed between 1997 and 1999. 
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The building has no underground floors. The foundation of the building is composed of pile caps 

connected together with tie beams in both directions. Pile caps are founded at a depth of 1.65 [m] 

under the ground surface. A total of 542 bored piles, lengths ranging from 9 to 21.5 [m] are located 

under the building. Two pile diameters are considered according to column loads and the minimum 

number of piles. Some 378 piles have a diameter of D = 0.6 [m] and 164 piles have a diameter D = 0.8 

[m]. Spacing between piles varies from 2.5 D to 3.0 D. The subsoil at the location of the building 

consists of a clayey silty sand till, at a depth of 4.5 [m] from the ground surface, followed by layers of 

Al-Hasa clay extending to great depth. The groundwater level lies below the pile caps. 

 

4.2.2  Case study 2: Pile Foundation of Al-Hasa Hospital 

The Al-Hasa hospital is the second building in Al-Hasa with a foundation designed as a pile 

foundation. The building is located in Hofuf city in the eastern region of Saudi Arabia. The whole 

project has a total area of 47 000 [m
2
], while the hospital building has an area of 31 610 [m

2
]. The 

hospital is a five-story reinforced concrete building with an underground floor. The building was 

constructed between 1999 and 2001. 

The foundation of the main building is composed of pile caps connected together with raft slab. The 

foundation is founded at the depth of 3.7 [m] under the ground surface. The estimated load on the 

foundation is 740 [MN]. Foundation system consists of 121 pile caps connected together with a raft of 

thickness ranged between 0.4 [m] to 0.5 [m]. In total 481 bored piles of 15 [m] to 17 [m] in length are 

located under the building. Two pile diameters are considered according to column loads and 

minimum number of piles, i.e. 277 piles have a diameter of D = 0.6 [m] and 204 piles have a diameter 

D = 0.8 [m]. The pile spacing varies from 2.5 D to 3.0 D.  
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4.3    Parametric Studies 

A parametric study, which achieves the 7
th  

and 8
th 

 objectives of this research will be carried out for a 

wide range of foundation variables, namely, pile number in the group n (3 to 7 pile), applied load on 

pile cap P (from 8000 [kN] to 18000 [kN]), pile diameter D (from 0.4 [m] to 1.4 [m]) and pile length 

L (from 5 [m] to 29 [m]). This study will examine the behaviour of pile foundations in Al-Hasa under 

various conditions and parameters. These groups are used to investigate the expected settlement, 

allowable pile load and pile efficiency. The use of pile foundations can be evaluated from these 

studies.  These two studies were a good application to judge the methods that were used in numerical 

analysis designed and supervised by author‘s office. 

 

The parametric aim is to develop a tool to optimize the cost of the piles to a minimal level for the 

same settlement and carrying capacity. It also forms a guideline based on several pile lengths, pile 

diameters and number of piles to help the designers and the investors to make the best decisions about 

safety and cost of pile foundations. In the study, five different groups of pile caps (three-pile groups to 

seven-pile groups) with different column loads taken from both case studies, the Al-Hasa hotel and 

the hospital were considered. The groups were considered in order to study the effect of pile diameter 

and length on the settlement and also to serve as a reference for comparing other parameters. 

Allowable bearing capacity of single piles 

Allowable bearing capacity of the single pile is carried out for different pile lengths and diameters in 

the Al-Hasa area. Calculations based on traditional equations of determining bearing capacity of piles 

are carried out using EXCEL spreadsheets. Diagrams and tables are presented for different pile 

lengths and diameters. 

Settlement of single piles and pile groups 

Using ELPLA software, the settlement is calculated in different situations for single piles and pile 

groups. Settlements are obtained for both single piles and pile groups. From this analysis two main 

factors are determined:  
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Group action ratio  

It is known that the settlement of the pile in the pile group is greater than that of a single pile. This 

action is studied by comparing the settlement of the single pile with that on the pile group in a ratio. 

The group action ratio is an important design parameter for pile foundations because most pile tests 

are carried out on single piles, while the analysis which is carried out for a pile group must consider 

the full interaction between pile and pile. To get the actual design, this ratio should be determined.  

Critical depth  

It can be observed from settlement diagrams (see appendix C) that settlement decreases with the 

increase in pile length to a certain depth. Then beyond that depth, it was observed that the settlement 

increases with the increase in depth of the pile. This depth may be considered as a critical pile length 

(Vesic, 1967). The critical depth is independent of the number of piles in the pile group. 

The eighth objective can be achieved by evaluating the cost of pile foundations in Al-Hasa and 

comparing this with alternative foundation systems such as isolated footings and rafts. Comparison 

can be carried out by determining the cost-effectiveness of these foundation systems, and a guideline 

program can be developed to achieve this task. 
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4.4     Existing Commercial Software for Pile Foundation Analysis 

The foundation concept of piled (raft) footings differs from traditional foundation design, where the 

loads are assumed to be carried either by the footings or by the piles. Several methods of analyzing 

piled footings have been developed. They may be classified as: 

 

1. Simplified calculation methods 

2. Approximate computer-based methods 

3. More rigorous computer-based methods 

 

Simplified methods may be carried out by charts and tables in which the soil model and piles are 

simplified. The approximate computer-based methods represent the pile as a spring or as used in the 

interaction factor approach. More rigorous computer-based methods are accurate methods which use 

the finite difference, finite element or boundary element methods in the analysis. 

 

Nowadays,  tables or charts are an impractical tool for analyzing pile problems where they are limited 

to a certain problem with symmetrical caps, piles and soil geometry. Now, with the advantage of 

computer capacity and speed one can use more rigorous computer-based methods to analyze pile 

problems.  

 

Commercial software for pile foundation analysis and design has been developed in the last three 

decades, simplifying complicated methods. Recently, many computer programs have reached the 

market for analyzing pile group problems. A summary of the main capabilities and limitations of 

some of the early computer programs after Basile (2003) is presented in 0. Table 4.2 presents some 

recent computer software available for analyzing piled rafts.  
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Capabilities and limitations of various programs for pile group analysis. 

Program name Analysis method Soil model and 

profile 

Cap stiffness 

PGROUPN 

Version 1.18 

Year: 2002 

Complete BEM 

solution 

Linear or non linear 

(using hyperbolic 

continuum-based 

interface model)  

 

Multi-layered  

Fully rigid 

MPILE 

Version 1.5 

Year: 2000 

Semi-empirical 

analysis using 

interface factors 

Linear 

 

Homogeneous or 

Gibson 

Fully rigid or Fully 

flexible  

PGROUP 

Version 3.0 

Year: 1981 

Complete BEM 

solution 

Linear 

 

Homogeneous, 

Gibson or Two-

layered 

Fully rigid 

DEFPIG 

Version 1.6 

Year: 1990 

Simplified BEM 

analysis using 

interaction factors 

Linear or non linear 

(approximated using 

elastic plastic model) 

 

Multi-layered 

Fully rigid or Fully 

flexible 
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GROUP 

Version 5.0 

Year: 2000 

Load-transfer 

approach (Winkler 

spring model)  

Non linear (using t-z, 

q-w and p-y curves) 

 

Multi-layered 

Fully rigid 

 

 

Capabilities and limitations of various programs for piled raft analysis. 

Program name Analysis method Soil model and 

profile 

Cap stiffness 

FB-PIER  

Version 3.0 

Year: 2002 

Load-transfer 

approach (Winkler 

spring model) 

Non linear (using t-z, 

and p-y curves) 

Multi-layered 

Fully rigid 

REPUTE  

Version 1.0 

Year: 2002 

Boundary element 

method 

Non linear using 

hyperbolic approach 

Multi-layered or 

Gibson 

Fully rigid 

ELPLA 

Version 9.2 

Year: 2006 

Finite element for 

plate  

Linear and non linear 

using hyperbolic 

approach 

Three dimensional 

Continuum model  

Fully rigid and 

flexible 

FLAC 3D 

Version 4.0 

Finite difference 

formulation 

non-linear material 

behavior and unstable 

systems 

Fully rigid and 

flexible 
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 year 2010 

GARP 

Version 8.0 

year 2006 

Finite element for the 

raft and a boundary 

element analysis of 

the piles   

Non linear using 

hyperbolic approach 

 

Elastic medium with 

multi-layered   

Fully rigid and 

flexible 

ABAQUS 

Version 6.9 

year 2006 

3D finite element 

model 

Linear and non linear 

analysis 

Fully rigid and 

flexible 

PLAXIS 3D 

Version 1.5 

year 2006 

3-D finite element 

model 

Linear and non linear 

analysis 

Fully rigid and 

flexible 
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4.4.1 Choosing the Suitable Software for this Study 

The suitable software for this study must satisfy the following criteria: 

1. Full interaction among foundation elements must be considered: 

 Pile–pile interaction 

 Pile–soil interaction 

 Raft–pile interaction 

 Raft–raft interaction 

 Raft–soil interaction 

2. Realistic soil profiles 

3. Nonlinear soil–pile behaviour 

4. Different pile types within the group 

5. Raft/cap flexibility incorporated 

 

Therefore, one of the most rigorous computer-based methods can be used. On the basis of needs, it 

can be concluded that ELPLA, Version 9.2 is the most appropriate software that includes all the above 

items. 

4.4.2   Verifying the Results of ELPLA 

Verification of numerical models available for analyzing piled raft foundations in ELPLA, was carried 

out by Rabiei (2009). The test for piled raft foundations with dimensions, loads and soil parameters 

that was carried out by Rabiei (2009) is shown in 0. 0 compares the computed load-settlement 

relationships (up to a total load of 18 MN) computed from ELPLA with various methods at the centre 

of the raft with nine identical piles, one under each column. Results of the various methods were 

obtained from the program Flac 3D, the program GARP and the Poulos-Davis-Randolph (PDR) 

method, presented by Van Impe (2001). Rabiei (2009) found that there is reasonably good agreement 

between the computed results obtained from ELPLA with results obtained from other researchers. 
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a) Model condition and material properties 

 

 

b) Pile and load configuration -  Load capacity of each pile = 875 [kN] 

Figure4.1     Model configuration and properties for results verification (Rabiei, 2009). 
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a) Comparison of various methods for             b) Effect of raft thickness on  

               load-settlement analysis              maximum bending moment 

Figure4.2     Model verification after (Rabiei, 2009), 

 

4.4.3   Describing the Program ELPLA 

The numerical study of this research was carried out by the commercial program ELPLA. ELPLA 

(ELASTIC PLATE) is a program for analyzing rafts, footings, pile groups, piled rafts or piled 

footings of arbitrary shape. ELPLA belongs to the package GEOTEC Office 9.2 SP1 that is developed 

by the computer company GEOTEC in Germany. The program can also analyze single piles and pile 

walls besides some different geotechnical problems. The mathematical solution of the raft and footing 

is based on the finite element method. This program can analyze deep and shallow foundations by 

different subsoil models, especially the three-dimensional continuum model that considers any 

number of irregular layers. An advantage of this program is the capability to handle the three analyses 

of flexible, elastic and rigid foundations (see appendix D ).  In addition, the mesh of the rigid and 

flexible foundations can be constructed to be analogous to the finite elements mesh of the elastic 

foundation. In the analysis, footings, rafts and tie girders were analyzed by the finite element method. 

Footings or rafts are represented by plate bending elements, while tie girders are represented by grid 

elements. Pile-in-a-pile cap was treated as a rigid member having a uniform settlement on its nodes. 

Soil was modeled as a three-dimensional continuum medium. The nonlinear analysis of pile 

foundation was taken into account using hyperbolic function. The program is a result of extensive 
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research work from many authors: Manfred Kany, Mohamed El Gendy and Amin El Gendy. (See 

user‘s Guide of the ELPLA programme and figure 4.3).  

 

4.4.4 Describing ELPLA-Modules 

ELPLA (ELASTIC PLATE) is a graphical software product that operates under Microsoft Windows. 

The common ‗what you see is what you get‘ Windows‘ applications mean it is easy to learn how to 

use ELPLA, especially if one is already familiar with the Windows environment (0). The program has 

been on the market since 1994. First, it was developed for German users, and then became a 

multilingual program. The available languages in ELPLA are English, German and Arabic. Users can 

easily add their own language to ELPLA by translating the language file of ELPLA.  

 

The ELPLA program package consists of seven separate programs that can be run independently. The 

names and short descriptions of the seven separate programs are shown in 0. 

Names and descriptions of ELPLA programs. 

Program name                      Description of the program 

ELPLA-Data                     Editing project data 

ELPLA-Solver                                    Analyzing the project problem 

ELPLA-Graphic                                Displaying data and results graphically 

ELPLA-List                                     Listing project data and calculated results 

ELPLA-Section                               Displaying results graphically at specified sections 

ELPLA-Boring                               Editing and displaying boring logs graphically 

GEOTEC-Text                               Simple word processing program 



 64 

4.4.5    Calculation Methods of ELPLA 

In ELPLA 9 different numerical methods with three standard soil models (simple assumption model – 

Winkler's model – continuum model) are considered for analyzing raft, footing, piled raft and piled 

footing foundations as shown in 0. Besides the nine main methods, ELPLA can be used to analyze 

systems of flexible, elastic or rigid foundations. Furthermore, ELPLA can be used to analyze many 

other structural problems, such as slab floors, grids, plane frames and plane stresses. More details 

about the theoretical basis of the analysis in the program ELPLA are described in Appendix D.  

 

Table 4.4       Numerical calculation methods in ELPLA 

Method No. 

 

1 

 

2 

 

3 

 

4 

 

 

5 

 

Method 

 

Linear contact pressure (Simple assumption model) 

 

Constant modulus of subgrade reaction  (Winkler's model) 

 

Variable modulus of subgrade reaction (Winkler's model) 

 

Modification of modulus of subgrade reaction by iteration 

(Winkle's model/ Continuum model) 

 

Modulus of compressibility method for elastic raft on half-space soil medium 

(Isotopic elastic half-space soil medium - Continuum model) 
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6 

 

 

 

7 

 

 

 

8 

 

 

9 

 

Modulus of compressibility method for elastic raft on layered soil medium  

(Solving system of linear equations by iteration) 

(Layered soil medium - Continuum model) 

 

Modulus of compressibility method for elastic raft on layered soil medium  

(Solving system of linear equations by elimination) 

(Layered soil medium - Continuum model) 

 

Modulus of compressibility method for rigid piled raft on layered soil medium  

(Layered soil medium - Continuum model) 

 

Modulus of compressibility method for rigid free-standing piled raft on layered soil 

medium  (Layered soil medium - Continuum model) 

(elastische Schichten - Kontinuummodell) 
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Figure4.3      Numerical calculation methods in ELPLA. 
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4.4.6   Applications of ELPLA 

ELPLA may be used in many applications of soil mechanics and geotechnical engineering: 

 Soil-structure interaction problems. 

 Analysis and design of rafts, footings, piled footings and piled rafts. 

 Analysis of elastic, flexible or rigid foundations. 

 Analysis and design of slab floors. 

 Determining consolidation settlements. 

 Determining load-settlement relation of single piles. 

 Analysis of pile walls.  

 Calculation of settlement of surface foundations. 

 Determining the settlement due to surcharge fills or surcharge concentrated loads. 

 Determining the surface settlement around foundations. 

 Determining the constant or variable modulus of subgrade reaction. 

 Effect of external loads or neighboring foundations. 

 Effect of temperature difference. 

 Effect of tunneling. 

 Analysis of flexible, elastic or rigid foundations. 

 Analysis of beams or grids by FE method. 

 Simulation of excavations and construction of embankments.  

 Determining the ultimate bearing capacity of the soil. 

 Determining the limit depth. 

 Design of slabs according to codes ACI, EC 2, DIN 1045 and ECP. 

 Determining stress and displacement in soil. 
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Figure 4.4     Contour lines of settlement for piled raft foundations with pile locations.  
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Chapter 5 

 
Results and Analysis 

 

 

5.1 Introduction  

 

In this chapter, numerical analyses are carried out on two case studies, the Al-Hasa Holiday Inn Hotel 

and the Al-Hasa Hospital. The projects are the first and second structures in Al-Hasa using pile 

foundations. These case studies are a good application to adjudicate methods that are used in 

numerical analysis. Single pile tests and measurements of full scale settlement projects will be used 

for back analysis. The study has been carried out first by presenting soil data obtained from laboratory 

and field tests, analysis of single piles and then examining the pile foundations while considering the 

pile group effect. The calculated results have been compared with in situ measurements, and the 

calculated settlement of the whole structure is compared with case study 1: Pile foundation of the Al-

Hasa Holiday Inn Hotel 
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5.2 Case study 1: Pile Foundation of the Al-Hasa Holiday Inn Hotel 

 

5.2.1 Description of the Project  

 

The Al-Hasa Holiday Inn Hotel is the first project in Al-Hasa which is built on pile foundation   erugiF 

5.1). The hotel has an area of 30, 000 [m2] and is located in Al-Hasa City, i.e. in the east region of 

Saudi Arabia. It is a 10-story reinforced concrete building standing 40 m high. The hotel was 

constructed between 1997 and 1999.  

 

  

Figure 5.1 Al-Hasa Holiday Inn Hotel. 

 

 

 Figure 5.2 indicates the location of the project (Al-Hasa Holiday Inn Hotel). The building has no 

underground floors. The foundation of the building is composed of pile caps connected together with 

tie beams in both directions.  erugiF 5.3 smses o sohfeF sp freF pofs ersm srF sFohs (uohFs oiFo).  reF 

pofs oiF psgaeFe os o eFfsm sp 1.65 m under the ground surface. A total of 542 bored piles with 

lengths ranging between 9 and 21.5 m are located under the building. Two pile diameters are 

considered according to column loads and minimum number of piles, where 378 piles have a diameter 

of D = 0.6 m and 164 piles have a diameter D = 0.8 m. Spacing between the piles varies from 2.5 D to 
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3.0 D. The subsoil at the location of the building consists of clayey silty sand up to 4.5 m below the 

ground surface, followed by layers of Al-Hasa clay extending to great depths. The groundwater level 

lies below the pile caps  erugiF 5.4 smses o eoasgs sp Al-Hasa Holiday Inn Hotel.)  

 

 

 
 

Figure 5.2 Map of the location of the Al-Hasa Hotel (Holiday Inn). 
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                  Figure 5.3 A sample of pile caps with tie beams (games area).  
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                      Figure 5.4 Layout plan of Al-Hasa Hotel.  

 

5.2.2 Geotechnical Investigation  

 

5.2.2.1 Subsurface Conditions  

In investigating the site of the project on 27-02-1995, 11 boreholes were bored to a depth of 20 m 

below the natural ground surface; on 27-07-1997 another four boreholes to a depth 20 m below the 

natural ground surface were carried out. The purpose of boreholes was to obtain more information 

about the subsurface condition to determine the stratification, physical properties and engineering 

parameters of the soil underlying the site for the design of the pile foundations. The location of the    

boreholes is shown in  erugiF 5.5, while the remaining four boreholes are carried out at the middle of 

the building area. It has been concluded, from the 15 boreholes at pre-assigned locations, that the soil 

stratification at the site consists of two homogeneous layers. A generalized soil profile is shown in 

 erugiF 5.6. The subsurface conditions, as revealed from the boreholes, indicate that from the ground 

surface to an average depth of 4.5 m a brown-to-grey,  fine-to-medium-grained, loose to dense, silty 
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clayey sand was seen. Below this layer, down to the final depth of investigation, i.e.20 m, existed dark 

grey-to-brown, stiff-to-hard silty clay with low plasticity.  

 

5.2.2.2 Groundwater Conditions  

At the time of drilling, the groundwater level was found at depth between 1.40 m and 1.60 m below 

the existing ground surface.  

 

 

                       Figure 5.5 Location of boreholes (27-02-1995).  
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 Figure 5.6 Generalized soil profile. 

 

5.2.2.3 Soil Classification – Test Results  

Classification tests carried out of selected soil samples indicated that the material in the (upper layer 

of thickness) 4.5 m is dense-to-very-loose, brown, fine-grained, clayey silty sand soil whereas the 

underlying soil is clay. The clay was defined as very stiff-to-hard, reddish-brown-to-yellowish-brown, 

silty clay of low plasticity. The clay has a plasticity index in the range of 22–27%.  ( plasticity index = 

liquid limit – plastic limit, see appendix F- soil report ) 

 

Standard Penetration Test:  

 erugiF 5.7 smses smF ssoaeoie fFaFsiosrsa iFsrssoapF toegF sN’ against depth for the upper layer. 

Results gathered from the four boreholes were carried out on 27-07-1997. The test indicates that the 

resistance value ‗N’ of the upper layer ranges between 14 and 2. The smallest value is near the top of 

the clay layer. With these results, most of the upper soil layer is considered as loose to very loose. 

Therefore, the effect of this layer is neglected in the analysis. (see appendix F) 
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          Figure 5.7 Standard penetration resistance value ‗N’ against depth for the upper layer.  

 

Undrained Cohesion:  

Borings were carried out on 27-07-1997.  Four triaxial tests were conducted on samples from different 

depths. The samples were subjected to three different confining pressures 138, 276 and 414 [kN/m2]. 

Test results of undrained cohesion are presented in  Table 5.1.  

 

 Table 5.1 Results of undrained cohesion.  

 

BH 

No. 

Depth 

m 

Cohesion cu 

[kN/m
2
] 

1 15 290 

2 4.5 159 

3 7.5 483 

4 12 103 
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The site investigations have confirmed that the clay soil underlying the site is homogenously very 

stiff-to-hard.  Figure 5.8 and  Table 5.2 show the profile of undrained cohesion with depth adapted for 

the analysis. The design values of undrained cohesion adopted are lower than those obtained from 

laboratory testing on undisturbed samples recovered in the field during the drilling of the boreholes. 

The tested curve of the undrained cohesion is correlated to represent three layers. The first and final 

tested values are taken to represent the first and final layers, respectively. Undrained cohesion of the 

intermediate layer is taken as the average of the second and third tested values. The first reading 

represented the layer from 4 -12m , the second reading was neglected, the average of the third & 

fourth  reading represent the layer from 12 – 15m and the fourth reading is representing the layer from 

15-20m).   

 

  

                                      Figure 5.8 Undrained cohesion against depth.  
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In order to provide a degree of comfort in the analysis process, a trial was carried out to compare the 

clay of this site with the clay found in Europe ( Figure 5.8). Based on the average plasticity index of 

samples recovered during the supplementary investigation (22–27%), and an extrapolated SPT N 

value of 60, the clay‘s similarity to the over-consolidated clays of Central and Southern England have 

been observed. A relationship of undrained cohesion to SPT N value (when N=60 Cu=300 from 

enterpolation) of cu/N = 300/60= 5.0 is reasonable.  

 

 

  

 Figure 5.9 Correlation of undrained cohesion with SPT value (Stroud 1974).  

 

London clay is classified as over-consolidated clay. The undrained cohesion of London clay increases 

with depth and can be approximated according to (Hong et al. 1999) by the following linear relation:  

 

z =cu 67.6150                                                        (5.1) 

 

where:  

cu Undrained cohesion of London clay, [kN/m2].  

z Depth measured from the clay surface, m.  

 



 79 

To check and compare between London clay and Al-Hasa, the undrained cohesions obtained from Eq. 

(5.1) for London clay are listed (Table 5.2) with those of Al-Hasa, which are obtained from laboratory 

testing. The comparison is acceptable and the soil properties available in the literature for London clay 

may be used here for any missed soil data.  

 

Table 5.2 Correlated undrained cohesion against depth.  

Depth 

z 

m 

Layer thickness 

h 

m 

Cohesion 

cu 

[kN/m
2
] 

Difference 

cu 

[%] 

Al-Hasa clay London clay 

4.5-12.0 7.5 159 165 3.8 

12.0-15.0 3.0 197 190 3.6 

15.0-30.0 15.0 290 225 22.4 

 

The difference between Al-Hasa and London clay cohesion is very small, as verified by by using the 

backward calculation of the pile load test in Al-Hasa with ELPLA software. 

 

Pile Load Test:  

Five pile load tests were carried out at five different locations for different piles. The test procedure 

conformed to static load test method for individual piles in AST       .  Table 5.3 shows the hold 

period and load cycles with pile load test results for piles 126, 176, 274 and 344. In the test, piles are 

loaded up to maximum load 1.5 times of the working load, while  Table 5.4 shows that the hold period 

with pile load test results for pile 418 where the pile is loaded to maximum 2.0 times working load. 

Settlements at working load and 1.5 working load of pile load tests for the final period are 

summarized in  Table 5.5, while the pile load test equipment is shown in  Figure 5.10.  Load-settlement 
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curves for loading and unloading of piles are plotted in  Figures 5.11–5.15.  This is the first time such a 

test has been conducted in the region. 

 

Table 5.3 Hold period with pile load test results for pile 126, 176, 274 and 344.  

Load 

percentage 

[%] 

Hold  

period 

[Min] 

Pile 126 

=0.6 m 

l=16.5 m 

Pile 176 

=0.8 m 

l=15 m 

Pile 274 

=0.8 m 

l=16 m 

Pile 344 

=0.8 m 

l=15 m 

Load 

kN 

Sett. 

[mm] 

Load 

kN 

Sett. 

[mm] 

Load 

kN 

Sett. 

[mm] 

Load 

kN 

Sett. 

[mm] 

25 30 356 0.187 529 0.625 579 0.721 512 1.407 

50 30 712 0.337 1058 0.787 1157 1.181 1025 2.057 

75 30 1068 0.714 1587 1.038 1736 1.521 1537 2.800 

100 360 1422 0.791 2115 1.321 2315 1.803 2050 4.886 

75 10 1068 0.254 1587 1.146 1736 1.597 1537 4.772 

50 10 712 0.016 1058 0.857 1157 1.372 1025 3.820 

25 10 356 0.000 529 0.578 579 1.070 512 2.429 

0 60 0 0.000 0 0.011 0 0.184 0 -0.051 

100 360 1422 0.591 2115 1.419 2315 1.892 2050 3.239 

110 30 1564 0.619 2327 1.441 2547 1.930 2255 3.496 

120 30 1706 1.334 2538 1.575 2778 2.098 2460 3.804 

130 30 1849 1.426 2750 1.740 3009 2.200 2665 4.159 
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140 30 1991 1.445 2961 1.911 3241 2.369 2870 4.753 

150 360 2133 0.984 3172 2.365 3472 2.791 3075 4.797 

125 10 1778 0.724 2644 2.108 2894 2.584 2562 3.778 

100 10 1422 0.378 2115 1.807 2315 2.353 2050 3.988 

75 10 1068 0.038 1587 1.438 1736 2.105 1537 3.566 

50 10 712 -0.026 1058 1.095 1157 1.791 1025 3.134 

25 10 356 -0.841 529 0.781 579 0.014 512 2.629 

0 60 0 -0.905 0 0.051 0 0.003 0 0.940 

 

 Table 5.4 Hold period with pile load test results for pile 418.  

Load percentage 

[%] 

Hold  period 

 Min 

Pile 418, =0.8 [cm], l=16 m 

Load in kN Settlement in mm 

25 25 589 0.368 

50 50 1178 0.775 

75 75 1767 1.346 

100 100 2356 2.162 

75 75 1767 1.918 

50 50 1178 1.502 

25 25 589 1.140 

0 0 0 0.797 

100 100 2356 2.267 

125 125 2945 3.026 
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150 150 3534 4.074 

125 125 2945 3.823 

100 100 2356 3.512 

75 75 1767 3.166 

50 50 1178 2.813 

25 25 589 2.448 

0 0 0 1.819 

100 100 2356 3.239 

150 150 3534 4.191 

160 160 3770 4.394 

170 170 4005 5.147 

180 180 4241 5.445 

190 190 4476 5.763 

200 200 4712 6.639 

175 175 4123 6.379 

150 150 3534 5.985 

125 125 2945 5.677 

100 100 2356 5.309 

75 75 1767 4.978 

50 50 1178 4.480 

25 25 589 4.038 

0 0 0 3.362 
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Table 5.5 Results of pile load tests.  

Testing 

Pile 

Pile 

diameter 

m 

Pile length 

m 

Working load   

kN 

Observed settlement   

[mm] 

 

working  

load 

1.5 x 

working 

load 

P126 0.6 16.5 1422 0.591 0.984 

P176 0.8 15.0 2115 1.419 2.365 

P274 0.8 16.0 2315 1.892 2.791 

P344 0.8 15.0 2050 3.239 4.797 

P418 0.8 16.0 2356 3.239 4.191 
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 Figure 5.10 Pile load test equipment. 
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            Figure 5.11 Load-settlement curve of pile loading test (Testing pile P126).  
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          Figure 5.12 Load-settlement curve of pile loading test (Testing pile P176).  
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Figure 5.13 Load-settlement curve of pile loading test (Testing pile P274). 
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           Figure 5.14 Load-settlement curve of pile loading test (Testing pile P344).  
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Figure 5.15 Load-settlement curve of pile loading test (Testing pile P 418). 

 

 

5.2.3 Soil Parameters  

 

To carry out the analysis, the subsoil is indicated in the generalized boring log of  erugiF 5.16, 

consisting of two main soil layers. The total depth of the soil under the ground surface is taken to be 

34.5 m (effective soil depth). The first layer represents the silty clayey sand and extends to a depth of 

4.5 m under the ground surface. This layer is underlain by a layer of silty clay extending to 34.5 m 

under the ground surface. The silty clay is subdivided into 10 sublayers with different soil moduli 

each with 3.0 m thickness. As the upper layer is very weak, it is neglected in the analysis of single 

pile. For analyzing a single pile, it is assumed that the second layer resists the pile load. The 

groundwater lies at 1.5–1.6 m from the ground surface. Therefore, the uplift pressure has no influence 

on the foundation. Dry unit weight of the clay is taken to be γs = 18.5 [kN/m3].  

Elastic modulus:  

Hong et al. (1999) used a ratio of 200 between the shear modulus and the undrained cohesion Cu to 

get a variable modulus of the soil for London clay that was similar to Al-Hasa clay.  
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 z =c =G u 67.6150200200                                             (5.2) 

The relationship between the shear modulus and modulus of elasticity is given by (Theory of 

Elasticity, Timoshenko & Goodier, 1974).  

 
E

=G 
s

s

)ν1(

2


                                                       (5.3) 

where:  

G Shear modulus, [kN/m2]  

Es Modulus of elasticity of London clay, [kN/m2]  

s Poisson’s ratio of the soil  

 

Substituting Eq. (5.2) into Eq. (5.3) and taking a Poisson’s ra s=0.25 [-], leads to:  

 z +  E = E sos 0.0445 1                                                  (5.4) 

where Eso is the initial modulus of elasticity, Eso=75000 [kN/m2].  

 

For the upper weak soil layer, a small value of modulus of elasticity is assumed, where Es=1000 

[kN/m2].  

 

Reloading Elastic Modulus:  

For analyses of pile groups, piled raft and raft or isolated footings, the effect of reloading pressure on 

the soil due to removed soil of depth df is taken into account. According to Kany (1974), the values of 

elastic modulus for reloading part Ws ranges between three and 10 times of elastic modulus of loading 

part Es. According to Kany (1974), the modulus Ws for reloading can be taken as 1.5–5 times as the 

modulus Es for loading. In this study Ws is taken to be three times of Es. Soil parameters for the clay 

layer are listed in  eoseFs  .6– . and boring log   erugiF 5.16), where Es is calculated from Eq. (5.4)  

 

 

 



 89 

Limit Pile Load:  

A limit pile load Ql is used as parameter geometry for the hyperbolic curve of nonlinear response of 

load-settlement relation. The limit pile load Ql is a geometrical parameter of the hyperbolic relation. 

In some cases the value of Ql is different from the actual ultimate pile load. Limit pile load is equal to 

1.5–2 ultimate pile loads. Russo (1998) suggested a limit shaft friction not less than Ql =180 [kN/m2] 

meeting undrained shear strength of 200 [kN/m2]. To carry out the present analysis a limit shaft 

friction of Ql = 180 [kN/m2] is assumed, which gives a limit pile load of Ql = 5.4 and 7.2 [MN] for 

piles of 0.6 and 0.8 m diameters, respectively. The limit pile load for pile of 0.8 m diameter and 

16.0 m length is calculated as  

 

[MN] 7.2 [kN] 723816*0.8**801**π*  lDq Ql l                  (5.5) 

 

The limit pile of 0.8 m diameter and 15.0 m length will be is calculated,  

 

[MN] 6.8 [kN] 678615.0*0.8**801**π*  lDq Ql l                  (5.6) 

The limit pile of 0.6 m diameter and 16.5 m length will be  

 

[MN] 5.6 [kN] 559816.5*0.6**801**π*  lDq Ql l                  (5.7) 

Table 5.6 Lower layer parameters adapted for analyzing pile groups, piled raft and raft.  

 

No. Depth from clay 

surface  

z m 

Unit weight 

s [kN/m
3
] 

Elastic modulus 

Loading 

Es [kN/m
2
] 

Reloading 

Ws [kN/m
2
] 

1 1.5  

 

80000 240000 

2 4.5 90000 270000 
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3 7.5  

 

10 

100000 300000 

4 10.5 110000 330000 

5 13.5 120000 360000 

6 16.5 130000 390000 

7 19.5 140000 420000 

8 22.5 150000 450000 

9 25.5 160000 480000 

10 28.5 170000 510000 

 

 

5.2.4 Pile Caps, Raft and Pile Material  

 

Sulfate-resisting cement is most commonly recommended for all underground concrete with a 

minimum cover to reinforcement steel of 7.5 [cm]. Pile caps, piled rafts and raft or isolated footings 

have the following material parameters:  

 

Young's modulus Eb = 3.4 * 107 [kN/m2]  

Poisson's ratio b     = 0.2 [-]  

Unit weight γb = 25 [kN/m3]  

 

while piles have the following material parameters:  

 

Young's modulus Eb = 2.35 * 10
7  

[kN/m2]  

Unit weight γb = 25 [kN/m3]  
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Figure 5.16 Generalized soil profile adapted for the analysis. 
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5.2.5 Analysis of the Foundation  

 

Using available data and measurement results of the Al-Hasa Hotel pile foundation, the present pile 

foundation analysis is evaluated numerically and verified for analyzing a pile foundation in Al-Hasa.   

 

5.2.5.1 Bearing Capacity of the Pile  

As most piles in clay develop a high proportion of overall capacity along the shaft, considerable 

efforts are devoted to the development of reliable methods for estimating the values of skin friction for 

piles in clay than for piles in sand. The skin friction around the pile shaft is estimated by the following 

expression according to Tomlinson (1957).  

 

uc qs *                                                            (5.8) 

where:  

qs Skin friction around the pile, [kN/m2]  

 Adhesion factor  

cu undrained cohesion, [kN/m2]  

 

The value of  has been deduced from pile load tests carried out on piles founded in a wide range of 

clay soils, and appears to reduce the unity for piles in clay of low strength, down to 0.5 or below for 

clays of strength above about 150 [kN/m2]. For the given board piles and soil an adhesion factor of = 

0.456 has been adopted.  

 

The end bearing capacity is derived by the expression:  

 

uc cN qb *                                                            (5.9) 

where:  

qb End bearing capacity, [kN/m2]  

Nc Bearing capacity factor  
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In the long term, drained end bearing capacity of a pile will be considerably greater than the undrained 

capacity. However, the settlements required to mobilize the drained capacity would be far too large to 

be tolerated by most structures. In addition, the pile must have sufficient immediate capacity to 

prevent a short-term failure. For these reasons it is usual to calculate the end bearing capacity of piles 

in clay in terms of the undrained cohesion of the clay and the bearing capacity factor.  

 

For depths relevant to piles, the appropriate value of Nc is 9 according to Skempton (1951), although 

due allowance must be given to piles penetrating the stiff layer by only a small amount. As all piles at 

this site will penetrate the stiff strata by more than three pile diameters, no reduction in the bearing 

capacity factor is required.  

 

 

The ultimate load is simply the sum of the end bearing and skin friction components:  

 

QsQbQu                                                         (5.10) 

where:  

Qu Ultimate load of the pile, kN  

Qb End bearing capacity Qb= qb Ab, kN  

Qs Surface capacity Qs= qs As, kN  

Ab Cross-section area of the pile, [m2]  

As Surface area of the pile, [m2]  

 

The allowable pile load is equal to ultimate pile load divided by an overall safety factor of 2.0. The 

calculation of bearing capacity of piles using cu is obtained from soil tests of the hotel location shown 

in  eoseFs  . – .  .  erugiFs 5.17 and 5.18 show the skin friction, end bearing capacity, ultimate load 

and allowable pile load at different pile lengths for piles of diameters  = 0.6 and 0.8 m, respectively. 

The same calculation of bearing capacity is carried out using cu , obtained from Eq.   .  . 

 omparisons between the two calculations for allowable bearing capacity of piles at different lengths 

are exhibited in  eoseF 5.13  
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In  erugiFs  .   and  5.20, pile length can be determined according to the applied load. Both 

calculations reveal almost the same results.  

Studies are carried out on the effects of the installation technique on clay soils, and how due 

allowance should be made for this. Skempton (1967) has indicated that the maximum value of unit 

friction should be 110 kN/m2 to allow for the effects of fissuring, water seepage and ‗work softening‘ 

from the actual boring operations. As open techniques will be used to drill the piles, there is a 

possibility of the sides of the bore relaxing due to lateral pressure at depth. Therefore, this technique 

has been applied to the above limit, and the result is that the high undrained cohesions at depth are 

now critical.  

 

5.2.5.2 Allowable Pile Load  

The above analysis of bearing capacity of piles indicates that the net allowable load capacity of 

80 [cm] and 60 [cm] diameter piles, with a length of about 15–16 m embedded into silty clay layer is 

estimated about 2000 kN and 1400 kN, respectively.  

 

Table 5.7  alculation of skin friction for the pile of diameter φ=80 [cm]   ohesion cu is obtained from 

soil tests).  

Depth 

z 

m 

Cohesion 

cu 

[kN/m
2
] 

Factor 

α 

 [-] 

Skin friction 

qs=α cu 

 [kN/m
2
] 

Skin friction 

qs (corrected) 

[kN/m
2
] 

Perimeter 

As =πD 

m 

Skin force 

Qs=qs As 

[kN/m] 

Total 

Qs 

kN 

1 - - - - - - - 

2 - - - - - - - 

3 - - - - - - - 

4 - - - - - - - 

4.5 159 0.456 73 73 2.51 182 182 
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5.5 159 0.456 73 73 2.51 182 364 

6.5 159 0.456 73 73 2.51 182 547 

7.5 159 0.456 73 73 2.51 182 729 

8.5 159 0.456 73 73 2.51 182 911 

9.5 159 0.456 73 73 2.51 182 1093 

10.5 159 0.456 73 73 2.51 182 1276 

11.5 159 0.456 73 73 2.51 182 1458 

12.5 197 0.456 90 90 2.51 226 1684 

13.5 197 0.456 90 90 2.51 226 1909 

14.5 290 0.456 132 110 2.51 276 2186 

15.5 290 0.456 132 110 2.51 276 2462 

16.5 290 0.456 132 110 2.51 276 2739 

17.5 290 0.456 132 110 2.51 276 3015 

18.5 290 0.456 132 110 2.51 276 3292 

19.5 290 0.456 132 110 2.51 276 3568 

20.5 290 0.456 132 110 2.51 276 3845 

21.5 290 0.456 132 110 2.51 276 4121 

22.5 290 0.456 132 110 2.51 276 4397 

23.5 290 0.456 132 110 2.51 276 4674 

24.5 290 0.456 132 110 2.51 276 4950 
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Table 5.8  alculation of end bearing for the pile of diameter φ=80 [cm]   ohesion cu is obtained from 

soil tests).  

Depth 

z 

m 

Cohesion 

cu 

[kN/m
2
] 

Factor 

Nc 

[-] 

End bearing 

qb=Nc cu 

[kN/m
2
] 

Pile cross section 

Ab 

[m
2
] 

End bearing force 

Qb=qb Ab 

kN 

1 - - - - - 

2 - - - - - 

3 - - - - - 

4 - - - - - 

4.5 159 9 1431 0.50 715.5 

5.5 159 9 1431 0.50 715.5 

6.5 159 9 1431 0.50 715.5 

7.5 159 9 1431 0.50 715.5 

8.5 159 9 1431 0.50 715.5 

9.5 159 9 1431 0.50 715.5 

10.5 159 9 1431 0.50 715.5 

11.5 159 9 1431 0.50 715.5 

12.5 197 9 1773 0.50 886.5 

13.5 197 9 1773 0.50 886.5 

14.5 290 9 2610 0.50 1305 
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15.5 290 9 2610 0.50 1305 

16.5 290 9 2610 0.50 1305 

17.5 290 9 2610 0.50 1305 

18.5 290 9 2610 0.50 1305 

19.5 290 9 2610 0.50 1305 

20.5 290 9 2610 0.50 1305 

21.5 290 9 2610 0.50 1305 

22.5 290 9 2610 0.50 1305 

23.5 290 9 2610 0.50 1305 

24.5 290 9 2610 0.50 1305 

 

Table 5.9  alculation of bearing capacity for the pile of diameter φ=80 [cm]   ohesion cu is obtained 

from soil tests).  

Depth 

z 

m 

Skin friction force 

Qs 

kN 

End bearing force 

Qb 

kN 

Ultimate pile capacity 

Qu=Qs+Qb 

 kN 

Allowable pile capacity 

Qall=Qu/2 

kN 

1 - - - - 

2 - - - - 

3 - - - - 

4 - - - - 

4.5 182 719 902 451 
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5.5 364 719 1084 542 

6.5 547 719 1266 633 

7.5 729 719 1448 724 

8.5 911 719 1630 815 

9.5 1093 719 1813 906 

10.5 1276 719 1995 997 

11.5 1458 719 2177 1089 

12.5 1684 891 2575 1287 

13.5 1909 891 2801 1400 

14.5 2186 1312 3498 1749 

15.5 2462 1312 3774 1887 

16.5 2739 1312 4051 2025 

17.5 3015 1312 4327 2164 

18.5 3292 1312 4604 2302 

19.5 3568 1312 4880 2440 

20.5 3845 1312 5156 2578 

21.5 4121 1312 5433 2716 

22.5 4397 1312 5709 2855 

23.5 4674 1312 5986 2993 

24.5 4950 1312 6262 3131 
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Table 5.10  alculation of skin friction for the pile of diameter φ=60 [cm]   ohesion cu is obtained 

from soil tests).  

Depth 

z 

m 

Cohesion 

cu 

[kN/m
2
] 

Factor 

α 

 [-] 

Skin friction 

qs=α cu 

 [kN/m
2
] 

Skin friction 

qs (corrected) 

[kN/m
2
] 

Perimeter 

As =πD 

m 

Skin force 

Qs=qs As 

[kN/m] 

Total 

Qs 

kN 

1 - - - - - - - 

2 - - - - - - - 

3 - - - - - - - 

4 - - - - - - - 

4.5 159 0.456 73 73 1.88 137 137 

5.5 159 0.456 73 73 1.88 137 273 

6.5 159 0.456 73 73 1.88 137 410 

7.5 159 0.456 73 73 1.88 137 547 

8.5 159 0.456 73 73 1.88 137 683 

9.5 159 0.456 73 73 1.88 137 820 

10.5 159 0.456 73 73 1.88 137 957 

11.5 159 0.456 73 73 1.88 137 1093 

12.5 197 0.456 90 90 1.88 169 1263 

13.5 197 0.456 90 90 1.88 169 1432 

14.5 290 0.456 132 110 1.88 207 1639 
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15.5 290 0.456 132 110 1.88 207 1847 

16.5 290 0.456 132 110 1.88 207 2054 

17.5 290 0.456 132 110 1.88 207 2261 

18.5 290 0.456 132 110 1.88 207 2469 

19.5 290 0.456 132 110 1.88 207 2676 

20.5 290 0.456 132 110 1.88 207 2883 

21.5 290 0.456 132 110 1.88 207 3091 

22.5 290 0.456 132 110 1.88 207 3298 

23.5 290 0.456 132 110 1.88 207 3505 

24.5 290 0.456 132 110 1.88 207 3713 

 

Table 5.11 Calculation of end bearing for the pile of diameter φ=60 [cm]   ohesion cu is obtained 

from soil tests).  

Depth 

 

z 

m 

Cohesion 

 

cu 

[kN/m
2
] 

Factor 

 

Nc 

[-] 

End bearing 

 

qb=Nc cu 

[kN/m
2
] 

Pile cross section 

 

Ab 

[m
2
] 

End bearing force 

 

Qb=qb Ab 

kN 

1 - - - - - 

2 - - - - - 

3 - - - - - 

4 - - - - - 
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4.5 159 9 1431 0.28 405 

5.5 159 9 1431 0.28 405 

6.5 159 9 1431 0.28 405 

7.5 159 9 1431 0.28 405 

8.5 159 9 1431 0.28 405 

9.5 159 9 1431 0.28 405 

10.5 159 9 1431 0.28 405 

11.5 159 9 1431 0.28 405 

12.5 197 9 1773 0.28 501 

13.5 197 9 1773 0.28 501 

14.5 290 9 2610 0.28 738 

15.5 290 9 2610 0.28 738 

16.5 290 9 2610 0.28 738 

17.5 290 9 2610 0.28 738 

18.5 290 9 2610 0.28 738 

19.5 290 9 2610 0.28 738 

20.5 290 9 2610 0.28 738 

21.5 290 9 2610 0.28 738 

22.5 290 9 2610 0.28 738 

23.5 290 9 2610 0.28 738 
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24.5 290 9 2610 0.28 738 

 

Table 5.12  alculation of bearing capacity for the pile of diameter φ=60 [cm]   ohesion cu is obtained 

from soil tests).  

Depth 

z 

m 

Skin friction force 

Qs 

kN 

End bearing force 

Qb 

kN 

Ultimate pile capacity 

Qu=Qs+Qb 

 kN 

Allowable pile capacity 

Qall=Qu/2 

kN 

1 - - - - 

2 - - - - 

3 - - - - 

4 - - - - 

4.5 137 405 541 271 

5.5 273 405 678 339 

6.5 410 405 815 407 

7.5 547 405 951 476 

8.5 683 405 1088 544 

9.5 820 405 1225 612 

10.5 957 405 1361 681 

11.5 1093 405 1498 749 

12.5 1263 501 1764 882 

13.5 1432 501 1933 967 
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14.5 1639 738 2377 1189 

15.5 1847 738 2585 1292 

16.5 2054 738 2792 1396 

17.5 2261 738 2999 1500 

18.5 2469 738 3207 1603 

19.5 2676 738 3414 1707 

20.5 2883 738 3621 1811 

21.5 3091 738 3829 1914 

22.5 3298 738 4036 2018 

23.5 3505 738 4243 2122 

24.5 3713 738 4451 2225 
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 Figure 5.17  m). 
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                            Figure 5.18  
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 Table 5.13 Allowable bearing capacity.  

Depth 

Z m 

Allowable pile capacity 

Qall kN 

Cohesion cu is obtained from soil testes Cohesion cu is obtained from Eq. (5.1) 

Pile 1 

φ=60 [cm] 

Pile 2 

φ=80 [cm] 

Pile 1 

φ=60 [cm] 

Pile 2 

φ=80 [cm] 

1 - - - - 

2 - - - - 

3 - - - - 

4 - - - - 

4.5 271 451 255 425 

5.5 339 542 331 530 

6.5 407 633 410 639 

7.5 476 724 491 751 

8.5 544 815 576 868 

9.5 612 906 663 988 

10.5 681 997 753 1112 

11.5 749 1089 846 1240 

12.5 882 1287 942 1371 
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13.5 967 1400 1041 1507 

14.5 1189 1749 1142 1646 

15.5 1292 1887 1247 1789 

16.5 1396 2025 1354 1936 

17.5 1500 2164 1465 2087 

18.5 1603 2302 1577 2240 

19.5 1707 2440 1689 2393 

20.5 1811 2578 1801 2547 

21.5 1914 2716 1913 2700 

22.5 2018 2855 2025 2853 

23.5 2122 2993 2138 3006 

24.5 2225 3131 2250 3160 
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                           Figure 5.19 Allowable bearing capacity with pile length ( = 0.6 m).  

 

 

                   Figure 5.20 Allowable bearing capacity with pile length (= 0.8 m).  



 108 

5.2.5.3 Single Pile Analysis  

In order to verify the effectiveness of numerical procedures and to check the estimated model 

parameters, a single pile analysis was first performed to simulate the pile load test. Analysis was 

carried out using the generalized soil profile presented in  erugiF 5.16 .Two different piles in diameter 

 m, 

 m. Pile lengths ranged between l = 15 and 16.5 m. Most of the pile 

length was embedded in the silty clay layer. Owing to the weakness of the upper layer, the effect of 

this layer was neglected in the analysis.  

 

Single pile analysis was performed on the assumptions:  

 

(a) Linear analysis, where the pile is considered as fully rigid due to the high rigidity of the pile in its 

length. In this case, the settlement in the pile is uniform.  

- The pile is elastic and has the concrete material as indicated in Appendix D (theoretical bases 

of the ELPLA program). 

(b) Nonlinear analysis  

 erugiFs  .  – . 0 show results of piles analysis.  eoseFs 5.14–5.17 list a comparison between 

settlements and reaction forces of piles according to different calculations. The force in the pile base is 

calculated from the sum of the forces in the previous three nodes on the pile.  

 

In general, these figures and tables show that:  

 

- Settlement at the pile head is less than that at the pile tip.  

- Settlement from rigid analysis is uniform along the pile.  

- Settlement of rigid analysis is greater than that of elastic analysis.  

- Settlement of rigid analysis can be taken as an average value of settlement along the pile.  

- Settlement obtained from nonlinear analysis is greater than that obtained from linear analysis.  

- Most of the pile load resists the shaft.  

- Distributing of the pile load in the shaft and base from bearing capacity analysis equals that of rigid 

analysis  
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 omparison between calculated and measured settlements for piles is plotted in  erugiFs 5.31–5.35. 

The figures present the load-settlement relation for analyzing piles for both linear and nonlinear 

analyses. Results of load-settlement relationship obtained from numerical analyses are compared in 

Figures 5.31–5.35 with those of measurement in case of loading cycles. It can be observed from the 

given figures that there is good agreement between the nonlinear load-settlement and those of 

measurement.  

 

Finally, from the above evaluation of single pile analysis, it can be concluded that the proposed soil 

parameters can be used safely in the analysis of pile groups or piled raft of Al-Hasa Hotel.  
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                                   Figure 5.21 Settlement along pile P126.  
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Figure 5.22 Reaction forces along pile P126 

 

0

0.75

1.5

2.25

3

0 2 4 6 8 10 12 14 16 18

Distance x [m]

D
is

p
la

c
e
m

e
n

ts
 (

E
la

st
ic

 p
il

e
) 

s 
[m

m
]

Elastic analysis

Rigid analysis

 

Figure 5.23 Settlement along pile P176.  
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                                 Figure 5.24 Reaction forces along pile P176.  
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                                   Figure 5.25 Settlement along pile P274.  
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Figure 5.26 Reaction forces along pile P274. 
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Figure 5.27 Settlement along pile P344. 
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Figure 5.28 Reaction forces along pile P344. 
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Figure 5.29 Settlement along pile P418. 
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                                     Figure 5.30 Reaction forces along pile P418.  

 

In the elastic case the reaction force is high at the top layer and became low at the bottom layer while 

for the rigid case it is almost constant. 

 

Table 5.14 Expected settlement by numerical calculation due to working load.  

Testing 

 pile 

Pile 

diameter 

m 

Pile 

length 

m 

Pile load 

kN 

Settlement due to numerical calculation 

[mm] 

Observed  

settlement   

[mm] 
Linear analysis Nonlinear 

Analysis Rigid pile Elastic pile 

P126 0.6 16.5 1422 1.03 0.54-2.13 1.39 0.591 

P176 0.8 15.0 2115 1.56 1.00-2.58 2.27 1.419 

P274 0.8 16.0 2315 1.60 0.80-2.17 2.35 1.892 

P344 0.8 15.0 2050 1.51 0.97-2.50 2.17 3.239 

P418 0.8 16.0 2356 1.62 0.81-2.21 2.41 3.239 
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 Table 5.15 Expected settlement by numerical calculation due to 1.5 working load.  

Testing 

 Pile 

Pile 

diameter 

m 

Pile 

length 

m 

Pile load 

kN 

Settlement due to numerical calculation 

[mm] 

Observed  

settlement   

[mm] Linear analysis Nonlinear 

Analysis Rigid pile Elastic pile 

P126 0.6 16.5 2133 1.55 0.81-3.20 2.51 0.984 

P176 0.8 15.0 3173 2.34 1.51-3.87 4.40 2.365 

P274 0.8 16.0 3473 2.39 1.20-3.26 4.60 2.791 

P344 0.8 15.0 3075 2.27 1.46-3.75 4.15 4.797 

P418 0.8 16.0 3534 2.44 1.22-3.31 4.76 4.191 

 

Table 5.16 Pile reaction due to working load.  

Testing 

Pile  

Pile 

diameter 

m 

Pile length 

m 

Expected pile reaction 

kN 

Working load Rigid pile Elastic pile 

Shaft base Shaft Base 

P126 0.6 16.5 1422 941 481 1120 302 

P176 0.8 15.0 2115 1370 745 1537 578 

P274 0.8 16.0 2315 2234 810 1876 439 

P344 0.8 15.0 2050 1328 722 1490 560 

P418 0.8 16.0 2356 1532 824 1909 447 
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Table 5.17 Pile reaction due to allowable load.  

Testing 

Pile  

Pile 

diameter 

m 

 

Pile 

length 

m 

 

Allowable 

load 

kN 

Expected pile reaction 

kN 

Bearing capacity Rigid pile Elastic pile 

Shaft Base Shaft Base Shaft Base 

P126 0.6 16.5 1462 1093 369 1108 354 902 191 

P176 0.8 15.0 1906 1250 656 1387 519 1617 289 

P274 0.8 16.0 2044 1388 656 1484 560 1734 310 

P344 0.8 15.0 1906 1250 656 1387 519 1617 289 

P418 0.8 16.0 2044 1388 656 1484 560 1734 310 
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                Figure 5.31 Comparison between calculated and measured settlements for pile P126.  
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Measurements from field tests. 

Calculations came from ELPLA software using London clay parameters. 
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Figure 5.32 Comparison between calculated and measured settlements for pile P176. 
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        Figure 5.33 Comparison between calculated and measured settlements for pile P247. 
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                 Figure 5.34 Comparison between calculated and measured settlements for pile P344.  
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                Figure 5.35 Comparison between calculated and measured settlements for pile P418.  

 

5.2.5.4 Pile Group Analysis  

The foundation of the Al-Hasa Hotel was analyzed as isolated pile caps. Each pile cap rested on a 

number of pile groups depending on the applied load on the cap. In the original analysis of pile caps, 

piles were considered as non-settled supports and there was no contact between the pile cap and the 

soil. Besides, there was no connection between pile caps. In reality, pile caps are located directly on 
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the soil and connected together by tie beams in both x- and y-directions. Therefore, the assumptions of 

the previous analysis lead to overestimated design results. To show the difference between results 

when analyzing pile foundation of Al-Hasa Hotel, two typical pile caps from the original design are 

selected and studied as shown in Appendix A and  eoseFs 5.18 and 5.30.  

 

Table 5.18 Selected pile cap types.  

Pile 

cap 

No. 

 

No. 

of 

piles 

Cap dimensions Pile spacing Cap 

thickness 

t 

m 

Pile 

diameter 

 

m 

Length 

L 

m 

Width 

B 

m 

x-direction 

Sx 

m 

y-direction 

Sy 

m 

1 4 3.2 3.2 2.0 2.0 1.50 0.8 

2 4 2.8 2.8 1.9 1.9 1.30 0.6 

 

 

5.2.5.5 Piled Raft Analysis  

The Al-Hasa Hotel foundation consists of only pile caps; piled rafts were analyzed to show their 

behaviour at the Al-Hasa Hotel. The raft is rectangular and has a length of L = 14.40 m and width of B 

= 6.0 m. Raft thickness is 1.0 m. The raft rests on 21 bored piles. Each pile is 16.0 m long and 0.6 m 

in diameter. Piles are spaced at 2.2 m centres on a square grid as shown in Appendix A. The raft is 

supposed to have a uniform load of p = 340 [kN/m2].  

 

5.2.5.6 Carrying out the Analysis of Pile Caps and Piled Raft  

Caps and raft are divided into rectangular plate elements as shown in Appendix A. Element size 

ranges between 0.45 and 0.60 m. Piles are divided into line elements with 2.0 m in length. The pile 

caps and raft are viewed as an elastic plate supported on piles, each has a uniform settlement along its 

length. The effective depth of the clay layers in the analysis is taken to be H = 30 m. Foundation depth 

is df = 1.5 m under the ground surface.  
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Pile caps and piled rafts are analyzed four times as follows:  

 - Linear analysis without soil contact  

 - Nonlinear analysis without soil contact  

 - Linear analysis with soil contact  

 - Nonlinear analysis with soil contact  

 

Furthermore, the above analyses for pile caps is analyzed as an isolated footing, while the piled raft is 

analyzed as an un-piled raft.  Both are carried out with the same dimensions, load and soil condition of 

pile foundation.  
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5.2.6 Results and Discussions  

 

Appendix B shows results of settlements, contact pressures, moments, shear forces and pile forces for 

the four types of analysis.  eoseFs  .  – .   summarize these results and compares them. Samples of 

settlement results are presented in  Figure  . 6 for pile caps and in  erugiF 5.37 psi smF freFe iops .  

 

Table 5.19 Comparison of results for different analysis types for pile cap 1.  

 

 

Type of analysis 

 

 

Pile cap 

as a 

footing  

 

Cap without soil 

contact 

 

Cap with soil 

contact 

 

Linear 

 

Nonlinear 

 

Linear 

 

Nonlinear 

Central settlement scenter [cm] 74.629 0.308 0.422 0.564 0.736 

Corner settlement scorner [cm] 60.397 0.308 0.422 0.549 0.721 

Max. differential settlement s [%] 19 - - 2.66 2.04 

Bearing factor αkpp [%] - 100 100 95 92 

Pile force PP kN - 2000 2000 1890 1848 

Contact pressure 

q [kN/m
2
] 

Max. 2151 - - 77 102 

Min. 329 - - 0 0 

Bending moment 

mx [kN.m/m] 

Max. 2478 2551 2551 2546 2541 

Min. -52 -167 -167 -143 -134 

Shear force 

Qx [kN/m] 

Max. 3554 3521 3521 3519 3516 

Min. -3476 -3520 -3521 -3519 -3514 

To get the result for isolated an footing , the pile cap was assumed to be without a pile underneath. 
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Table 5.20 Comparison of results for different analysis types for pile cap 2. 

  

 

Type of analysis 

 

 

Pile cap 

as a 

footing  

 

Cap without soil 

contact 

 

Cap with soil 

contact 

 

Linear 

 

Nonlinear 

 

Linear 

 

Nonlinear 

Central settlement scenter [cm] 60.490 0.221 0.294 0.552 0.699 

Corner settlement scorner [cm] 48.035 0.221 0.294 0.538 0.683 

Max. differential settlement s [%] 20.59 - - 2.54 2.29 

Bearing factor αkpp [%] - 100 100 96 92 

Pile force PP kN - 1400 1400 1322 1297 

Contact pressure 

q [kN/m
2
] 

Max. 2061 - - 82 104 

Min. 289 - - 0 0 

Bending moment 

mx [kN.m/m] 

Max. 1782 1811 1811 1805 1801 

Min. -55 -125 -125 -110 -104 

Shear force 

Qx [kN/m] 

Max. 2650 2581 2580 2578 2579 

Min. -2625 -2181 -2581 -2578 -2579 
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Table 5.21 Comparison between results of different analysis types for the piled raft.  

 

 

Type of analysis 

 

 

un-piled 

raft 

 

Raft without soil 

contact 

 

Raft with soil 

contact 

 

Linear 

 

Nonlinear 

 

Linear 

 

Nonlinear 

Max. settlement smax [cm] 46.726 0.502 0.726 0.875 1.065 

Min. settlement smin [cm] 41.916 0.502 0.726 0.653 0.814 

Max. differential settlement s [%] 10.29 - - 25.37 23.57 

Bearing factor αkpp [%] - 100 100 87 83 

Max. pile force PP kN - 2644 2248 1304 1235 

Contact pressure 

q [kN/m
2
] 

Max. 1340 - - 96 120 

Min. 238 - - 0 0 

Bending moment 

mx [kN.m/m] 

Max. 519 116 116 351 389 

Min. -2 -386 -386 -180 -173 

Bending moment 

my [kN.m/m] 

Max. 302 116 117 294 284 

Min. -6 -401 -401 -179 -167 

Shear force 

Qx [kN/m] 

Max. 163 674 674 493 485 

Min. -171 -674 -673 -488 -484 

Shear force 

Qy [kN/m] 

Max. 155 645 645 535 507 

Min. -153 -645 -644 -538 -508 
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                         Figure 5.36 Settlement for pile cap 1 (linear analysis with soil contact).  
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Figure 5.37 Settlements for piled raft (linear analysis with soil contact). 
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It is noticed from the Figures, Appendix B and Tables that:  

 

(a) Settlement  

- As the assumed load on pile caps and raft is considered the full load capacity, the actual 

expected settlement will be less than that calculated.  

- It is known that settlement of a single pile is due to only soil–pile interaction. This takes into 

consideration that the interaction between pile–pile and pile–cap (or pile–raft) in pile groups 

(or piled raft) settlement obtained from a single pile analysis is less than that obtained for pile 

groups (or piled raft). For linear analysis, settlement of the pile cap ranges between 1.6 [cm] 

and 3.03 [cm] and for a piled raft is 3.25 [cm].  

- As expected, settlement from nonlinear analysis for a pile cap or piled raft is greater than that 

obtained from linear analysis.  

- Nonlinear settlement exceeds linear settlement by 28 to 41% for a cap without soil contact and 

by 11 to 16% for caps with soil contact. For the piled raft, the nonlinear settlement exceeds 

linear settlement by 36% for raft without soil contact and by 7% for raft with soil contact.  

- For a single analysis, either linear or nonlinear, the difference in settlement obtained from 

analyzing pile cap or piled raft with or without soil contact is small. This means that any of the 

analysis can be used for estimating the settlement.  

- By comparing between settlements obtained from pile cap with and without soil contact, 

which were analyzed nonlinearly, it is observed that soil contact in the analysis has reduced 

settlement by 6–18%, while for piled raft settlement is reduced by 17–30%.  

- Settlement of the pile cap as an isolated footing exceeds the maximum allowable settlement for 

an isolated footing. (It is known) according to ECP (Egyptian code of practice), the maximum 

allowable settlement for isolated footings on pure sand is 3.0 [cm] and on pure clay is 5.0 

[cm]. It can be concluded that an isolated footing is not a suitable foundation type for Al-Hasa 

Hospital area in such cases of structures.  

- When a comparison is made between settlements obtained from an isolated footing and pile 

cap with soil contact, linearly analyzed, it is observed that the pile cap type reduced settlement 

by 61–93%.  

- Comparison between settlements obtained from raft and piled raft with soil contact, analyzed 

linearly, showed that the piled raft type reduced settlement by 44%.  
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- Differential settlement obtained from isolated footing type is greater than that obtained from 

pile cap type except for the pile cap 3, which has the highest settlement. The same observation 

is also noticed for the piled raft.  

- Although the applied load is centric, the contour line of settlement takes an unsymmetrical 

shape. This is related to the high rigidity of the cap and the raft thickness. One can notice this 

action obviously for contour lines of settlement of the pile cap as an isolated footing and of 

piled raft as raft.  

 

(b) Force on pile head  

- Linear analysis gives a pile load at the edge of the pile cap or piled raft greater than that at the 

inside. Consequently, pile load at the edge may exceed the allowable pile load capacity. 

Therefore, one must take care when estimating the arrangement and number of piles.  

- Nonlinear analysis redistributes pile loads by increasing values of inner piles and decreasing 

values of edge piles.  

- By comparison pile loads obtained from pile caps with and without soil contact, analyzed 

linearly, it is observed that soil contact in the analysis reduced pile load by 22–30%, and for 

piled raft reduced the pile load by 54%.  

 

(c) Bearing factor of piled raft  

- The bearing factor of the pile cap and piled raft from nonlinear analysis is less than that 

obtained from linear analysis. For pile caps, the difference in bearing factor ranges between 4 

and 16%, while for piled raft is 4%.  

- Considering soil contact between the cap and soil for linear analysis gives a bearing factor of 

73–78%, while that for nonlinear analysis gives a bearing factor of 62–72%.  

- Considering soil contact between the raft and soil for linear analysis, gives a bearing factor of 

61%, nonlinear analysis gives a bearing factor of 57%. It means that a piled raft distributes 

loads on the soil better than the pile cap.  

  

(d) Contact pressure  

- Using the pile cap type reduced the maximum contact pressure by 56–69%, while using the 

piled raft reduced the maximum contact pressure by 54%.  
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- Although the nonlinear analysis redistributes the contact pressure under the foundation, the 

difference between contact pressure obtained from linear analysis and that obtained from 

nonlinear analysis is small.  

  

(e) Internal forces  

- For the different analysis types of pile caps, it is found that there are no great differences in 

bending moments and shear forces. Only a little difference is found in internal forces for a 

piled raft.  

- The designed sections of pile caps and piled rafts in this study are great enough to resist 

internal forces. Consequently, the soil settlement and soil reaction are considered as the main 

problem for constructing foundations in the Al-Hasa area.  
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5.3 Case study 2: Pile Foundation of Al-Hasa Hospital  

 

5.3.1 Description of the Project  

 

The Al-Hasa Hospital is the second building in Al-Hasa with a pile foundation design  (Figure 5.38). 

The building is located in the city of Hofuf in the eastern region of Saudi Arabia. The total area of the 

project is 47 000 [m2], while the main hospital building covers an area of 31 610 [m2]. The hospital is a 

five-story reinforced concrete building with an underground floor. The building was constructed 

between 1999–2001.  

 

 

                                                 Figure 5.38 Al-Hasa Hospital.  

 

 eru ure 5.39 shows a layout section of the Al-Hasa Hospital with pile foundations.  erugiF 5.40 smses o 

eoasgs feoa sp eoees oae pseghas sa smF psgaeosrsa, emreF  Figure 5.41 shows the arrangement of piles. 

The foundation of the main building is composed of pile caps connected together with a raft slab. The 

foundation is installed at a depth of 3.7 m under the ground surface. The total estimated load on the 

foundation is 740 [MN]. The foundation system consists of 121 pile caps connected together with a 
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raft of thickness ranging between 0.4 m to 0.5 m. (A total of 481 bored piles with between a length of 

15 m to 17 m are located under the building.) Two pile diameters are considered according to column 

load and minimum number of piles, where 277 piles have a diameter of D = 0.6 m, and 204 piles have 

a diameter D = 0.8 m. The pile spacing varies from 2.5 D to 3.0 D.  

 

 

 

          Figure 5.39 Figure number layout section of Al-Hasa Hospital with pile foundations.  
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                 Figure 5.40 Figure number layout plan of walls and columns on the foundation.  
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                         Figure 5.41 Figure number arrangement of piles.  
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5.3.2 Geotechnical Investigation  

 

5.3.2.1 Subsurface Conditions  

To investigate the site of the project, five boreholes were bored to a depth of 15 to 30 m below the 

natural ground surface. The location of the boreholes and the boring log is shown in Figures 5.42–

5.47, respectively. The subsurface conditions revealed by the boreholes indicate that the site is 

overlain by poorly to well-graded sand with silt and well-cemented silty to clayey sand that extends to 

a depth of 16.5 to 18 m below natural ground surface. This layer is underlain by over-consolidated 

varicoloured clay shale to clay stone. Standard penetration tests indicate that the top 5 m consists of 

medium–dense formation and changes to dense and very dense with depth. The clay shale reported an 

SPT values n excess of 50 blows per 30 [cm] of penetration.  

 

5.3.2.2 Groundwater Conditions  

Inspection of boreholes and other excavated pits showed groundwater was encountered during the 

time of the drilling activities at the depth of 1.0 to 1.8 m below the existing ground elevations.  
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                          Figure 5.42 Number and location of boreholes.  
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BH-1

S,u

1.00

Loose, off-white, medium grained, silty SAND.

S,u

2.90

Medium dense, off-white, medium grained,

SAND with trace of silt, wet in place.

S+U

7.00

Very dense, off-white, well graded SAND with silt. 

S+U

8.90

Dense, light brown, poorly graded SAND with silt.

Kst

10.40

Very dense, COBBLES (weathered material of limestone).

S,u

15.00

Very dense, light brown,

medium to fine grained, silty SAND.

S,u

16.50

Very dense, red, medium grained, silty SAND.

L

19.50

Yellowish brown to brown, thinly to medium bedded,

highly to moderately weathered SHALE,

weak and brittle.

GW 1.80

31-12-98

SPT-1, N=14 1.00

SPT-2, N=9 2.00

SPT-3, N=26 3.00

SPT-4, N=29 4.50

SPT-5, N=25 6.00

SPT-6, N=33 7.50

SPT-7, N>50 8.90

SPT-8, N>50 10.50

SPT-9, N>50 12.00

SPT-10, N>50 13.50

SPT-11, N>50 15.00

SPT-12, N>50 16.50

1.00

2.00

3.00

4.00

5.00

6.00

7.00

8.00

9.00

10.00

11.00

12.00

13.00

14.00

15.00

16.00

17.00

18.00

19.00

20.00 

                                  Figure 5.43  Boring log BH-1.  
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BH-2

S,u

1.21

Loose to medium dense, off-white,

medium grained, silty SAND.

S+U

8.00

Medium dense, off-white, medium grained,

SAND with trace of silt, wet in place.

S+U

9.00

Very dense, off-white, poorly graded

SAND with silt.

S,t,t

11.80

Very dense, off-white, fine grained,

clayey SAND, weakly cemented.

S,u,t

15.00

Very dense, grey, medium grained

clayey silty SAND.

SPT-1, N=16 1.40

SPT-2, N=18 3.00

SPT-3, N=27 4.40

SPT-4, N=33 6.00

SPT-5, N>50 7.60

SPT-6, N>50 9.00

SPT-7, N>50 10.60

SPT-8, N>50 12.00

SPT-9, N>50 13.60

1.00

2.00

3.00

4.00

5.00

6.00

7.00

8.00

9.00

10.00

11.00

12.00

13.00

14.00

15.00 

Figure 5.44 Boring log BH-2. 
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BH-3

S,u

0.70

Loose, brown, fine grained, silty

SAND (surface).

S+U

7.00

Medium dense, off-white, poorly

graded SAND with silt, wet in place.

S,u

15.00

Very dense, dirty off-white, fine

grained, silty SAND.

S,u,t

16.42

Very dense, light brown, fine to

medium grained, clayey silty SAND.

L

19.50

Yellowish brown, medium bedded,

moderately to highly weathered

SHALE, weak and brittle.

GW 1.00

30-12-98

SPT-1, N=16 1.00

SPT-2, N=22 2.00

SPT-3, N=21 3.00

SPT-4, N=29 4.50

SPT-5, N=49 6.00

SPT-6, N>50 7.50

SPT-7, N>50 10.50

SPT-8, N>50 12.00

SPT-9, N>50 13.50

SPT-10, N>50 15.00

SPT-11, N>50 16.50

1.00

2.00

3.00

4.00

5.00

6.00

7.00

8.00

9.00

10.00

11.00

12.00

13.00

14.00

15.00

16.00

17.00

18.00

19.00

20.00 

Figure 5.45 Boring log BH-3. 
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BH BS-2

S+U

3.00

Loose to medium dense, off-white,

medium grained SAND with silt.

S,u

8.00

Medium dense, off-white SAND

with trace of silt.

S+U

9.00

Medium dense, off-white, medium to 

fine grained, SAND with silt, wet in place.

S+U,t

16.45

Very dense, off-white, poorly graded

SAND with silt and clay,

very weakly cemented.

S,u

18.00

Very dense, brown, medium grained,

silty SAND.

T

24.00

Hard, red, low to intermediate

plasticity lean CLAY.

L

30.00

Grey to yellowish grey, thinly to

medium bedded, highly to moderately

weathered SHALE, weak and brittle.

SPT-1, N=16 1.00

SPT-2, N=12 2.00

SPT-3, N=28 3.00

SPT-4, N=30 4.50

SPT-5, N=38 6.00

SPT-6, N=25 7.50

SPT-7, N>50 9.00

SPT-8, N>50 12.00

SPT-9, N>50 13.50

SPT-10, N>50 15.00

SPT-11, N>50 16.50

SPT-12, N>50 18.00

SPT-13, N>50 19.50

SPT-14, N>50 21.00

SPT-15, N>50 22.50
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Figure 5.46 Boring log BH BS-2. 
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BH-5

S

8.00

Medium dense, off-white poorly

graded SAND.

S+U

9.00

Very dense, pale brown, medium

grained, SAND with silt.

S,t

18.00

Very dense, light brown to grey,

clayey SAND.

L

20.00

Yellowish brown to brown, medium

bedded, highly to moderately

weathered SHALE, weak and brittle.

GW 1.00

06-01-99

SPT-1, N=13 1.00

SPT-2, N=31 2.00

SPT-3, N=11 3.00

SPT-4, N=34 4.50

SPT-5, N=47 6.00

SPT-6, N>50 7.50

SPT-7, N>50 9.00

SPT-8, N>50 12.00

SPT-9, N>50 13.50

SPT-10, N>50 15.00

SPT-11, N>50 16.50

SPT-12, N>50 18.00

1.00

2.00

3.00

4.00

5.00

6.00

7.00

8.00

9.00

10.00

11.00

12.00

13.00

14.00

15.00

16.00

17.00

18.00

19.00

20.00 

Figure 5.47 Boring log BH-5. 
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5.2.2.3 Soil Classification - Test Results  

Classification tests carried out for selected soil samples indicated that the material in the upper layer is 

sandy soil whereas the underlying soil is clay. The top soil is generally non-plastic and the clay has a 

plasticity index in the order of 17%. The fines, passing No. 200 sieve, were found to range between 

4% and 36% for the upper sandy soil layer.  

 

Bulk Density:  

b=19.32 and 27.66 [kN/m3]. The high 

densities are attributed to the shale that is consolidated and changed to clay stone.  

 

Unconfined Compressive Strength:  

The unconfined compression test was conducted on four samples of the clay shale and the unconfined 

compressive strength was found between qu=571 and 2002 [kN/m2]  (Table 5.22).  

 

Table 5.22 Results of unconfined compression test.  

BH 

No. 

Depth 

m 

unconfined compressive 

strength qu 

[kN/m
2
] 

BH-2 16.5 2002 

BH BS-2 29.0 571 

BH-3 16.5 3710 

BH-5 18.0 1513 

 

Shear Parameters:  

The direct shear test indicated that the angle of internal friction of the upper soil layer ranges between 

 Table 5.23). The triaxial 

test was carried out for two well-cemented clayey sand samples ( Table 5.23). The cohesion is found to 



 140 

range between cu =132 and 232 [kN/m2] and t

21 degrees.  

 

Table 5.23 Results of shear tests.  

BH 

No. 

Depth 

m 

Cohesion cu 

[kN/m
2
] 

Angle of internal 

friction  [] 

BH-2 4.5 0.4 25 

BH-1 7.5 0.9 27 

BH-2 10.5 232 11 

BH-2 13.5 132 21 

 

 

Consolidation Parameters:  

The consolidation test reported a compression index Cc of 0.096 to 0.142 and a recompression index 

Cr of 0.024 to 0.027 ( Table 5.24). The overall consolidation ratio is estimated between 2.5 and 3.5.  

 

Table 5.24 Results of clayey shale.  

BH 

No. 

Depth 

m 

Pc 

[kN/m
2
] 

Cc 

[-] 

Cr 

[-] 

eo 

[-] 

Wo 

[%] 

b 

[kN/m
3
] 

BH-1 19.5 1600 0.142 0.027 0.589 22 21 

BH BS-2 24 1200 0.096 0.024 0.486 16 21 
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where: 

Cc Compression index for loading 

Cr Compression index for reloading 

eo Void ratio 

Wo  Water content, [%] 

b Unit weight of the soil, [kN/m
3
] 

Pc  Overburden pressure, [kN/m
2
]  

Pile Load Test:  

Two pile load tests, in compression, were carried out for piles of 0.8 and 0.6 m diameter and length 

16 m. The test procedure conformed to the static load test method for individual piles in ASTM 

D1143. Results of pile load tests are shown in  Table 5.25, while equipment is shown in  Figures 5.48 

and 5.49, respectively.  

  

Table 5.25 Results of pile load tests  

Pile 

No. 

Diameter 

M 

Length 

m 

Working load   

kN 

Observed settlement   

[cm] 

working load 1.5 x working load 

1 0.8 16 2000 0.50 0.86 

2 0.6 16 1200 0.08 0.14 

 

Furthermore, two pile load tests were carried out for piles of 0.8 m and 0.6 m diameters and 17 m in 

length for the basement area of the building. Piles were tested 2 months from completion. Cut-off 

level of piles in the basement area is about 3 m below the present top level of pile level. In order to 
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eliminate skin friction in the top 3-metre zone, oversize casing was pushed from the top for 0.6 m 

diameter piles. Depth of casing for the 0.6 m pile was 1.87 m from the top of the pile. Casing was not 

installed for the 0.8 m pile. Results of the pile load tests are shown in  Table 5.26.  

 

Table 5.26 Results of pile load tests.  

Pile 

No. 

Diameter 

m 

Length 

m 

Working load   

kN 

Observed settlement   

[cm] 

Working load 1.5 x working load 

1 0.8 17 2000 0.108 0.191 

2 0.6 17 1200 0.062 0.116 

 

Acceptance Criteria for Pile Settlement:  

It is normal practice that the designer establishes acceptance criteria for settlement. Since no 

acceptance criteria are available for this project, acceptance criteria commonly used are listed below:  

 

- Settlement at working load for a single pile should not exceed 1.5 [cm] plus the elastic 

shortening of the pile due to its elastic material.  

- Settlement should not exceed 2.0 [cm] plus the elastic shortening of the pile due to its elastic 

material at 1.5 times working load.  
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Figure 5.48 Pile load test loading gauge. 

 

 

                                                Figure 5.49 Pile load test hydraulic jacks.  

 

5.3.2.4 Recommended Foundation Type:  

In view of the subsurface conditions, bored piles are recommended as the appropriate type of 

foundation for the Al-Hasa Hospital building. Primary calculation showed that the net allowable load 

capacity of 80 [cm] and 60 [cm] diameter piles with a length of 16 m, embedded into well-cemented, 

very dense sand is estimated as 2000 kN and 1200 kN, respectively. The expected total settlement is 

estimated at 1.5 [cm] for the single pile, 3.0 for pile groups and 5.0 [cm] for a piled raft. The 
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differential settlement will be in the order of 1.1cm  from author‘s experience .  This settlement will 

be tolerated by such a foundation system.  

 

5.3.3 Soil Parameters  

To carry out a single pile analysis, the subsoil is considered as indicative of the generalized boring log 

  erugiF 5.50) and consists of two main layers. The total depth of the soil under the ground surface is 

taken to be 30 m (effective soil depth). The first layer represents the silty to clayey sand and extends 

to a depth of 18 m under the ground surface. This layer is underlain by a layer of clay shale to clay 

stone and extends to 30 m under the ground surface. As the chosen pile length is 16 m, therefore most 

of the pile length is embedded in the first layer. The layer of poorly graded sand with silt near the 

surface is neglected for analyzing single pile because the depth of the foundation df is greater than that 

of this layer.  

 

Elastic Modulus:  

Elastic modulus of the first layer of silty to clayey sand may be taken as an average value of Es = 

150000 [kN/m2], while that of the second layer of clay shale is taken as Es = 15000 [kN/m2].  

 

Undrained Cohesion:  

The undrained cohesion cu of the soil along the pile length ranges between cu=132 [kN/m2] and cu=232 

[kN/m2]. It can be taken as an average value of cu=200 [kN/m2].  

 

The undrained cohesion cu of the soil under the pile tip may be estimated from the unconfined 

compressive strength of the clay shale   eoseF 5.22), emFiF it equals a half the unconfined compressive 

strength (cu=qu/2) when =0. From the soil testing it is observed that the unconfined compressive 

strength ranges between qu=571 and 2002 [kN/m2]. Therefore, the undrained cohesion can be taken as 

cu=400 [kN/m2], where cu must be not greater than 400 [kN/m2] according to DIN 4014, when 

calculating the bearing capacity of the bored pile.  

 

Limit Pile Load:  

A pile limit load Ql is used as parameter geometry for the hyperbolic curve of the nonlinear response 

of load–settlement relation. It is different from the ultimate pile load listed in Appendix D. Russo 
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(1998) suggested a limit shaft friction not less than Ql =180 [kN/m2] meeting the undrained shear 

strength of 200 [kN/m2]. To carry out the present analysis a limit shaft friction of Ql = 180 [kN/m2] is 

assumed, which gives a limit pile load of Ql = 5.4 and 7.2 [MN] for piles of 0.6 and 0.8 m diameters, 

respectively. The pile limit load for piles of 0.8 m diameter is calculated from:  

 

[MN] 7.2 [kN] 723816*0.8**801**π*  lDq Ql l                  (5.11) 

 

for piles of 0.6 m diameter the pile load limit is calculated from:  

 

[MN] 5.4 [kN] 542916*0.6**801**π*  lDq Ql l                  (5.12) 

 

For pile group analysis, piled raft and raft or isolated footings, more details of soil layers may be 

considered to take into account the effect of reloading pressure on the soil due to removed soil of 

depth df. According to Kany (1974), the values of elastic modulus for reloading part Ws ranges 

between 3 and 10 times of elastic modulus of loading part Es. From experience, the modulus Ws for 

reloading can be taken 1.5 to 5 times as the modulus Es for loading. In the current study, Ws is taken to 

be three times Es. Uplift pressure due to groundwater is neglected in the analysis. The subsoil is taken 

as indicated in the generalized boring log of  erugiF 5.50 which shows two main layers.  sre 

foiohFsFis oiF erssFe ra  Table  .   and boring log in  erugiF 5.50.  
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Table 5.27 Soil parameters adapted for analyzing pile groups, piled raft and raft.  

Layer No. Layer depth 

z m 

Unit weight 

s [kN/m
3
] 

Elastic modulus 

Loading 

Es [kN/m
2
] 

Reloading 

Ws [kN/m
2
] 

1 1.0 18 20000 60000 

2 6.0 10 20000 60000 

3 12.0 10 80000 240000 

4 18.0 10 150000 150000 

5 30.0 12 15000 45000 

 

Poisson’s Ratio:  

Poisson’s ratio of the soil for all layers is taken to be s = 0.3  

 

 

5.3.4 Pile Caps, Raft and Pile Material  

Sulfate-resisting cement is recommended for all underground concrete with a minimum cover to 

reinforce steel of 7.5 [cm]. Pile caps, piled raft and raft or isolated footings have the following 

material parameters:  

 

Young's modulus Eb = 3.4 * 107 [kN/m2]  

Poisson's ratio b     = 0.2  

Unit weight γb = 25 [kN/m3]  

 

Piles have the following material parameters:  

Young's modulus Eb = 2.35 * 107 [kN/m2]  

Unit weight γb = 25 [kN/m3]  
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                     Figure 5.50 Generalized soil profile adapted for analyzing single pile.  
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                     Figure 5.51 Generalized soil profile adapted for analyzing pile groups, piled raft and raft.  
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5.3.5 Analysis of the Foundation  

Using available data and measurement results of the Al-Hasa Hospital pile foundation, the present pile 

foundation analysis is evaluated numerically and verified for analyzing pile foundations in the Al-

Hasa area.  

 

5.3.5.1 Single Pile Analysis:  

In order to verify the effectiveness of numerical procedures and to check the estimated model 

parameters, a single pile analysis was first performed to simulate the pile load test. Analysis was 

carried out using the generalized soil profile presented in  erugiF 5.50 .Two different pile diameters are 

 m, while that of the 

 m. Pile length for both piles is l = 16 m. The load on pile one is taken as  000 kN, 

while that on pile two is taken as   00 kN. Piles are assumed to be embedded    m into the silty to 

clayey sand layer and the rest of the pile length is in the clay layer.  erugiFs 5.52–5.58 show results of 

analyzing both piles, while  eoseF 5.28 oae  Table 5.29 list a comparison between settlements and 

reaction forces of piles according to different calculations. The force in the pile base is calculated 

from the sum of forces in the previous three nodes on the pile.  

 

The analysis of single pile was performed considering the following assumptions:  

 

(a) Linear analysis, where:  

 

- A pile is considered as fully rigid due to the high rigidity in its length. In this case, the settlement in 

the pile is uniform.  

- A pile is elastic and has the concrete material as indicated in Appendix D.  

 

(b) Nonlinear analysis  

 

For safety, settlement from pile load test under 1.5 × working load is taken as a limit value 

corresponding to that obtained from the numerical analysis under the assumed loading. From  erugiF 

5.52 , Figure 5.56 and  Table 5.28 it is observed that there is agreement between the numerical 

settlement for pile one, in case of elastic pile (0.65–0.90 [cm]) and measurements (0.5–0.86 [cm]). 
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Settlement of pile two obtained from numerical analysis (0.36–0.55 [cm]) is greater than that obtained 

from measurements (0.08–0.14 [cm]). These values are acceptable because the numerical analysis 

predicts the final settlement, which may be greater than that obtained from the pile load test. This is 

related to the test as carried out in a short period in comparison with that of the real project.  

 

 Figures  .   and  5.56 show that settlement at the pile head is less than that at the pile tip. Settlement 

from rigid analysis is uniform along the pile but with values greater than that of elastic analysis. Rigid 

settlement can be taken as an average value of settlement along the pile.  

 

As expected from  erugiFs 5.54 and 5.58, settlement obtained from nonlinear analysis (1.48 [cm] for 

pile one and 0.91 [cm] for pile two is greater than that obtained from linear analysis (1.07 [cm] for 

pile one and 0.71 [cm] for pile two.  
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Figure 5.52 Settlement along the pile  Φ = 0.8 m). 
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Figure 5.53 Reaction forces along the pile  Φ = 0.8 m). 
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Figure 5.54 Load-settlement curve of pile  Φ = 0.8 m). 

 

In the non linear case, the settlement shows inclination to reach a limit but the linear continue to 

increase, but both of them are within the allowable load even though small differences appear. 
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Figure 5.55 Load-settlement curve of pile according to  IN  0    Φ = 0.8 m). 

 

Pile resistance is greater than tip and skin resistance but skin resistance and pile resistance do not 

show inclination before the allowable load 
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                                  Figure 5.56 Settlement along the pile  Φ = 0.6 m).  
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Figure 5.57  m). 
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Figure 5.58 Load-  m). 
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Figure 5.59 Load-  m). 

 

 

Table 5.28 Settlement of single piles according to different calculations.  

Pile 

diameter 

m 

Expected 

settlement 

according 

to 

DIN 4014 

[cm] 

Expected settlement due to numerical 

calculation 

[cm] 

Observed  

settlement   

[cm] 

Linear analysis Nonlinear 

analysis 

 

working  

load 

1.5 x 

working 

load 
Rigid pile Elastic pile 

0.8 0.98 1.07 0.65-0.90 1.48 0.50 0.86 

0.6 0.68 0.71 0.36-0.55 0.91 0.08 0.14 
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Table 5.29 Pile reaction according to different calculations.  

Pile 

diameter 

m 

Pile  

load 

kN 

Expected pile reaction 

according to DIN 4014 

kN 

Expected pile reaction due to numerical 

calculation 

kN 

Rigid pile Elastic pile 

Shaft Base Shaft base Shaft Base 

0.8 2000 1400 600 1710 290 1791 209 

0.6 1200 900 300 1040 160 1110 90 

 

The load-settlement curve of piles according to DIN 4014 was performed to estimate the bearing 

capacity of the pile and limit settlement according to the German standard   erugiFs  .   and  5.59). 

Soil around the pile shaft is considered as a layer of cu= 200 [kN/m2], while the soil under the pile tip 

is taken as a layer of cu=400 [kN/m2]. However, DIN 4014 defines the layer as a pure cohesive or non-

cohesive soil, but with relatively high cohesion of the two soil layers, and for simplicity, the 

calculation was carried out from the soil parameter cu. Allowable bearing capacities of pile one and 

pile two with a factor of safety 2 were found to be 1860 and 1258 kN, respectively. These values are 

nearly the same as the estimated allowable bearing capacities in Appendix D. Expected settlement was 

0.99 [cm] for pile one and 0.69 [cm] for pile two. The settlement is within the range of that calculated 

numerically. Pile two has greater settlement than recorded settlement from the pile load test.  

 

It is found from the load-settlement curve of  erugiFs  .   and  .   and from reaction forces along the 

pile in  erugiFs  .   and  5.57 that most of the pile load resists the shaft. Shaft resistance according to 

 IN  0   is  0–    from the applied load, while that according to numerical analysis is 86–    

  eoseF  5.29)  
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Finally, from the above evaluation of single pile analysis it can be concluded that the proposed soil 

parameters can be used safely in the analysis of pile groups or the piled raft of the Al-Hasa Hospital.  

5.3.5.2 Pile Group Analysis:  

As mentioned before, the foundation of the Al-Hasa Hospital was analyzed on the basis of isolated 

pile caps. Each pile cap rested on a number of pile groups depending on the applied load on the cap. In 

the original analysis of pile cap, piles were considered as non-settled supports and there was no 

contact between the pile cap and soil. Besides, there was no connection between pile caps. In realty, 

pile caps are located directly on the soil and connected together with a raft of thickness ranges 

between 0.4 and 0.5 m. Therefore, the assumptions of the previous analysis lead to overestimated 

design results. To show the difference between results when analyzing pile foundations of the Al-Hasa 

Hospital and neglecting some of the above considerations, four typical pile caps from the original 

design are selected and studied as shown in Appendix   and  eoseF 5.30 .In the analysis, the pile cap is 

assumed to have the full load capacity. However, the actual load on pile cap is less than assumed.  

 

Table 5.30 Selected pile cap types.  

Pile 

cap 

No. 

 

No. 

of 

piles 

Cap dimensions Pile spacing Cap 

thickness 

t 

m 

Pile 

diameter 

 

m 

Load on 

pile cap  

P 

kN 

Length 

L 

m 

Width 

B 

m 

x-direction 

Sx 

m 

y-direction 

Sy 

m 

1 4 3.5 3.5 2.0 2.0 1.35 0.8 8000 

2 4 3.0 3.0 1.8 1.8 1.05 0.6 4800 

3 6 5.5 3.5 2.0 2.0 1.35 0.8 12000 

4 6 5.2 3.0 2.0 1.8 1.35 0.6 72000 
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5.3.5.3 Piled Raft Analysis:  

The pile foundation system for the Al-Hasa Hospital consists of groups of small pile caps and in the 

middle a large pile cap. Large pile cap behaviour may be considered the same as that of the piled raft. 

This piled raft is analyzed to show the behaviour of the piled raft in the Al-Hasa Hospital. The raft is 

rectangular and has a length of L = 14.40 m and width of B = 6.0 m. Raft thickness is 1.05 m. The raft 

rests on 21 bored piles. Each pile is 16.0 m long and 0.6 m in diameter. Piles are spaced at 2.2 m 

centres on a square grid as shown in Appendix B. The raft is supposed to have a uniform load of p = 

292 [kN/m2].  

 

5.3.5.4 Carrying out the Analysis of Pile Caps and Piled Raft:  

Caps and raft are divided into rectangular plate elements as shown in Appendix B. Element side range 

is between 0.45 and 0.75 m. Piles are divided into line elements 0.5 m in length. The pile caps and the 

raft are considered as elastic plates supported on piles, each has a uniform settlement along its length. 

The effective depth of the soil layers under the ground surface is taken to be H = 30 m. Foundation 

depth is df = 3.0 m.  

 

Pile caps and piled rafts are analyzed four times as:  

 

 - Linear analysis without soil contact  

 - Nonlinear analysis without soil contact  

 - Linear analysis with soil contact  

 - Nonlinear analysis with soil contact  

 

In addition to the above analyses for pile cap and piled rafts, the pile cap is analyzed as an isolated 

footing, while the piled raft is analyzed as an un-piled raft. Both are the same dimensions, load and 

soil condition of pile foundation.  
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5.3.6 Results and Discussions  

Appendix B shows results of settlements, contact pressures, moments, shear forces and pile forces for 

the four analysis types. Error! Reference source not found. to Error! Reference source not found., 

summarizes these results. Figure 5.60 presents the results of settlement samples. While Figure 5.61 

and 5.67 present the results of pile caps and piled rafts respectively. Nearly same conclusions were 

reached in first case study as in this case study. 

 

Table 5.31 Comparison of results for different analysis types for pile cap 1.  

Type of analysis 

Pile cap 

as a 

footing 

Cap without soil 

contact 

Cap with soil 

contact 

Linear Nonlinear Linear Nonlinear 

Central settlement scenter [cm] 5.04 2.30 3.17 2.40 2.78 

Corner settlement scorner [cm] 4.97 2.30 3.17 2.38 2.76 

Max. differential settlement 

s [%] 
1.39 0.00 0.00 0.83 0.72 

Bearing factor αkpp [%] - 100 100 78 72 

Pile force PP kN - 2000 2000 1560 1443 

Contact pressure 

q [kN/m
2
] 

Max. 1864 - - 588 675 

Min. 376 - - 24 27 

Bending moment 

mx [kN.m/m] 

Max. 2565 2414 2415 2475 2477 

Min. 81 -58 -57 63 65 

Shear force 

Qx [kN/m] 

Max. 3277 3266 3266 3270 3275 

Min. -3277 -3266 -3266 -3270 -3275 
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Table 5.32 Comparison of results for different analysis types for pile cap 2.  

Type of analysis 

Pile cap 

as a 

footing 

Cap without soil 

contact 

Cap with soil 

contact 

Linear Nonlinear Linear Nonlinear 

Central settlement scenter [cm] 3.49 1.50 1.93 1.60 1.81 

Corner settlement scorner [cm] 3.46 1.50 1.93 1.59 1.80 

Max. differential settlement 

s [%] 
0.86 0.00 0.00 0.63 0.55 

Bearing factor αkpp [%] - 100 100 75 71 

Pile force PP kN - 1200 1200 895 853 

Contact pressure 

q [kN/m
2
] 

Max. 1477 - - 525 463 

Min. 325 - - 21 19 

Bending moment 

mx [kN.m/m] 

Max. 639 580 580 608 607 

Min. 15 -57 -57 8 7 

Shear force 

Qx [kN/m] 

Max. 638 590 590 609 599 

Min. -634 -586 -586 -604 -600 
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Table 5.33 Comparison of results for different analysis types for pile cap 3.  

Type of analysis 

Pile cap 

as a 

footing 

Cap without soil 

contact 

Cap with soil 

contact 

Linear Nonlinear Linear Nonlinear 

Central settlement scenter [cm] 5.52 2.88 4.07 3.03 3.42 

Corner settlement scorner [cm] 5.43 2.88 4.07 2.94 3.32 

Max. differential settlement 

s [%] 
1.66 0.00 0.00 2.97 2.92 

Bearing factor αkpp [%] - 100 100 78 62 

Max. pile force PP kN - 2380 2295 1732 1400 

Contact pressure 

q [kN/m
2
] 

Max. 1883 - - 825 675 

Min. 395 - - 33 27 

Bending moment 

mx [kN.m/m] 

Max. 4703 2662 2666 4679 4699 

Min. 167 -783 -779 155 151 

Moment 

my [kN.m/m] 

Max. 3634 3559 3561 3581 3583 

Min. 130 -822 -820 101 31 

Shear force 

Qx [kN/m] 

Max. 5027 4508 4499 5046 5054 

Min. -5042 -4505 -4501 -5046 -5039 

Shear force 

Qy [kN/m] 

Max. 4864 6831 3561 5151 5243 

Min. -4869 -6819 -820 -5145 -5234 
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Table 5.34 Comparison of results for different analysis types for pile cap 4.  

Type of analysis 
Pile cap as a 

footing 

Cap without soil 

contact 

Cap with soil 

contact 

Linear Nonlinear Linear Nonlinear 

Central settlement scenter [cm] 3.80 1.84 2.39 1.94 2.16 

Corner settlement scorner [cm] 3.70 1.84 2.39 1.89 2.10 

Max. differential settlement 

s [%] 
2.63 0.00 0.00 2.58 0.55 

Bearing factor αkpp [%] - 100 100 73 69 

Max. pile force PP kN - 1358 2295 952 887 

Contact pressure 

q [kN/m
2
] 

Max. 1554 - - 588 525 

Min. 306 - - 24 21 

Bending moment 

mx [kN.m/m] 

Max. 2903 1543 1531 2896 2913 

Min. 107 -462 -461 100 93 

Bending moment 

my [kN.m/m] 

Max. 2129 2138 2126 2113 2122 

Min. 77 -502 -503 13 -3 

Shear force 

Qx [kN/m] 

Max. 3100 2696 2702 3101 3098 

Min. -3092 -2696 -2698 -3091 -3094 

Shear force 

Qy [kN/m] 

Max. 3173 4472 4457 3390 3418 

Min. -3152 -4469 -4460 -3391 -3411 
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Table 5.35 Comparison between results of different analysis types for piled raft.  

Type of analysis un-piled raft 
Raft without soil contact Raft with soil contact 

Linear Nonlinear Linear Nonlinear 

Max. settlement smax [cm] 4.69 3.09 4.19 3.25 3.48 

Min. settlement smin [cm] 4.19 3.09 4.19 2.68 2.93 

Max. differential settlement s [%] 10.66 0.00 0.00 17.54 15.81 

Bearing factor αkpp [%] - 100 100 61 57 

Max. pile force PP kN - 2200 1925 1024 928 

Contact pressure 

q [kN/m
2
] 

Max. 1345 - - 613 675 

Min. 253 - - 25 27 

Bending moment 

mx [kN.m/m] 

Max. 666 102 101 848 810 

Min. 30 -367 -368 -88 -67 

Bending moment 

my [kN.m/m] 

Max. 264 99 98 361 346 

Min. 12 -381 -382 -119 -99 

Shear force 

Qx [kN/m] 

Max. 144 629 630 490 438 

Min. -144 -619 -618 -483 -439 

Shear force 

Qy [kN/m] 

Max. 127 594 595 426 383 

Min. -126 -595 -594 -427 -385 
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                     Figure 5.60 Settlement s (pile cap 3 linear analysis with soil contact).  
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                            Figure 5.61 Settlement s (linear analysis with soil contact).  
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From the results of figures in Appendix A and the above tables it can be noticed that:  

 

(a) Settlement  

- As the assumed load on the pile caps and raft is considered the full load capacity, the actual expected 

settlement will be less than that calculated.  

- As it is known that settlement of a single pile is due to only soil–pile interaction, considering the 

interaction between pile–pile and pile–cap (or pile raft) in pile groups (or piled raft), settlement 

obtained from single pile analysis is less than that obtained for pile groups (or piled raft). For linear 

analysis, settlement of pile–cap ranges between 0.538 [cm] and 0.564 [cm] and for piled raft is 0.875 

[cm].  

- As expected, settlement from nonlinear analysis for the pile cap or piled raft is greater than that 

obtained from linear analysis.  

- The nonlinear settlement exceeds linear settlement by 25 to 27% for cap without soil contact and by 

21 to 23% for cap with soil contact. For piled raft, the nonlinear settlement exceeds linear settlement 

by 31% for raft without soil contact and by 18% for raft with soil contact.  

- For a single analysis, either linear or nonlinear, the difference in settlement obtained from analyzing 

the pile cap or piled raft with or without soil contact is small; this means that quantitative analysis can 

be used for estimating the settlement.  

- Making comparisons between settlements obtained from the pile cap with and without soil contact, 

analyzed linearly or nonlinearly, it can be observed that soil contact exceeded settlement, where the 

first soil layer is a weak layer.  

- Settlement of a pile cap as an isolated footing exceeds the maximum allowable settlement. If it is 

known that according to ECP, the maximum allowable settlement for an isolated footing on pure sand 

is 3.0 [cm] and on pure clay is 5.0 [cm]. Therefore, an isolated footing is not a suitable foundation 

type for the Al-Hasa Hospital and other such structures.  

- By comparing settlements obtained from isolated footings and pile caps with soil contact, analyzed 

linearly, it is observed that the pile cap type reduced settlement by 99%.  

 

- When the findings between settlements are compared with un-piled raft and piled raft with soil 

contact, analyzed linearly, it is observed that the piled raft type reduced settlement by 98%.  



 165 

- Differential settlement obtained from isolated footing type is greater than that obtained from pile cap 

type.  

- Although the applied load is centric, the contour line of settlement for isolated footing and un-piled 

raft takes an unsymmetrical shape. This is related to the high rigidity of the cap and the raft thickness. 

One can see this action obviously for contour lines of settlement of pile cap as an isolated footing and 

of piled raft as raft.  

- The great value of settlement when analyzing pile foundation, as isolated footing or un-piled raft, is 

related to the weak soil. This means that isolated footings and un-piled rafts are not suitable for this 

area.  

 

 

(b) Force on Pile Head  

- Linear analysis gives a pile load at the edge of the piled raft greater than that at the centre. 

Consequently, the pile load at the edge may exceed the allowable pile load capacity. Therefore, one 

must be careful when estimating the arrangement and number of piles.  

- Using nonlinear analysis redistributes pile loads by increasing values of inner piles and decreasing 

values of edge piles.  

- Comparing pile loads obtained from pile caps with and without soil contact, analyzed linearly, it has 

been observed that considering soil contact in the analysis reduced pile load by 6%, while for piled 

raft reduced pile load by 51%.  

 

 

(c) Bearing Factor of Piled Raft  

- The bearing factor of pile caps and piled rafts from nonlinear analysis is less than that obtained from 

linear analysis. For pile caps the difference in bearing factor ranges between 3% and 4%, while for 

piled raft is 6%.  

- Considering soil contact between the cap and soil for linear analysis gives a bearing factor of 95–96%, 

while for nonlinear analysis it gives a bearing factor of 92%.  

- Considering soil contact between the raft and soil for linear analysis, gives a bearing factor of 87%, 

while that for nonlinear analysis it gives a bearing factor of 83%. It means that a piled raft distributes 

loads on the soil better than the pile cap.  
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(d) Contact Pressure  

- Pile cap reduced the maximum contact pressure by 96%, while using a piled raft reduced the 

maximum contact pressure by 93%.  

- Nonlinear analysis redistributes the contact pressure under the foundation, the difference between 

contact pressure deduced from linear analysis and that obtained from nonlinear analysis is 21–25% for 

pile caps and for piled raft 20%.  

 

 

(e) Internal Forces  

- For the different types of pile cap analysis, it is found that there are no great differences in bending 

moments and shear forces.  

 

The designed sections of pile caps and piled raft in this study are great enough to resist internal forces. 

Consequently, the soil settlement and soil reaction are the main factors governing the problem of the 

foundation choices in the Al-Hasa area.  
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5.4 Parametric Studies  

 

5.4.1 General  

The parametric study is a wide study of various parameters such as pile diameter, pile length and 

number of piles to obtain a wider range of outputs by changing the input values. The objective of the 

parametric study in this research is to perform a detailed numerical investigation to find the effects of 

each change and its value on the pile settlement and capacity. This study is undertaken to examine the 

behaviour of pile caps in the Al-Hasa area under various conditions and parameters. It aims to develop 

a tool to optimize the cost of the piles to a minimal level for the same settlement and carrying 

capacity. The parametric study forms a guideline based on several pile lengths, pile diameters and 

number of piles to help the designers and the investors to take the best decision in the interests of 

safety and costs for pile foundations.  

Analyzing pile caps with soil contact is a complex task because it is a three-dimensional problem with 

many possibilities. The main considerations in the analysis are the interaction between piles in the 

group, cap and soil elements; taking into account the actual loading and geometry of the pile 

foundation; and representing the soil by a layered soil model. Taking these possibilities into account, 

the proposed pile caps in Al-Hasa were analyzed by modules of compressibility for rigid cap-on-

layered subsoil models. Parameters of the parametric study are chosen to cover most possible 

variables that may affect the behaviour of pile caps.  

 

5.4.2 Studied Groups of Pile Caps  

Five different groups of pile caps with different column loads were selected from two case studies, the 

Al-Hasa Holiday Inn Hotel and the Al-Hasa Hospital, which are shown in  erugiFs  .6  to  5.66. The 

five groups are:  

 . Group 1: 3 Pile Group.  

 . Group 2: 4 Pile Group.  

 . Group 3: 5 Pile Group.  

 . Group 4: 6 Pile Group.  

 . Group 5: 7 Pile Group.  
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5.4.3 Ranges of Parametric Study Variables  

The parametric study was carried out for a wide range of foundation variables, namely column load P, 

pile diameter D and pile length l. In the parametric study, the behaviour of pile caps under various 

conditions and parameters was examined. Groups of five pile caps were taken into account to study 

the effect of the piles‘ diameter and length on the settlement and to serve as a reference for comparing 

other parameters. Ranges of parametric study variables are listed in  eoseF 5.36 . 

 

Table 5.36 Ranges of parametric study variables.  

 

 

 

 

 

 

 

Name of variables Ranges 

Column load       P kN 8000 - 12000 - 18000 

Pile diameter       D m 0.4 - 0.6 - 0.8 - 1.0 - 1.2- 1.4 

Pile length       l m 5 - 10 - 16 - 20 - 25 - 29 
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                  Figure 5.62 Group 1: 3 pile group with finite element mesh and dimensions.  
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                        Figure 5.63 Group 2: 4 pile group with finite element mesh and dimensions.  
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                        Figure 5.64 Group 3: 5 pile group with finite element mesh and dimensions.  
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                 Figure 5.65 Group 4: 6 pile group with finite element mesh and dimensions.  
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                Figure 5.66 Group 5: 7 pile group with finite element mesh and dimensions.  

 

5.4.4 Types of Soil  

To carry out the analysis, the subsoil is considered in the generalized boring log of  erugiF 5.67 .This 

boring log may be taken as a typical soil profile for most of Al-Hasa area. The total depth of the soil 

under the ground surface is considered at 35 m. The ground surface in the area of Al-Hasa is underlain 

by a weak soil layer to the depth of 4.5 m under the ground surface. The foundation depth is taken to 

be df = 1.5 m. below the surface soil are layers of clay. The clay extends to an average depth of about 

35 m below the ground surface. The clay is presumed to be resting on a very hard layer. The ground 

water level lies at the depth of 1.5 m. Therefore, the uplift pressure has no influence on the pile cap. 

The dry unit weight of the soil is taken to be γs = 18 [kN/m3]. The  odulus of compressibility of the 

soil layers is shown in the boring log of  erugiF 5.67 .The reloading modulus of compressibility Ws is 

taken to be equal to three times that of loading Es, Ws=3 Es  
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                                Figure 5.67 Typical boring log of Al-Hasa region.  
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5.4.5 Results and Discussions  

 

5.4.5.1 Allowable Bearing Capacity of Single Pile:  

The allowable bearing capacity of the single pile for different pile lengths and diameters in Al-Hasa 

has been determined. The basic calculation of allowable bearing capacity of single pile is described in 

section  . . . .  erugiF  .68 shows skin friction force of single pile for different pile lengths and 

diameters while  erugiF 5.69 smses smF Fae sFoirau psipF sp a single pile for different pile lengths and 

diameters.  erugiF 5.70 smses smF oeeseoseF sFoirau pofoprsa sp a single pile for different pile lengths 

and diameters. From these figures it can be concluded that:  

 

 - Most of the pile force is resisted by skin friction force.  

 - Skin friction resistance increases linearly with depth while the end bearing resistance remains  

constant with a depth for two intervals.  

 - Increasing either the pile length or the pile diameter increases the bearing capacity of the pile.  

 

5.4.5.2 Settlement of Single Piles and Pile Group  

Using ELPLA software, the settlement is calculated in different situations for single pile and pile 

groups.  erugiFs 5.71–5.76 show settlement diagrams for different pile lengths and diameters. 

Settlements are obtained for both single piles and pile groups. For determining the settlement of pile 

groups, caps without contact with the soil are considered. From these figures it can be concluded that:  

 

 - Single pile behaviour is different from that of pile groups. Therefore, the designer should take 

care with results of single piles compared with those of piles in the pile group.  

 - As most pile force is resisted by friction, it is clear that the pile length has a great influence on 

settlement. Increasing pile length for single piles for piles of any diameter decreases the 

settlement.  

 

More descriptions for settlement behaviour are presented in the next two sections for group action 

ratio and critical depth.  
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5.4.5.3 Group Action Ratio:  

It is known that the settlement of the pile in the pile group is greater than that of the single pile. This 

action is studied by comparing the settlement of the single pile with that of the pile group in a ratio. 

The group action ratio is an important design parameter for pile foundation because most of the pile 

tests are carried out for single piles, while analysis is carried out for pile groups and full interaction 

between pile–pile must be considered. To get the actual design, this ratio should be determined. The 

group action is defined by the following expression:  

 

100
Sg

Ssp
rga                                                                 (5.13) 

 

where:  

rga Group action ratio, [%].  

Ssp Settlement in a single pile, m.  

Sg Settlement of pile in the group, m.  

Calculation of the pile group should not be taken in the same ratio relative to the single pile; it 

depends on the depth and size of the pile.  

 

 eoseFs  .   to  5.54 show group action ratio for different pile groups with different pile lengths and 

diameters. From these tables it can be concluded that:  

 

 - A short pile length gives group action ratio between 40% and 50%.  

 - Group action ratio decreases with increasing pile length.  

 - Increasing pile diameter increases group action ratio.  

 - For the same pile length and diameter, group action ratio is equal and independent of the 

number of piles in the group.  

 - For this study the group action ratio ranges on a wide scale between 3% and 60%. Therefore, 

a specified ratio cannot be decided for all pile diameters and lengths.  
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5.4.5.4 Critical Depth:  

It can be observed from settlement diagrams of  erugiFs  .   to  5.76 that settlement decreases with 

increasing pile length until a depth when the increase of pile length increases the settlement. This 

depth may be considered as the critical pile length. The critical depth is independent of the number of 

piles in the pile group.  

 

It is found from settlement diagrams that the critical pile lengths for piles having 0.4, 0.6 and 0.8 m 

diameters are 10, 16 and 22 m, respectively. From these values an empirical linear equation can be 

derived to determine the critical pile length in the Al-Hasa area. The following empirical equation 

represents the critical pile length:  

DLc 255                                                                (5.14) 

 

Where:  

Lc Critical pile length, m.  

D Pile diameter, m.  

 

It is recommended in the Al-Hasa area to use pile diameters more than 0.4 m to ensure a long critical 

depth. Settlement for this size diameter leads to increasing settlement after 10 m of pile length.  

In figures it can be seen that single piles have not reached a critical depth. This phenomenon is 

observed in pile groups.  
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                        Figure 5.68 Skin friction of single pile for different pile lengths and diameters.  
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                        Figure 5.69 End bearing of single pile for different pile lengths and diameters.  

End bearing force change when the cohesion (Cu ) increases table (5.8) 
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              Figure 5.70 Allowable bearing capacity of single pile for different pile lengths and diameters.  

Skin friction force change when the cohesion (Cu ) & the depth increase table (5.7) 
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                              Figure 5.71 Settlement diagram for pile diameter D = 0.4 m.  
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                             Figure 5.72 Settlement diagram for pile diameter D = 0.6 m.  
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                        Figure 5.73 Settlement diagram for pile diameter D = 0.8 m.  
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                     Figure 5.74 Settlement diagram for pile diameter D = 1.0 m.  
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Figure 5.75 Settlement diagram for pile diameter D = 1.2 m. 
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                           Figure 5.76 Settlement diagram for pile diameter D = 1.4 m.  

It appears that the big piles size needs a longer length to show deflection. 
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Table 5.37 Group action ratio for pile diameter D = 0.4 m.  

Column load 6000 kN 8000 kN 8000 kN 12000 kN 

Depth 3 Pile Group 4 Pile Group 

5 48% 48% 47% 47% 

10 23% 23% 25% 25% 

16 12% 12% 12% 12% 

20 8% 8% 8% 8% 

25 5% 4% 5% 5% 

29 3% 3% 3% 3% 

 

 

 Table 5.38 Group action ratio for pile diameter D = 0.4 m.  

Column load 10000 kN 15000 kN 12000 kN 18000 kN 

Depth 5 Pile Group 6 Pile Group 

5 45% 45% 40% 40% 

10 24% 24% 22% 22% 

16 13% 12% 12% 11% 

20 8% 8% 8% 8% 

25 5% 5% 5% 5% 

29 3% 3% 3% 3% 
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 Table 5.39 Group action ratio for pile diameter D = 0.4 m.  

Column load 14000 kN 21000 kN 

Depth 7 Pile Group 

5 37% 37% 

10 20% 20% 

16 10% 10% 

20 7% 7% 

25 4% 4% 

29 3% 3% 

 

 Table 5.40 Group action ratio for pile diameter D = 0.6 m.  

Column load 6000 kN 8000 kN 8000 kN 12000 kN 

Depth 3 Pile Group 4 Pile Group 

5 46% 45% 51% 51% 

10 33% 32% 33% 33% 

16 19% 20% 19% 19% 

20 13% 13% 13% 14% 

25 8% 8% 9% 9% 

29 5% 5% 6% 6% 
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 Table 5.41 Group action ratio for pile diameter D = 0.6 m.  

Column load 10000 kN 15000 kN 12000 kN 18000 kN 

Depth 5 Pile Group 6 Pile Group 

5 49% 48% 42% 42% 

10 31% 31% 28% 27% 

16 19% 19% 17% 17% 

20 13% 14% 12% 13% 

25 9% 9% 9% 8% 

29 6% 6% 6% 6% 
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 Table 5.42 Group action ratio for pile diameter D = 0.6 m.  

Column load 14000 kN 21000 kN 

Depth 7 Pile Group 

5 39% 38% 

10 26% 25% 

16 16% 16% 

20 11% 12% 

25 8% 8% 

29 6% 5% 

 

 Table 5.43 Group action ratio for pile diameter D = 0.8 m.  

Column load 6000 kN 8000 kN 8000 kN 12000 kN 

Depth 3 Pile Group 4 Pile Group 

5 60% 59% 53% 51% 

10 41% 42% 35% 36% 

16 26% 26% 25% 24% 

20 15% 15% 18% 18% 

25 13% 13% 12% 13% 

29 9% 9% 9% 9% 
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 Table 5.44 Group action ratio for pile diameter D = 0.8 m.  

Column load 10000 kN 15000 kN 12000 kN 18000 kN 

Depth 5 Pile Group 6 Pile Group 

5 49% 48% 42% 41% 

10 32% 33% 29% 29% 

16 23% 23% 21% 21% 

20 18% 17% 16% 16% 

25 12% 13% 11% 12% 

29 9% 9% 8% 9% 

 

 Table 5.45 Group action ratio for pile diameter D = 0.8 m.  

Column load 14000 kN 21000 kN 

Depth 7 Pile Group 

5 40% 39% 

10 31% 31% 

16 20% 20% 

20 15% 15% 

25 11% 11% 

29 8% 8% 
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 Table 5.46 Group action ratio for pile diameter D = 1.0 m.  

Column load 6000 kN 8000 kN 8000 kN 12000 kN 

Depth 3 Pile Group 4 Pile Group 

5 54% 54% 51% 51% 

10 38% 39% 37% 37% 

16 29% 28% 28% 27% 

20 18% 18% 21% 22% 

25 16% 15% 17% 16% 

29 13% 12% 12% 11% 

 

 Table 5.47 Group action ratio for pile diameter D = 1.0 m.  

Column load 10000 kN 15000 kN 12000 kN 18000 kN 

Depth 5 Pile Group 6 Pile Group 

5 47% 47% 45% 41% 

10 34% 35% 29% 30% 

16 27% 25% 23% 22% 

20 20% 20% 18% 18% 

25 17% 16% 15% 14% 

29 12% 11% 11% 10% 
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 Table 5.48 Group action ratio for pile diameter D = 1.0 m.  

Column load 14000 kN 21000 kN 

Depth 7 Pile Group 

5 39% 39% 

10 28% 29% 

16 22% 21% 

20 17% 18% 

25 15% 14% 

29 11% 10% 

 

 Table 5.49 Group action ratio for pile diameter D = 1.2 m.  

Column load 6000 kN 8000 kN 8000 kN 12000 kN 

Depth 3 Pile Group 4 Pile Group 

5 41% 41% 47% 47% 

10 47% 46% 38% 37% 

16 35% 35% 29% 29% 

20 26% 25% 24% 23% 

25 19% 20% 18% 18% 

29 12% 14% 13% 15% 
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 Table 5.50 Group action ratio for pile diameter D = 1.2 m.  

Column load 10000 kN 15000 kN 12000 kN 18000 kN 

Depth 5 Pile Group 6 Pile Group 

5 44% 43% 37% 37% 

10 34% 34% 30% 29% 

16 29% 29% 20% 20% 

20 24% 22% 20% 19% 

25 18% 17% 15% 15% 

29 13% 15% 11% 13% 

 

 Table 5.51 Group action ratio for pile diameter D = 1.2 m.  

Column load 14000 kN 21000 kN 

Depth 7 Pile Group 

5 26% 26% 

10 27% 27% 

16 23% 23% 

20 20% 19% 

25 16% 16% 

29 11% 13% 
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 Table 5.52 Group action ratio for pile diameter D = 1.4 m.  

Column load 6000 kN 8000 kN 8000 kN 12000 kN 

Depth 3 Pile Group 4 Pile Group 

5 53% 52% 48% 48% 

10 48% 46% 38% 36% 

16 35% 37% 30% 30% 

20 29% 29% 25% 25% 

25 24% 24% 21% 21% 

29 17% 17% 15% 15% 

 

 Table 5.53 Group action ratio for pile diameter D = 1.4 m.  

 

Column load 10000 kN 15000 kN 12000 kN 18000 kN 

Depth 5 Pile Group 6 Pile Group 

5 44% 43% 36% 36% 

10 36% 34% 30% 29% 

16 28% 28% 24% 24% 

20 24% 24% 21% 21% 

25 21% 21% 19% 19% 

29 15% 15% 15% 15% 
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 Table 5.54 Group action ratio for pile diameter D = 1.4 m.  

Column load 14000 kN 21000 kN 

Depth 7 Pile Group 

5 36% 36% 

10 29% 27% 

16 23% 24% 

20 20% 19% 

25 18% 17% 

29 14% 14% 

 

 



 195 

5.5 Cost Optimization  

 

5.5.1 Introduction  

 

The objective of the cost optimization study was to develop a set of values in the form of tables, 

graphs and diagrams using a computer program developed in Excel, which allowed the user to 

estimate the optimum cost of piles for any given loading condition.  

 

For any given loading condition a number of pile group configurations could be used. This program 

can identify all these permissible design configurations, once evaluation of the most appropriate cost-

effectiveness has been made.  

 

This program could be considered the by-product of the parametric studies that was reported earlier. 

The Excel program uses the bearing capacity values obtained in the parametric studies in order to 

report on the permissibility of the choice of pile groups.  

 

5.4.2 Calculation Method  

 

Five tables were used and presented for comparison purposes in this program. These tables included 

five pile groups, six different pile diameters between 0.4 and 1.4 meters and 30 piles of a depth 

between 5 and 35 meters in one metre increments (Appendix C).  

 

The equation developed in this analysis was:  

 

If: {(0.9 Qall ) < (Load from Column [Pcol] / NO. of Pile Group) < (1.1 Qall )  

feecppt DACC AlNC                                          (5.15) 

where:  

Ct Total cost, Saudi Riyal  

Cc Concrete cost, Saudi Riyal per cubic meter  

Ce Excavation cost, Saudi Riyal per cubic meter  
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Np No. of piles  

Ap Pile cross-section area, m2  

Ae Excavation area, m2  

Df Excavation depth  

l Required pile length, m  

An example of the calculation has been shown as follows:  

 

Stage 1 – Bearing capacity values from the parametric studies with constant pile diameters.  

 

Table 5.55         Shows allowable bearing capacity values for constant pile  diameter 

 Diameter of Pile - D (m) = 0.6 0.8 

Depth of 

Excavation 

Undrained 

Cohesion 

End 

Bearing 

Capacity. 

Qb [KN] 

Skin Force 

(Shear 

Cumulative). 

Qs [KN] 

Ultimate 

Bearing 

Capacity. 

Qu [KN] 

Allowable 

Bearing 

Capacity. 

Qall [KN] 

Allowable 

Bearing 

Capacity. 

Qall [KN] 
Z (m) 

Cu 

(KN/m
2
) 

4.5 159 404.606 136.667 541.273 270.636 450.761 

5.5 159 404.606 273.334 677.939 338.970 541.872 

6.5 159 404.606 410.000 814.606 407.303 632.983 

7.5 159 404.606 546.667 951.273 475.636 724.094 

8.5 159 404.606 683.334 1087.940 543.970 815.206 

9.5 159 404.606 820.001 1224.607 612.303 906.317 

10.5 159 404.606 956.668 1361.273 680.637 997.428 

11.5 159 404.606 1093.335 1497.940 748.970 1088.539 

12 159 404.606 1230.001 1634.607 817.304 1179.650 
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13 197 501.304 1399.331 1900.635 950.317 1378.491 

14 197 501.304 1568.660 2069.964 1034.982 1491.377 

15 197 501.304 1737.989 2239.293 1119.647 1604.263 

16 290 737.960 1945.334 2683.295 1341.647 1952.854 

17 290 737.960 2152.680 2890.640 1445.320 2091.084 

18 290 737.960 2360.025 3097.985 1548.992 2229.314 

19 290 737.960 2567.370 3305.330 1652.665 2367.544 

20 290 737.960 2774.715 3512.675 1756.338 2505.775 

21 290 737.960 2982.060 3720.020 1860.010 2644.005 

22 290 737.960 3189.405 3927.365 1963.683 2782.235 

23 290 737.960 3396.750 4134.710 2067.355 2920.465 

24 290 737.960 3604.095 4342.056 2171.028 3058.695 

25 290 737.960 3811.441 4549.401 2274.700 3196.925 

26 290 737.960 4018.786 4756.746 2378.373 3335.155 

27 290 737.960 4226.131 4964.091 2482.045 3473.385 

28 290 737.960 4433.476 5171.436 2585.718 3611.615 

29 290 737.960 4640.821 5378.781 2689.391 3749.845 
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Stage 2 – Calculation of pile group cost.  

 

     Figure 5.77         When load = 10 000 [KN], your choice gives cost between cost maximum for 

group pile & cost minimum for group pile (which means your choice in allowable). See appendix C 

 

 

      Figure 5.78 When load = 14 000 [KN], your choice shows a cost less than cost maximum for 

group pile & cost minimum for group pile (which means your choice is unsafe).  

 

 

        Figure 5.79 When load = 7 000 [KN], your choice gives cost more than cost maximum for group 

pile & cost minimum for group pile (which means your choice is safer and economical). 
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Stage 3 – Allowable options for the given loading condition (10 000 kN)  

 

Table 5.56  Three piles in the group for the column load of 10 000 kN.  

depth 0.4 0.6 0.8 1 1.2 1.4 

5             

6             

7             

8             

9             

10             

11             

12             

13             

14             

15           126,408.18 

16           134,835.39 

17         112,019.46   

18         118,608.84   

19             

20       100,685.83     

21       105,720.13     
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22       110,754.42     

23       115,788.71     

24             

25     94,048.67       

26     97,810.61       

27     101,572.56       

28     105,334.51       

29     109,096.45       

30             

31             

32             

33             

34   94,259.73         

35   97,032.08         
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Stage 4 –Diagrammatic depiction of the allowable pile groups in terms of cost. 

 

 

Figure 5.80 Group of three piles with different diameters with column load value of 10 000 kN. 

 

This concludes a quick depiction of the capability of the Excel program for cost optimization of pile 

groups. The following diagram summarizes different pile diameters with different bearing capacity 

values.  
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            Figure 5.81 Explains different diameters with different bearing capacities.  
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5.6 Summary  

 

Two structures with pile foundation systems in the Al-Hasa area were examined in case studies. Data 

from measurements and filed tests were compared with those obtained from numerical analyses to 

check the validity of applied numerical methods and the suitability of pile foundations in the Al-Hasa 

area. These case studies were a good way to judge methods used in numerical analysis. Measurements 

of the full-scale projects were used to check results of the analysis. A good agreement was reached 

between computed results and measured ones.  

 

Numerical analyses are performed on case studies for the two available projects using pile foundations 

in Al-Hasa. The two projects were the first structures in the Al-Hasa area which used a pile 

foundation. Single pile tests and measurements of the full scale projects may be used for back 

analysis. The study has been carried out first by presenting soil data obtained from laboratory and 

field tests, analysis of single piles and then examining the pile foundation system while considering 

the pile group effect. The calculated results have been compared with in situ measurements of single 

piles and pile groups. In addition, the calculated settlement for the whole structure is compared with 

the recorded one. The two case studies were used to establish reliable and primary data on the 

geological, hydrogeological and geotechnical characteristics of the region.  

 

The purpose of these case studies is to verify a proposed foundation system to reduce the settlement 

caused by clay layers in the Al-Hasa area. One of the foundation systems that can be considered as a 

settlement reducer is the pile foundation. This type of foundation, through friction, enlarges the 

contact area between piles, the structure and the soil. Consequently, settlement may be considerably 

reduced. Results of these studies may become a reference and recommendation for future study and a 

source of information for verifying the design of pile foundations in Al-Hasa. The process will 

involve extensive investigation, evaluation and design, including soil tests and engineering judgment, 

leading to the final design. The case studies include a hotel and a hospital.  

 

A parametric study was carried out for a wide range of foundation variables, namely pile number in 

the group n (3 to 7 pile), applied load on pile cap P (from 8000 [kN] to 18 000 [kN]), pile diameter D 

(from 0.4 [m] to 1.4 [m]) and pile length L (from 5 [m] to 29 [m]). This study is designed to examine 
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the behaviour of pile foundation in the Al-Hasa area under various conditions and parameters. These 

groups are used to investigate the expected settlement, allowable pile load and pile efficiency. 

According to these studies, the benefits of using pile foundations can be evaluated.  

The parametric study aims to develop a tool to optimize the cost of the piles to a minimal level for the 

same settlement and carrying capacity. Based on several pile lengths, pile diameters and the number 

of piles, guidelines are set to help designers and investors make the safest and most cost-effective 

decisions for pile foundations.  

 

Generally, the following conclusions are obtained from case studies and parametric analysis:  

- It is known that settlement of a single pile is due to only soil–pile interaction, considering the 

interaction between pile–pile and pile–cap (or pile raft) in pile groups (or piled raft) settlement 

obtained from a single pile analysis is less than that obtained for pile groups (or piled raft). 

Therefore, group action must be taken into account in the analysis.  

- For a single analysis, either linear or nonlinear, the difference in settlement obtained from 

analyzing pile cap or piled raft with or without soil contact is small. This means that any of the 

analysis can be used for estimating the settlement.  

- Settlement of a pile cap as an isolated footing exceeds the maximum allowable settlement for 

isolated footings. It can be concluded that an isolated footing is not a suitable foundation type 

for the Al-Hasa area for large structures.  

- Sometimes the soil near the surface is weak, and it is preferred to analyze and design pile caps 

without contact with soil to reduce settlement.  

- Accurate analysis of pile caps gives a pile load at the edge of the pile cap or piled raft greater 

than that at the centre. Consequently, pile load at the edge may exceed the allowable pile load 

capacity. Therefore, one must take care when estimating the arrangement and number of piles.  

- A piled raft distributes loads on the soil better than the pile cap.  

- The use of pile foundations reduced the maximum contact pressure, where part of the loads on 

the foundation are transferred to piles.  
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- Most of the pile force is resisted by skin friction force.  

- Skin friction resistance increases linearly with depth, while the end bearing resistance remains 

constant (with a depth) for the two intervals studied.  

- Increasing either the pile length or the pile diameter increases the bearing capacity of the pile.  

- Single pile behaviour is different from that of pile groups. Therefore, designers should take 

care with the results of single piles compared with those of piles in the pile group.  

- As most of the pile force is resisted by friction, it is clear that pile length has a great influence 

on the settlement. Increasing pile length decreases the settlement for D > critical depth. 

- A short pile length gives a group action ratio between 40% and 50%.  

- Group action ratio decreases with increasing pile length.  

- Increasing pile diameter increases group action ratio.  

- For the same pile length and diameter, group action ratio is equal and independent of the 

number of piles in the group.  

- For this study the group action ratio ranges between 3% and 60%. Therefore, a specific ratio 

cannot be assumed for all pile diameters and lengths.  

- Settlement decreases with increasing pile length until a specific depth where the increase of 

pile length increases the settlement. This depth may be considered as a critical pile length. The 

critical depth is independent of the number of piles in the pile group. (See figure 5.71) 

- Critical pile lengths for piles having 0.4, 0.6 and 0.8 [m] diameters are 10, 16 and 22 [m], 

respectively.  

- It is recommended to use a pile diameter more than 0.4 [m] in the Al-Hasa area to ensure a 

long critical depth.  

Single piles have not reached a critical depth. This phenomenon is observed in pile groups. 
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Chapter 6 

Discussions 

 

6.1  General Discussion: 

This research studied the use of raft/mat foundations and the isolated footing system for foundation 

purposes of larger structures in the region. It also identified the applicability and suitability of the pile 

foundations as the main hypothesis of the research. In order to carry out a full scale numerical and 

analytical work, the author chose the ELPLA program developed by Kany El Gendy (2008).  A full 

description of this commercially available package was given in the methodology chapter and 

appendix D. This package successfully allowed for the analysis of single pile and pile group 

characteristics and behaviour under given conditions and the necessary numerical work for the two 

reported case studies. It facilitated the work that was carried out under the parametric studies for 

different pile group scenarios. 

The selection of this program proved to be viable as all perceived operations and intended analytical 

work were possible. This program was capable of calculating/estimating the allowable bearing 

capacity of piles together with the production of the load–settlement curves.  

―Acceptable‖ results were obtained from analytical studies and were comparable to those which were 

measured. The determination of allowable bearing capacity was based on undrained shear strength 

data. This method of analysis was carried out in spreadsheets using Excel programming. As there  has 

been no standard code until now for pile foundations in the Eastern Province of Saudi Arabia, the 

available empirical relationship of load–settlement was used according to DIN 4014 that implemented 

ELPLA. The capability of ELPLA permitted us to carry out elastic linear and nonlinear analyses of 

piles, depending on Mindlin’s solution.  
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Geotechnical Information 

The second objective of this research specified the necessity of compilation of available geotechnical 

information for piling purposes in the Al-Hasa region. This objective was addressed by gathering, 

organizing and reporting the obtained soil data (laboratory and field tests) throughout the two reported 

case studies included in this thesis.  

The presented data comprised details of 15 boreholes down to 20 metres depths in the case of the Al-

Hasa Hospital and five boreholes down to  a maximum depth of 30 metres in the Al-Hasa Holiday Inn 

case.  

 

Field tests carried out in these case studies consisted of SPT (for direct soil strength) and pile load 

tests during  construction.  

Laboratory tests were carried out in order to establish physical and mechanical properties of the soil. 

Soil characterization was also part of the extensive laboratory tests that were carried out in this 

project. The quality and the quantity soil parameters obtained in this study were sufficient to allow full 

numerical and parametric studies to be carried out. The data enabled the author to develop a set of 

empirical equations in order to expand the analytical studies.  

 

In the absence of detailed information on soil characteristics of the region and the limited information 

that was obtained as a result of this study, it was deemed necessary to establish the required soil 

information to carry out the analytical studies and the design work in this project. Therefore, an 

attempt was made to find similar soils with a wealth of information available on characteristics 

applicable to Al-Hasa clay.  

 

London clay was  recognized to  have similar characteristics with more or less the same untrained 

cohesion values cu and  plasticity index values as  Al-Hasa clay. The soil testing carried out directly in 
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this project was limited to certain depths and locations. It was felt necessary, based on the limited 

information within the context of a comparative study, to identify a sufficient amount of established 

and reliable data to complete this study. 

                          

After the validation of soil parameters (based on five pile tests), established London clay geotechnical 

properties (parameters) were used throughout the presented calculations and the analytical work. No 

doubt cu value with respect to depth is of paramount importance in any work of this nature as it affects 

the bearing capacity of piles. Furthermore, Modulus of Elasticity of soil is very important in order to 

calculate pile and foundation settlements.  

 

It is necessary to emphasize again that large and complex structures with pile foundations did not exist 

in the Al-Hasa region until 12 years ago. Hence the construction industry chose to ignore or at least to 

not engaged in extensive site investigations and soil characterization projects in the past. Instead they 

chose to adopt ―easier‖ but more expensive options for the foundation of structures  Garlanger,   8  . 
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Case Studies 

Within the context of the two case studies which encompass a large part of this thesis, the following 

observations and comments could be made: 

Two large scale construction projects were included and studied in this research program with rather 

complex group pile foundations, i.e. the Al-Hasa Holiday Inn Hotel and the Al-Hasa Hospital. The 

two projects were the first two structures in the Al-Hasa region with pile foundations.  

It was necessary to develop a strategy to include an effective and efficient structural monitoring 

mechanism in order to study and assess the pile settlement and behaviour under different loading 

conditions. This  required the installation of effective and appropriate instrumentation. In the absence 

of contractors capable of accommodating the requirements of these projects, the necessary instruments 

and equipment (sensors and stain gauges) were acquired directly from Japan. Strain gauges were 

installed inside a pile for testing purposes before full installation. Unfortunately, the test on the sample 

pile was not successful. This was mainly due to the lack of experience and expertise of the 

subcontractor. 

The purpose of this exercise was the direct measurement of the skin friction and the end bearing of 

piles at various lengths. As the pressure to complete these projects was mounting (by the client), it 

was decided to measure the settlement of piles only at the top. The end bearing and the skin friction 

were calculated using established theoretical methods (Tomlinson, 1957). It must be emphasized that 

the laboratory and field tests carried out for these case studies revealed that there were acceptable 

similarities between the Al-Hasa clay and London clay. These tests included the soil classification 

(liquid limit, plastic limit, plasticity index and sieve analysis) and tests for the mechanical properties 

of the soil, including SPT, undrained triaxial tests and shear box tests. 

 

After the completion of these two projects, settlements of both structures (at different locations) were 

monitored  every   six months for the first  two years and on a yearly basis thereafter. The formation of 

cracks was also monitored regularly by visual inspection.  
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Insignificant settlement was observed for the hotel project, whereas  settlement in the case of the 

hospital was in the order of 3 cm over  the eight years following construction (within the permissible 

limit). No cracks were observed for the hotel, but for the hospital, cracks were observed in walls at 

three locations. It is important to report that in the hotel project there is no contact between the soil 

and the pile caps, whereas in the hospital project this contact exists.  

Based on the obtained and reported results from the case studies, the following observations were 

made: 

- The difference between the reported results on linear and nonlinear analyses was insignificant. 

Therefore, either of these methods could be considered for design purposes for loading 

condition scenarios such as the two case studies included in this study. This similarity is 

because loading conditions were comparatively low. Table 5.17 for single pile analysis in 

chapter 5 showed a comparison between both linear and nonlinear results. This conclusion 

partially fulfilled the first set objective of this research program.  

- Results revealed that soil contact with pile-cap leads to additional structural settlement. This is 

believed to be related to the presence of very weak soil immediately below the ground surface. 

Therefore, it is advisable that pile caps should not  be in contact with weak soil as  this will 

result in an increase in settlement. The literature review identified the problematic soil in the 

Al-Hasa region such as Sabkha, expansive soils and cavities as shown in section 3.5. This 

partially fulfilled the first set objective of this research program. 

- No doubt pile foundations will avoid potential hazards and the risk of structural settlement due 

to the existence of shallow and deep cavities.  

 

- It is observed that due to interaction between pile-pile and pile-cap in pile groups, settlement 

obtained from a single pile analysis is less than that obtained from pile groups.  This is due to 

settlement of a single pile, considering soil–pile interaction.  
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- Based on the results concerning the settlement of pile caps it was observed that isolated 

footing settlements exceeded the maximum allowable settlement values. Therefore, it could be 

concluded that isolated footing is not a suitable foundation type for these types of structures.  

- Differential settlement obtained from isolated footing type was greater than that obtained from 

pile-cap type. The same observation was also noticed for piled raft. 

 

- Although pile caps are symmetrical in loading and geometry, unequal pile reactions were 

observed. Therefore, care must be taken when decisions on the arrangement and the number of 

piles are made.   

- During the analysis of differences of pile caps, it was found that there were insignificant 

differences in bending moments and shear forces. Only a small difference was found in 

internal forces in the case of piled raft.  

 

Parametric Studies 

A parametric study was carried out for a wide range of foundation scenarios such as pile number in a 

group of piles n (three to seven piles), applied load on pile caps P (from 8000 kN to 18000 kN), pile 

diameter D (from 0.4  metres to 1.4  metres) and pile length L (from 5  metres to 29  metres). The 

main purpose of this study was to examine the behaviour of pile foundations in the Al-Hasa region 

with potential and actual applications in future projects. This study was carried out in order to 

establish values for group pile settlement, allowable pile load and pile performance. As a result of this 

study, it was possible to estimate the pile bearing capacity.  

 

Five different pile groups from the two case studies were considered in this study. Each pile group 

was the subject of a different load. The five pile groups were: 

 Group 1: 3 Pile Group. 

 Group 2: 4 Pile Group. 
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 Group 3: 5 Pile Group. 

 Group 4: 6 Pile Group. 

 Group 5: 7 Pile Group. 

 

As a result of this study, a set of settlement diagrams for different pile groups were presented with 

different pile lengths and diameters. In addition, group action values were presented in the format of 

tables and simple equations, leading to the calculation of the critical depth for each pile and pile 

group.  

 

As mentioned earlier, the significance of this study was to create information in the form of diagrams, 

tables and graphs for the benefit of future projects with pile foundations. This is a set of new 

information that was not available in the past.  

 

Critical Depth  

Parametric study demonstrated that settlement decreases with increasing pile length  up to a certain 

depth. Beyond this depth it starts increasing as pile length increases. This depth is considered  a 

critical pile length. The critical depth is independent of the number of piles in a given pile group. 

 

- It was found that the critical pile lengths for piles with 0.4, 0.6 and 0.8  metres diameters were 

10, 16 and 22  metres, respectively. From these values an empirical linear equation was 

derived/introduced to estimate the critical pile length for the Al-Hasa area. Furthermore, it is 

recommended, where possible, that piles with diameters greater than 0.4  metres be considered 

in order to ensure longer critical depths. 

- It was observed that critical depth affects pile groups rather than single piles. The settlement of 

pile groups  is significantly  greater than that of single piles (between 75 to 80%). 
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-  The values of the allowable bearing capacity of single piles for different pile lengths and 

diameters were calculated. The basic calculation of allowable bearing capacity of single piles 

is described in section 5.2.5.1.  

- The parametric study showed that most of the stress exerted on piles was resisted by skin 

friction force.  

- It was observed that the skin friction resistance increased linearly with depth, while the end 

bearing resistance remained constant with respect to depth. 

- It was confirmed that bearing capacity is dependent upon pile length and pile diameter.   

  

Group Action Ration 

It is known that the settlement of piles in a pile group is greater than that of a single pile. This was 

studied by comparing the settlement of single piles in a pile group for a given pile group (the ratio of 

settlement of a single pile over a group pile is called the group action ratio – GAR). GAR is a very 

important design parameter for pile foundation design. The main reason for this is that most pile tests 

in practice are carried out for single piles, while the analysis is carried out for pile groups. It is 

important in any design work that full interaction between piles within a group of piles be considered. 

The group action ratio, therefore, could be defined as the ratio between settlement in a single pile and 

that of piles in the group. The parametric study showed that: 

 

- A short pile length gives group action ratio between 40% to 50%. 

- Group action ratio decreases with increasing pile length. 

- Increasing pile diameter increases group action ratio. 

- For the same pile length and diameter, group action ratio is nearly equal and independent of the 

number of piles in the group. 

- For this study the group action ratio range varied between 3% and 60%. Therefore, it was not 

possible to recommend a specified ratio for all pile diameters and lengths.   
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Cost Optimization (Piles against Raft foundations) 

 

Based on the experience of the author and fellow professionals operating within the region (Al-Hasa 

region – Eastern Province of Saudi Arabia), the cost of construction  of raft foundation is substantially 

more than that of pile foundations (cost of operation, materials, excavation, etc).  

As one of the set objectives of this research program, the cost of construction of piles was studied and 

compared with the raft foundation that traditionally has been used for construction purposes in the 

region. For this purpose a cost optimization program was developed which was based on the 

allowable bearing capacity of piles. The developed program was designed in a way to accommodate 

the estimation of the cost of piles in different scenarios as far as the pile groups and their variations 

are concerned. That is to say, this program is capable of estimating the cost of piles (single and group 

within any given pile group configuration). Different pile group configurations could provide the 

same bearing and loading capacity for a specific design purpose. 

Using this program and applying it to the hotel case study meant a saving of 15–20%. 

This program, which has been developed in Excel (Appendix C), provides a set of guidelines in the 

form of charts, diagrams and tables capable of estimating the optimum cost of pile groups. It should 

be emphasized that results of earlier studies presented in this thesis provided the appropriate design 

for piles which, in conjunction with this program, can produce the optimum cost of construction of 

piles in any given piling project with a maximum variation of 10%.    

As  a final point of this discussion, it seems necessary to state that the set objectives of this research 

program have been achieved satisfactorily. 



 215 

Chapter 7 

Conclusion and Recommendations  

 

  7.1    Conclusions 

 

Clay, Sabkha, expansive soil and cavities exist at different locations within the Al-Hasa region. 

Sabkha exists immediately below the ground surface (to 5  metres) of the area because of the arid 

climate. Hence soil remains loose with low strength. Cavities have been encountered that exist 

randomly within the region making the construction of foundations and structures extremely 

challenging. Although clay formation exists  at  deeper depths, settlements of great magnitude may be 

acceptable when using traditional foundation systems.  

The focus of this research program has been the study of  pile foundations as a viable alternative to 

traditional methods  for high rise structures and building complexes within the region. 

With respect to the Aims and Objectives of this research program, the following conclusions have 

been achieved: 

 Soil data obtained from laboratory and field tests for the two case studies (the Al-Hasa Holiday 

Inn Hotel and the Al-Hasa Hospital) confirmed the viability of the geotechnical parameters 

necessary for a full numerical analysis of piles. Based on this analysis, a set of empirical 

equations were developed describing soil parameters and the soil-pile interaction with respect 

to depth. This partially fulfilled the first set objective of this research program. 

 Soil parameters for construction purposes in the Al-Hasa region (within and surrounding the 

areas of the two major projects) were established by recording and documenting laboratory 

and field test data within the context of full-scale pile capacity, settlement behaviour and 

analysis. This partially fulfilled the first set objective of this research program. 

 In this study the ―Al-Hasa clay‖ was compared (taken to be the same) with London clay. The 

study  confirmed that London clay has significant similarities with  the Al-Hasa soil. These 
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similarities were confirmed during the untrained triaxial tests (for cohesion of soil) that were 

carried out in this study. It was also found that cohesion increased with depth similar to the 

London clay situation. Using the obtained soil parameters enabled us to establish the Elastic 

Modulus of the clay leading to the full analysis of the soil–pile interaction (soil friction 

analysis) in this study. This partially fulfilled the second set objective of this research program. 

 As a result of this study in the context of the parametric studies, a set of guidelines (diagrams 

and tables) have been presented which could be used by engineers and designers to determine 

the allowable bearing capacity and settlement for single piles with respect to pile lengths and 

diameters in the Al-Hasa region. This study has provided a set of settlement diagrams and 

tables for different pile groups with different pile lengths and diameters. These diagrams and 

tables could potentially assist construction project managers and designers with the first pile 

foundation configurations. This partially fulfilled the seventh set objective of this research 

program. 

 It is already established that settlement of a single pile is due to only soil-pile interaction. The 

parametric study of piles in this research considered the pile–pile and the pile–cap interaction 

in pile groups. It was found that the settlement obtained from a single pile analysis was less 

than that obtained for pile groups. Therefore, it could be concluded that pile group action or 

―pile group ratio‖ should be taken into account in any pile foundation design. This partially 

fulfilled the seventh set objective of this research program. 

 Using linear and nonlinear analysis methods for single piles revealed more or less similar 

results. Also, the difference in settlement obtained from the analysis of pile caps with soil 

contact showed a slight increase in settlement in comparison with analysis carried out without 

soil contact. This partially fulfilled the first set objective of this research program. 

 Using the developed empirical equation for the approximate pile group critical depth analysis 

in this research, it was demonstrated that the Critical Pile Group Length for piles with 0.4, 0.6 

and 0.8  metres diameters are 10, 16 and 22  metres, respectively. This partially fulfilled the 

seventh set objective of this research program. 
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 The results of this research showed that the settlement of pile caps as an isolated footing 

exceeds the maximum allowable settlement. This was mainly due to the existence of high 

compressible and weak soil at the top 5 meters of the ground surface. This scenario leads to a 

poor soil–pile cap interaction. Therefore, it was concluded that the isolated footing was not a 

suitable foundation type for structures in the region. It is recommended that such foundation 

types should not, in future, be considered for  projects similar to  the two case studies used in 

this research program. This partially fulfilled the third and fifth set objectives of this research 

program. 

 This research showed that short pile length (less than 10  metres) produces a range of group 

action ratio of between 40% to 50%. It was also confirmed that the group action ratio 

decreases significantly with increasing pile length. For the same pile length and diameter, 

group action ratio was confirmed to be nearly equal and independent from the number of piles 

within the group. This partially fulfilled the seventh set objective of this research program. 

 The study showed that the pile length and diameter had a great influence on the behaviour of 

the pile cap resulting in important settlement. Results showed that settlement decreases with 

increasing pile length up to the critical depth. Beyond the critical depth the settlement 

increases as the pile length increases. The critical depth is independent of the number of piles 

in the pile group. To ensure a long critical depth,  a pile diameter  greater than 0.4  metres in 

the Al-Hasa area may be used. It is clear that increasing pile length decreases the settlement 

because a great percentage of the exerted load is taken by the skin resistance/friction. It was 

observed that the skin resistance/friction increases linearly with depth while the end bearing 

resistance remains constant with a depth beyond the weak soil. This partially fulfilled the 

seventh set objective of this research program. 

 Based on the parametric studies carried out in this research, it was demonstrated that the group 

action ratio range was as wide as 3% to 60%. This demonstrates that a specified group action 

ratio could not be used for all pile types (in terms of diameters and lengths). It was concluded 

that single pile behaviour was different from that of pile groups. Therefore, it is advisable to 

take this into consideration at the design stage of similar projects in the region in the future. 

Based on the parametric study results, it was recognized that single piles never reached the 
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critical depth; however, this phenomenon was observed in pile group behaviour. This partially 

fulfilled the first set objective of this research program. 

 According to the two major case studies and the associated studies in this research program, it 

was found that pile foundation is an appropriate alternative/solution for construction purposes 

in the Al-Hasa region. This study confirmed that pile foundations are safer in terms of less 

settlement and at the same time a more economical choice when compared with traditional 

types of foundations used in the region in the past (raft/mat foundations and isolated footings). 

This nullifies the hypothesis of this research project and addresses the fourth and sixth set 

objectives of this research program. 

 Within the context of the final set objective of the research program, an Excel program was 

developed to determine the best choice of pile group detailing (length, number and diameter) 

in terms of different loading conditions. This program was developed to estimate the total cost 

of piles in terms of materials, ground work and construction within the context of cost 

optimization of the selected pile groups.  
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7.2 Recommendations and future work 

 

1. It is recommended that any future heavy construction projects should be based on a thorough 

and a comprehensive site investigation (including all the necessary laboratory and in-situ 

testing).  

2. This research demonstrated that long-term monitoring of large scale structures and building 

complexes  is necessary (in terms of settlement) for assuring safety as part of  a long-term 

building maintenance strategy.  

3. Because seismic activities have been observed and experienced within the region, it is 

recommended to include lateral and dynamic loading conditions (within the seismic design 

context) analysis in design considerations in the future. 

4. It is the suggestion of this research program that further research could be carried out in the 

area of fully instrumented piles (incorporated strain gauges/sensors on piles at close intervals) 

for long-term monitoring of pile–soil interaction. This research could potentially add much 

needed knowledge and understanding about the pile–soil interaction with direct influence on 

the future design of structures in the region.  

5. It is the recommendation of this research program that the National Committee of Construction 

Engineering in Saudi Arabia could utilize the findings of this research in order to modify the 

existing design codes used by engineers in the region. 

 

6. This research program demonstrated the existing similarities between London clay and the Al-

Hasa clay. It is recommended, in the absence of detailed geotechnical information for 

construction purposes, that the existing and established available information on London clay 

be adopted.  
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